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Abstract Bank retreat plays a fundamental role in fluvial and estuarine dynamics. It affects the
cross-sectional evolution of channels, provides a source of sediment, and modulates the diversity of habitats.
Understanding and predicting the geomorphological response of fluvial/tidal channels to external driving forces
underpins the robust management of water courses and the protection of wetlands. Here, we review bank retreat
with respect to mechanisms, observations, and modeling, covering both rivers and (previously neglected) tidal
channels. Our review encompasses both experimental and in situ observations of failure mechanisms and bank
retreat rates, modeling approaches and numerical methods to simulate bank erosion. We identify that external
forces, despite their distinct characteristics, may have similar effects on bank stability in both river and tidal
channels, leading to the same failure mode. We review existing data and empirical functions for bank retreat
rate across a range of spatial and temporal scales, and highlight the necessity to account for both hydraulic

and geotechnical controls. Based on time scale considerations, we propose a new hierarchy of modeling styles
that accounts for bank retreat, leading to clear recommendations for enhancing existing modeling approaches.
Finally, we discuss systematically the feedbacks between bank retreat and morphodynamics, and suggest that to
move this agenda forward will require a better understanding of multifactor-driven bank retreat across a range
of temporal scales, with particular attention to the differences (and similarities) between riverine and estuarine
environments, and the role of feedbacks exerted by the collapsed bank soil.

Plain Language Summary As one of the most persistent and dominant processes that shape rivers,
estuaries, and coastal regions, bank retreat is of great relevance to the management of water courses and the
protection of wetlands. Here, we review bank retreat processes with respect to both rivers and tidal channels,
including observations of erosion/failure processes and bank retreat rate, as well as methods proposed for
numerical modeling. We highlight that different hydrodynamic forces associated with fluvial and estuarine
settings may nevertheless have similar effects on bank stability. Using data from the literature we show that
observed bank retreat rates are not only controlled by flow strength and soil composition (e.g., discharge,
vegetation cover, and critical shear stress for erosion), but are also related to other factors, such as channel width
and bank geometry. We summarize recent developments in bank retreat modeling, discuss their advantages

and challenges, and propose some recommendations for their future use. Overall, this review deepens our
understanding of bank erosion/collapse processes, and how they shape both fluvial and estuarine landscapes.

1. Introduction

Bank retreat results from the complex of processes causing the detachment of bank soil under the actions of
hydraulic and gravitational forces, subaerial processes, bioturbation, as well as resisting actions that depend on
soil properties, and which are possibly mediated by vegetation cover. In general, the processes which cause bank
retreat can be divided in two main classes: flow-driven bank erosion and gravity-driven bank collapse (Simon
et al., 2000; Thorne & Tovey, 1981). Bank retreat is of fundamental importance to fluvial, estuarine, and coastal
dynamics, and encompass a wide range of spatial and temporal scales, with important physical, ecological, and
socio-economic repercussions (Figure 1). Bank retreat drives the cross-sectional evolution of channels (Gong
etal., 2018; Thorne et al., 1998a; van der Wegen et al., 2008), facilitates the initiation and development of channel
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Figure 1. Bank retreat events and their impacts across a range of temporal and spatial scales. Aerial photos are with permission from Google Earth, and the image of
Venice Lagoon is taken by Milan Radisics on 4 August 2018.

meandering (Ikeda et al., 1981; Marani et al., 2002; Seminara, 2006), alters floodplain morphology (Beechie
etal.,2006; Han & Brierley, 2020), and affects the dynamics of free and forced bars forming within the channel bed
(Blondeaux & Seminara, 1985; Solari et al., 2002; van Dijk et al., 2012). Bank retreat has also been suggested as a
major source of sediment load, thereby significantly altering sediment transfer dynamics. This latter phenomenon
occurs at a global scale as shown by studies conducted in New Zealand (Griffiths, 1979; Watson & Basher, 2006),
Europe (Dur6 et al., 2020; J. W. Poesen et al., 1996), the Midwestern (Simon et al., 2000) and southern United
States (Simon & Darby, 2002), Canada (Nanson & Hickin, 1986), Russia (Dong, Nittrouer, et al., 2019), China
(Xia et al., 2016; Yao et al., 2011), Egypt (Abate et al., 2015), and many other countries.

From an ecological perspective, bank retreat modulates the diversity of species and vegetation units (Piégay
et al.,, 1997), provides sediment supply to create habitats on a floodplain and over channel bars (Florsheim
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et al., 2008), affects nutrient and contaminant dynamics (Marron, 1992; Reneau et al., 2004), induces salt-marsh
loss (Deegan et al., 2012) and so modulates the global carbon cycle (Kirwan & Mudd, 2012). With respect to
socio-economic effects, bank retreat is responsible for farmland and wetland loss (Qin et al., 2018; Turner, 1990),
population displacement (Best, 2019), reservoir siltation (Ben Slimane et al., 2016), damage to riparian infra-
structure and hydraulic structures (C. R. Hackney et al., 2020; Hooke, 1979), and creates pathways for pollutant
transport (Castillo & Gémez, 2016).

As pointed out above, bank retreat is in general caused by flow-driven particle-by-particle erosion (flow-driven
bank erosion) and gravity-driven mass failure (bank collapse). Flow-driven bank erosion consists of the removal
of bank materials under the direct action of water flow (near-bank channel flow, over-bank flow, and seepage
flow), and can be enhanced by subaerial processes. Bank collapse, in contrast, occurs when the forces that tend
to move soil downslope (soil weight, seepage forces, and excess pore water pressure) exceed the resisting forces
of the bank (cohesion imparted by the soil and root matrix, matric suction, and hydrostatic pressure head) (Fox
& Wilson, 2010; Langendoen & Simon, 2008; Rinaldi & Darby, 2007; Simon et al., 2000; Thorne, 1982). Unlike
the continuous, progressive, nature of flow-driven bank erosion, bank collapse is episodic and is associated with
various modes of failure, including shear, tensile, and toppling, that depend on bank soil properties, bank height,
near-bank water depth and the presence or absence of vegetation (Cancienne & Fox, 2008; Nardi et al., 2012;
Patsinghasanee et al., 2018; Thorne et al., 1998a; Zhao et al., 2020).

A large body of literature has been produced on bank dynamics in fluvial environments. Considerably less atten-
tion has been devoted to tidal environments, where research has to date focused mainly on the retreat of salt marsh
borders rather than tidal channel banks. Existing reviews on the subject tend to focus on specific aspects, rather
than delineating a general framework which addresses comprehensively the mechanisms that cause bank retreat
and synthesizes observations, as well as modeling frameworks describing the commonly observed bank failure
mechanisms. It is thus timely to provide a thorough review that highlights recent developments about the under-
standing and the prediction of bank retreat and point out future research needs that deserve attention to improve
our fundamental knowledge of bank retreat processes.

On the basis of field and laboratory observations, we specifically focus on a unifying description of failure
mechanisms leading to bank retreat, and refer the reader to Piégay et al. (2005) and Florsheim et al. (2008) for
prior comprehensive reviews of the geomorphic and ecological functions of bank retreat. The reader is also
referred to Couper (2004), who reviewed how temporal and spatial scales are treated in bank retreat research,
and discussed the linkages between these scales. We do not consider in situ measurement instrumentation, and
refer readers interested in this aspect to Lawler (1993a). Since our focus is bank retreat, we only review the effect
of subsurface flow on bank erosion/collapse and refer the reader to Fox and Wilson (2010) and Bernatek-Jakiel
and Poesen (2018) for the specific aspects of seepage flows. Existing review articles of bank retreat mainly focus
on fluvial environments (Castro-Bolinaga & Fox, 2018; Chassiot et al., 2020; Thorne et al., 1998a), while tidal
systems are not discussed by any of these works. The present contribution is intended to fill this gap. We note
that a large body of literature concerning numerical models have also been reviewed, for instance by Thorne
et al. (1998b) and Rinaldi and Darby (2007). Still, numerical methods advance rapidly and an assessment of
recent developments is now timely.

The present contribution aims at setting the various processes causing bank retreat in both fluvial and tidal
environments within a rational and comprehensive framework which integrates experimental observations and
numerical modeling. Given the similarity with failure mechanisms observed in many other physical systems, indi-
cating linkages in a broader context, we have considered also the literature concerning cliff retreat in salt-marsh
and marine-ice landscapes, slope stability, gully and tidal channel headcuts, and the stability of reservoir banks.
Overall, we pursue a holistic view, covering observations of failure mechanisms, empirical predictive functions,
as well as mathematical and numerical modeling.

This review is structured as follows. Section 2 defines a general classification of bank retreat and provides a
detailed description of the various types of failure mechanisms. Section 3 reviews the mechanisms of bank
collapse, as observed mainly from laboratory experiments. We distinguish bank collapse with respect to different
driving forces: subaerial processes, bank surface flow (including near-bank channel flow and overbank flow),
seepage flow, fluctuations in soil pore-water pressure, and waves. We discuss also the role of vegetation, biolog-
ical disturbances, and hydrostatic pressure head. Section 4 reviews the empirical relations developed to predict
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bank retreat rate in terms of hydraulic and geometric factors such as discharge, precipitation, and bank height.
The comparison of the existing relations highlights the necessity to account for both hydraulic and geotechnical
factors. Section 5 reviews the approaches adopted to model bank erosion/collapse and proposes a hierarchical
classification of models. The advantages and limitations of each method are pointed out, and some modeling
recommendations are provided. Section 6 reviews the feedbacks between bank retreat and morphodynamics,
showing how bank retreat affects morphodynamic evolution and analyzing the importance of its integration into
morphodynamic models. Finally, Section 7 discusses the open questions, and provides recommendations for
future research.

2. Classification of Bank Retreat

We consider in detail the main aspects characterizing the two classes of processes which cause bank retreat:
flow-driven bank erosion and bank collapse. The latter can be further classified using additional criteria. In
terms of failure mode, Thorne and Tovey (1981) identified three types of cantilever failure: shear, beam, and
tensile. Based on the shape of the failure surface, Simon et al. (2000) distinguished between planar and rotational
failure types. Nardi et al. (2012) and Zhao et al. (2020) extended the above classification on the basis of experi-
mental observations of non-cohesive riverbanks. However, many misinterpretations still exist partly because of
the different terminologies often used to describe the same processes. For instance, the term beam failure and
toppling failure are applied to describe the same failure mode (Bendoni et al., 2014; Nardi et al., 2012; Samadi
et al., 2013), and pop-out failure is also called tensile failure (Fox & Felice, 2014). When investigating bank
failure mechanisms along Arno River, Dapporto et al. (2003) used the term slab-type failure to include both
mechanisms of toppling and planar failures, and some new terms are also introduced to distinguish different bank
collapse processes such as soil fall, alcove-type failure, and shallow slide failure. Therefore, it is necessary to start
by defining the classification of bank erosion that we will adopt in this review (Figure 2). In this contribution, we
use the failure mode to distinguish each type of bank collapse.

2.1. Flow-Driven Bank Erosion
2.1.1. Surface Flow Erosion

This type of erosion is quite common in sand- and silt-composed banks, and is also termed as fluvial erosion
(Darby et al., 2007; Thorne & Tovey, 1981). Here, we use the general term surface flow erosion to include both
fluvial and estuarine settings (Fagherazzi et al., 2004; Gong et al., 2018). Surface flow erosion can be defined
as the removal of bank material by the water flowing near to the bank of a channel (near-bank channel flow), or
over the bank surface itself (overbank flow). This type of erosion is commonly enhanced by subaerial processes
(Rinaldi & Darby, 2007). The rate of erosion depends on near-bank and/or overbank hydrodynamics and bank soil
erodibility. It is usually evaluated using an excess shear stress formula of the type (Partheniades, 1965):

E[ = K] (T}, - Tc) (1)

where E, is the unit length erosion rate (m/s), K, is the volumetric erosion coefficient for surface flow erosion
(m3/N/s), 7, is the boundary shear stress exerted by the flowing water (Pa), and 7, is the critical shear stress for
sediment erosion (Pa). Previous studies show a high degree of variability in 7, with values ranging from 0.001
to 2 Pa. Typically, the value of 7, depends on the type and texture of sediment composing the bank, the presence
of vegetation, etc. In particular, the two extreme values indicated for z, roughly correspond to very-erodible and
slightly-erodible material, respectively (Hanson & Simon, 2001; Midgley et al., 2012; Simon & Thomas, 2002).
The coefficient K, can be assumed to depend on 7, and estimated through the relation:

Ki=a-7.% 2

where a is a regression coefficient, taking the value of 0.2 according to Hanson and Simon (2001) and 0.1 accord-
ing to Simon and Collison (2002). Nevertheless, a large variability is expected for a since, to our knowledge,
Equation 2 has been calibrated on the basis of two relatively limited databases.
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Figure 2. Sketch of typical bank configurations showing controlling factors in (a) fluvial and (b) tidal environments. Classification of bank retreat mechanisms and of
the associated controlling factors: bank collapse induced by (c) seepage erosion and (d) water level changes; (e—g) cantilever failure resulting from (e) tensile, (f) shear,
and (g) toppling mechanisms; (h) pop-out failure; (i) sliding failure with planar or rotational failure plane; and (j) soil creep. Here, 6, and o, are the compressive stress
and tensile strength, respectively, along the failure plane.

2.1.2. Seepage Erosion

Seepage erosion results from the entrainment of soil particles by subsurface flow (T. Dunne, 1990). An exit
point/region on the bank surface is necessary for the soil particles to be dislodged from the bank interior (Wilson
et al., 2007). Seepage erosion is commonly observed in layered streambanks (Figure 2c) where high infiltra-
tion rates cause the development of perched water tables between layers of varying hydraulic conductivity (Fox
et al., 2007). Note that seepage erosion is often termed as subsurface flow erosion, sapping, piping, and internal
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g::;l;ilcal Relations for Estimating Bank Retreat Rate Obtained From Laboratory Experiments
Coefficient Units
Type K (or b) a R? Left Right References
Induced by seepage
Dimensional form
E, = bQ? 0.79 1.25 0.92 kg/s cm’/s Fox et al. (2006)*
0.29 2.2 0.91 kg/s cm’/s Akay et al. (2018)°
0.08 2.3 0.91 With fibrous protection
E, =K(-i) 0.04 1.2 0.54 kg/s =) Chu-Agor et al. (2009)
t,=b-i" 81.87 —1.43 0.91 min (-) Karmaker and Dutta (2013)
150.57 -1.36 0.95
249.28 —1.42 0.93
2.08 —2.46 min (-) Masoodi et al. (2018)
Dimensionless form
qi =K (z))* 584 1.04 0.86 =) =) Fox et al. (2006)
90 4 =) (=) Akay et al. (2018)
25 54 With fibrous protection
qi =Kz} — 7})"° 584 1.04 =) =) Fox et al. (2007)
Induced by lateral flow
E, = be" Related to initial width, flow 0.88 cm/min min Qin et al. (2018)
rate, and slope mfs s Wells et al. (2013)

2An average of the coefficients in Fox et al. (2006) is provided. *The coefficient in Akay et al. (2018) has been recalculated
to ensure unit consistency. Variables are summarized in the list of Symbols.

erosion (Fox & Wilson, 2010; Wilson et al., 2013). Based on laboratory experiments, the rate of seepage erosion
is typically quantified by an excess shear stress equation of the form (Fox et al., 2007):

a; = Ki(z5 — 75)" 3

where ¢} is the dimensionless sediment flux (= ¢,/4/(A — 1)g D3, with A the ratio of bank soil density to water
density, g the acceleration due to gravity (m/s?), and D the grain size of the bank material (mm)), z} is the dimen-

sionless shear stress induced by the seepage flow (= with C} an empirical parameter depending on

(s=DKgaedp”

sediment packing, U, Darcy's velocity (m/s), K, saturated hydraulic conductivity (m/s), and 4, porosity of the

sat

bank material), 77, is the corresponding critical value for seepage erosion, K is the seepage erodibility coefficient,
and a is an exponent. Table 1 reports the values suggested in literature for the empirical parameters K and a.

2.2. Bank Collapse
2.2.1. Tensile Failure

This type of failure occurs when the tensile stress induced by the weight of the lower part of a cantilever block
exceeds the critical tensile strength of the bank soil (Thorne & Tovey, 1981). It is characterized by the presence
of tension cracks on the portion of bank that is going to fail (Figure 2¢). The detachment may also occur along a
horizontal or arched surface under the action of a slight rotational component (Nardi et al., 2012). The collapse
of bank material leads to the formation of an alcove-shaped surface, and therefore tensile failure is sometimes
termed as alcove-type failure (Dapporto et al., 2003). Tensile failure is commonly observed when the upper
bank is composed of cohesive layers or covered by vegetation (J. E. Pizzuto, 1984), the roots of which impart
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considerable resistance to tensile stresses. In many studies, tensile failure has also been defined using the terms
undercutting (Wilson et al., 2007), soil fail, and shallow slide failure (Dapporto et al., 2003).

2.2.2. Shear Failure

Shear failure occurs when the driving shear force, F,, acting on a potential failure surface overcomes the resist-
ing shear force, F,. The analysis of this kind of failure is typically performed on the basis of a safety factor, Fj,
defined as (Osman & Thorne, 1988):

Fs = Fr/Fp C))

Shear failure occurs when Fj is less than 1. The resisting forces are calculated by the sum of shear stress, 7
(kPa), acting along the potential failure surface. This overall stress can be expressed by the relation (Fredlund &
Rahardjo, 1993):

t=[c/ + (0 —u)tan /'] + [(ta — u,) tan ¢’ Q)

where ¢’ is the effective soil cohesion (kPa), o is the total normal stress (kPa), u, is the pore-air pressure (kPa),
the difference o — u, is the net (effective) normal stress, and ¢’ is the effective internal friction angle (°). The first
term in square brackets on the right-hand side of Equation 5 represents the shear stress for saturated soils. The
second term accounts for the additional effects which arise when the soil is partially saturated. Here, u,, is the
pore-water pressure (kPa), (u, — u, ) is the matric suction in unsaturated soil (kPa), and ¢ is the angle expressing
the rate of increase in strength relative to the matric suction (°). The value of ¢” is generally between 10° and 20°,
and approaches ¢’ at saturation (Fredlund & Rahardjo, 1993).

Shear failure can be categorized into cantilever shear failures (Figure 2f) and sliding failure (Figure 2i). For
a cantilever profile, shear failure is determined by shear acting along a vertical, or inclined, surface, thereby
detaching the cantilever block as the crack propagates down from the bank top. This kind of failure is restricted
to sandy soils of low cohesion or silty soils of high water-content (e.g., at bank-full stage or when the tidal plain
is inundated, see Figure 1 in Zhao et al. (2020)) and to areas where the vegetation cover is sparse (Thorne &
Tovey, 1981). For high banks, sliding failures are more common than other types of failure because shear stress
increases with bank height faster than soil strength (Terzaghi, 1951). Sliding failures can be further subdivided
into planar and rotational failures (Figure 2i), depending on the shape of the failure surface (Simon et al., 2000).

2.2.3. Toppling Failure

Toppling failure is characterized by a rotational component of movement (Figure 2g). It is also called beam or
slab failure and is a very common mechanism in both fluvial and tidal environments (Allen, 1989; Francalanci
et al., 2013; Nardi et al., 2012; Samadi et al., 2013). Toppling failure is accompanied by one or several deep
tension cracks on the bank top, and eventually occurs when the moment along the failure plane overcomes the
resistance provided by soil cohesion and/or vegetation roots (Van Eerdt, 1985). Contrary to cantilever shear fail-
ure, toppling failure is driven by excess moment rather than excess shear stress (see Figures 2f and 2g).

2.2.4. Pop-Out Failure

Pop-out failure (also called tension failure, see e.g., Fox and Felice (2014)) occurs when seepage forces are
greater than soil resistance, or shear/tension strength decreases owing to an increased soil pore-water pressure
(Figure 2h). Unlike seepage erosion characterized by particle entrainment and mobilization, pop-out failure
consists of a block failure with the formation of tension cracks (Chu-Agor et al., 2008).

2.2.5. Erosion and Failure Resulting From Loss of Matric Suction

This type of processes occurs due to a loosening of the weak links between particles (especially sand) when the
pores are saturated by water and the weight of bank soil increases (Nardi et al., 2012). This kind of failure differs
from tensile failure because the bank soil is close to saturation. It can be regarded as the consequence of tensile
failures and occurs at the endpoint of the commonly observed arched shape close to the water surface.

2.2.6. Soil Creep

Soil creep is a gravity-induced viscous-like slow deformation which produces a net downslope transport of bank
soils (Figure 2j) and is commonly observed in salt-marsh banks (Mariotti et al., 2016, 2019). Although the
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behavior is similar to shear failure, soil creep occurs at a much slower rate of deformation (around 20-50 mm/year,
see Mariotti et al. (2019)).

3. Mechanisms Leading to Bank Retreat

Bank collapse can be triggered by subaerial process, surface flows which establish in fluvial and tidal environ-
ments, seepage flow, wind and ship waves, as well as by variations in soil strength (i.e., soil cohesion) resulting
from water level changes, rainfall impacts and infiltration, and evaporation. Other factors such as vegetation root
reinforcement and hydrostatic pressure head, in contrast, favor bank stability and so might affect the bank collapse
mode. Based on experimental and in situ observations, here, we review mechanisms leading to bank collapse with
respect to subaerial process, surface flow, seepage flow, fluctuations in soil pore-water pressure head, and waves,
paying specific attention to the role of vegetation, biological disturbances, and hydrostatic pressure head.

3.1. Subaerial Process

Subaerial processes are commonly associated with the slow-motions driven by local climate variations that
directly deliver bank soil to the channel, or which act as preparatory processes which weaken the face of the bank
prior to surface flow erosion (Couper & Maddock, 2001). Their contribution to bank retreat has been analyzed
by introducing the concept of “process zonation”, that is, identifying the dominant factor among near-bank
hydrodynamics, bank soil properties, vegetation cover, and local climate change (e.g., temperature and rainfall)
(Abernethy & Rutherfurd, 1998; Henshaw et al., 2013; Lawler, 1992; Lawler et al., 1999).

In the middle and lower reaches of a river (horizontal zonation), fluvial erosion and bank collapse events domi-
nate bank retreat, while subaerial erosion serves as a preparatory process reducing the resistance of bank soils
by up to 80% of their original strength (Kimiaghalam et al., 2015; Wynn et al., 2008). In contrast, bank retreat
is controlled by subaerial processes in headwater streams or where hydrodynamic power is insufficient to cause
soil erosion without prior weakening of bank materials (Prosser et al., 2000; Veihe et al., 2011). For example,
it has been demonstrated that 85% of the annual retreat of coastal cliffs in a cold temperate climate may occur
due to subaerial erosion (Bernatchez & Dubois, 2008). Similarly, direct measurements carried out in bedrock
rivers show that the lateral bank retreat can be substantially enhanced by the higher erodibility of rock exposed to
continuous wetting-drying cycles (Montgomery, 2004). Subaerial erosion typically affects the upper part of the
bank while the lower part is subject to fluvial erosion. This gives rise to a vertical zonation of the controls of bank
erosion which eventually determine the bank morphology depending on the soil characteristics (e.g., the silt-clay
content (Couper, 2003; J. Pizzuto, 2009; Veihe et al., 2011)).

Overall, subaerial processes may play a fundamental role in bank retreat. Repeated wetting-drying cycles (leading
to associated desiccation) and freeze-thaw sequences are widely recognized as major subaerial processes in both
fluvial and estuarine systems (Bernatchez & Dubois, 2008; Couper & Maddock, 2001). Wetting of bank soils
is generally the result of prolonged high flows, exchanges between surface water and groundwater (due to water
level variations), and infiltration of precipitation (Simon et al., 2000; Xin et al., 2022). This process affects bank
retreat by increasing soil pore-water pressure with a consequent weakening of the linkage between soil particles
(e.g., matric suction mentioned by Nardi et al. (2012)) which eventually makes the bank soils more susceptible to
surface flow erosion (Zhao et al., 2020). We refer the reader to Section 3.4 for more details about this mechanism.
On the other hand, the reduction in soil-moisture content associated with drying may lead to soil desiccation with
consequent fissuring and exfoliation of the bank surface (Figure 3a). The strength of the bank is therefore weak-
ened, especially for cohesive banks where soil aggregates are separated by desiccation cracks (Couper, 2003;
Thorne & Tovey, 1981). For example, in the St. Lawrence River, desiccation followed by a rapid rewetting was
found to increase bank retreat rate by several orders of magnitude (Gaskin et al., 2003).

Freezing periods cause an expansion of water within soil voids which weakens the linkage between soil particles,
while the subsequent thawing action directly induces subaerial erosion (Yumoto et al., 2006). Short-duration of
freeze-thaw successions facilities the growth of needle-ice on the bank face (Figure 3b), while annual freeze-thaw
cycles may lead to the development of deep cracking and, consequently, soil mass failure (Kimiaghalam
et al., 2015; Lawler, 1993b). In general, freeze-thaw cycles play an important role in subaerial erosion in regions
where the bank is subject to deep seasonal frost (Chassiot et al., 2020). Although the number of freeze-thaw
cycles is likely the major factor for subaerial erosion (Kimiaghalam et al., 2015; Wynn et al., 2008), several
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Figure 3. (a) Soil desiccation on a muddy bank. The wet (left) and dried (right) mud areas are distinguished by the white
dashed line (adapted from Zeng et al. (2022)). (b) Typical needle ice formation under freeze-thaw cycles (adapted from C. Li
et al. (2018)).

studies have also highlighted that silt-clay content (Couper, 2003), soil water content (Ferrick & Gatto, 2005), and
vegetation cover (Prosser et al., 2000; Wynn & Mostaghimi, 2006) matter as well. Banks with a higher soil mois-
ture and silt-clay content are more affected by freeze-thaw cycles, while vegetation cover dramatically reduces
the frequency of these cycles.

3.2. Surface Flow
3.2.1. Near-Bank Channel Flow

Near-bank channel flow is generally responsible for the removal of soil particles from the bank. For high enough
flow velocities, this removal may undermine the bank toe, eventually leading to the formation of a bank profile
with cantilever-shape (Thorne & Tovey, 1981). Samadi et al. (2011) carried out several flume experiments using
soil blocks of silt and silt-clay, respectively, to mimic the actual bank configuration caused by artificially repro-
duced undermining. The observed failure process included: (a) tensile failure in the lower part of the bank; (b)
tension cracks on the bank top; and (c) toppling failure forming a vertical cracked interface (Figure 4a). The flume
experiments also suggested that the pattern of cantilever failure is dominated by toppling failure rather than the
simple shear-type mechanism considered by Darby et al. (2007) and Rinaldi et al. (2008).

To overcome the drawbacks induced by an artificially reproduced undermining, several downscaled physical
experiments have been conducted in recent years under conditions of uniform and steady flow. Patsinghasanee
et al. (2018) used two types of cohesive materials with different silt-clay contents to investigate the process of
bank collapse under similar hydraulic conditions. The observed failure sequence was similar to that reported by
Samadi et al. (2011). The tension cracks on the bank top seemed to develop only when the cantilever was close to
failure. A slight increase in silt-clay content was found to have negligible effect on bank failure patterns, but could
significantly shorten the time taken to collapse. A number of studies have been also carried out to investigate the
role of impulsive flow due to dam-breaks (Cantelli et al., 2004; Zech et al., 2008), near-bank bed evolution (Yu
etal., 2015), bank height (Patsinghasanee et al., 2017), channel bed slope (Qin et al., 2018), and near-bank turbu-
lence (Das et al., 2019; Roy et al., 2019). Even though the focus of Qin et al. (2018) was gully erosion, this type
of process can be regarded as a downscaled case of bank erosion relevant also for tidal environments (e.g., for
channel head migration). It is however worthwhile to note that downscaled physical models are useful to obtain
general information on bank failure patterns (D. M. Wood, 2014), but entail uncertainties about the interpretation
of the collected data which restrict their use in formal quantitative analysis. For example, tension cracks on the
surface of the bank (Figure 4a), and the consequent tensile failures documented by Samadi et al. (2011) are not
observed in many downscaled experiments. Besides, only a few of the existing downscaled physical experiments
attempted to capture variations in bank soil parameters (e.g., soil stress and pore-water pressure) occurring during
bank collapse.

Recently, Zhao et al. (2020) set up a laboratory experiment with limited scaling effects to investigate the role
of bank height, H,, and near-bank water depth, H

w?

on bank collapse. Results showed that the failure patterns
correlate to the ratio H /H, (i.e., the relative water depth). For relatively small values of H /H, (less than 0.5,
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Figure 4. (a) Typical overhanging failures in response to artificial undermining (adapted from Samadi et al. (2013)). Bank height in subplot (a) was 0.8 m. (b and ¢)
Typical erosion and failure processes experienced by vertical banks in response to near-bank channel flow, for a water depth of 0.15 m, and bank height of (b) 0.6 m and
(c) 0.2 m (adapted from Zhao et al. (2020)).

Figure 4b), the decrease in matric suction led to the occurrence of cracks and consequent tensile failures. Several
deep tension cracks were observed on the bank top, followed immediately by toppling failure. For values of H,/
H, close to 1 (Figure 4c), tension cracks were first observed on the bank top. A large (compared to the stress
exerted by soil weight) hydrostatic pressure head prevented the occurrence of toppling failure. Shear failures thus
occurred along a vertical (or inclined) surface separating the cantilever block from the bank top. Extending the
experimental analysis to a broader range of values of the ratio H,/H,, K. Zhang et al. (2021) further pointed out
the need to include water content variation when predicting shear or toppling failure. Their experimental frame-
work provides a new way to predict failure patterns by combining hydraulic and geotechnical control factors.

Natural rivers usually convey bedload and/or suspended load downstream. The transported grains, in turn, stresses
the channel bed/bank, possibly affecting bank retreat. Bedload saltation produces an abrasion of the exposed bank
surface. The development of an alluvial cover due to bed aggradation alters the cross-sectional distribution of
shear stresses affecting indirectly bank retreat. Field and laboratory evidence of abrasion-induced bank retreat is
plentiful in bedrock rivers (see e.g., the shallow depressions in Figure 5a), where the channel bed and banks often
consist of rocks covered by a thin layer of alluvium (Carter & Anderson, 2006; Fuller et al., 2016; Hartshorn
et al., 2002). The direct bumping and abrasion by saltating grains can increase channel width by up to an order of
magnitude as compared to channels with negligible bedload (Baynes et al., 2020; Fuller et al., 2016). On the other
hand, bank retreat of bedrock channels can be indirectly affected by the increased bed roughness which charac-
terizes the formation of an alluvial cover. Experimental observations have shown that this increase in roughness
enhances the deflection of saltating bedload particles toward the bank surface (Figure 5b and 5c), causing rates
of lateral erosion to grow by as much as a factor of 7 (Fuller et al., 2016).

The effects of alluvial cover on bank retreat depend also on the channel planform (e.g., meandering, braiding,
and pinch-swell undulation), which strongly reflects on flow and sediment routing (Carter & Anderson, 2006;
Mishra et al., 2018). In braided gravel-bed channels, lateral incision is weakly sensitive to the rate of sediment
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Figure 5. (a) Field evidence of bedrock wall erosion by sediment impacts. (b and c¢) Laboratory evidence showing the role of
bed roughness on bedrock wall erosion (adapted from Fuller et al. (2016)).

transport (Bufe et al., 2016, 2019). Conversely, in sharp bedrock bends an increased sediment supply accelerates
bank retreat and shifts its location upstream (Mishra et al., 2018). In bedrock channels, the development of an
alluvial cover alters the cross-sectional distribution of shear stress, ultimately leading to a transition from vertical
incision of the rocky bed to lateral expansion due to bank retreat (Turowski et al., 2008). As a result, a substantial
sediment supply not only leads to the formation of a significant alluvial cover but is commonly accompanied by
a fast lateral bedrock erosion (Finnegan et al., 2007; T. Li et al., 2020).

In alluvial meandering rivers, high sediment loads favor a rapid accretion of the point bar at the inner bank,
which forces erosion at the outer bank (bar push effects) and consequently enhances the annual migration rate
(Constantine et al., 2014; Donovan et al., 2021; E. Eke et al., 2014). On the other hand, nearly clear water condi-
tions associated with a scarce sediment supply facilitate a progressive incision of the channel bed, which causes
outer bank instability and ultimately speeds up meander migration. For example, the sharp reduction in sediment
supply (around 80%) caused by upstream damming was responsible for the increased bank retreat rate observed in
the Jingjing Reach of the Changjiang River over the last 20 years (Xia, Zong, Zhang, et al., 2014; Xia et al., 2017).
Overall, sediment load plays a vital role in the bank retreat process, and more
research is needed to quantify its contribution to bank retreat rate.

In cold environments, the failure by near-bank channel flow may be also
affected by soil deterioration (i.e., freeze-thaw cycles) and the formation of
ice blocks, which has been proven to be important especially in coastal and
estuarine settings (Bernatchez & Dubois, 2008). The collapsed ice blocks may
be swept away at high tide, thus further enhancing bank erosion by attack-
ing the bank surface and by undercutting bank materials, while during ebb
tides they add friction to the system (Black et al., 2018). We refer the reader
interested in erosion processes in cold environments to Chassiot et al. (2020),
who systematically evaluated and summarized the effects of ice on bank
retreat. Another mechanism resulting in the formation of a cantilever is found
in marine ice cliffs, where the cantilever is caused by the action of warmer
deep water (DeConto & Pollard, 2016). Regardless of the peculiarities of
cold environments, bank collapse processes are still detected whereby the
cliff evolution is related to cliff height and water depth (Bassis et al., 2021).

3.2.2. Overbank Flow

Overbank flow occurs over the bank surface, as commonly observed in gullies

Figure 6. Headcut retreat for: (a) gully and (b and c) tidal channel head. In
panel (a), the length and width of the drainage area are 5 and 2 m, respectively,
and the initial headcut height is 0.5 m. In panel (b), the circled bird footprint is
about 0.04 m. In panel (c), the width and length of the flume are 0.4 and 2 m,
respectively, and the time between each snapshot is 6 hr (adapted from Dong,
Xiong, et al. (2019) and Kleinhans et al. (2009)).

and tidal channels, and controls headcut retreat in these environments. Gully
headcuts, characterized by near-vertical steps, form often in dry-hot valleys
as concentrated overland flow initiates erosion on a gully bed composed of
a hard-upper layer and a soft-lower layer (A. Chen et al., 2013; Rengers &
Tucker, 2014). When passing over the overhanging block (Figure 6a), the
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overbank flow either moves along the sidewall scouring the overhanging profile (on-wall runoff) or directly falls
into the channel forming a plunge pool (off-wall runoff). With the development of scouring erosion in the lower
headcut layer, the overhanging block gradually becomes larger, ultimately triggering different types of mass
failure such as tensile, sliding, and toppling (A. Chen et al., 2015). In the presence of a vegetation cover, tensile
failure occurs in the middle face of the headcut below the root zone, leaving behind an overhanging block. Failure
takes place when block weight exceeds vegetation root strength (Rengers & Tucker, 2014).

Experimental studies have addressed the development and migration of gully headcuts with emphasis on differ-
ent factors such as bed slope (Bennett, 1999), flow discharge (Bennett et al., 2000), and soil texture (Wells
et al., 2009). Several studies focus on mass failure rather than plunge pool erosion. For example, Stein and
LaTray (2002) set up a specific gully bed where a relatively erosive base soil is overlaid by a relatively hard
soil layer. For this geometry, mass failures were observed as a result of undercutting in the plunge pool immedi-
ately downstream. Experimental and in situ studies have also been conducted to investigate the failure process
of headcuts in response to on-wall runoff. A. Chen et al. (2013) performed flow scouring experiments with a
set-up involving a lower sandy layer and an upper clay layer. Results showed that the collapse of overhanging
layers was dominated by the development of the lower scour holes. The occurrence of upper cracks significantly
accelerated the collapse process. Compared to off-wall runoff, on-wall runoff played a more important role in
the development of scour holes, and headcut collapse was found to depend on runoff duration rather than runoff
intensity. This implies that variations in soil strength, rather than cantilever development, are responsible for mass
failure, since soil cohesion decreases dramatically with the increase in soil moisture (Rajaram & Erbach, 1999).
Similar findings emerged from the in situ observations of Rengers and Tucker (2015), who pointed out that high
water content rather than hydraulic scour was the main cause for mass failure. Other factors such as summer flash
floods, winter snowmelt, prolonged summer dry periods, and drying-rewetting cycles can also be correlated with
headcut collapse (Dong, Xiong, et al., 2019; Rengers & Tucker, 2014). For instance, Dong, Xiong, et al. (2019)
conducted 11 in situ flow scouring experiments with different discharges. Results showed that the variation in
discharge had little effect on mass failure frequency, whereas drying-rewetting cycles accounted for 64% of the
observed mass failure. We refer the reader to J. Poesen et al. (2003), Valentin et al. (2005), and Castillo and
Goémez (2016) for more information on gully headcut erosion.

Similar to gully headcuts, but with a much smaller spatial scale, a fast retreat of tidal channel heads is commonly
observed on tidal flats. Symonds and Collins (2007) reported an annual headcut retreat rate of up to 400 m/year in
response to a managed coastal realignment. Through laboratory experiments and in situ observations, Kleinhans
et al. (2009) found that the retreat of tidal channel heads was induced not only by gradual erosion of the chan-
nel bed, but also by repeated cantilever or sliding failures at the headcut border typical of cohesive sediments
(Figures 6b and 6¢). They also concluded that the failure was mainly related to soil weakness induced by waves,
rain, or excess pore-water pressure. Other studies have been carried out to investigate the role of tidal channel
headcuts on, for example, the evolution of tidal flats (Ni et al., 2014), tidal channels (Xu et al., 2019), and tidal
networks (Geng et al., 2019; Kleinhans et al., 2012; Xu et al., 2017).

3.3. Seepage Flow

Bank collapse related to seepage flow can be attributed directly to seepage erosion and resultant tensile failure
(direct influence), or indirectly to the effects of seepage flow on soil properties (indirect influence) (Fox &
Wilson, 2010). Since the indirect influence is mainly related to soil pore-water pressure, we refer the reader
to Section 3.4 for more details. To mimic bank collapse in response to seepage erosion, Fox et al. (2006) and
Wilson et al. (2007) performed lysimeter experiments using reconstructed banks packed with three different soil
layers (Figure 7). They suggested that increasing bank height, or hydraulic head, leads to more bank retreat (i.e.,
a decrease in bank stability), and alters the associated pattern of bank collapse. For large bank heights and high
hydraulic heads, they observed a sequence of seepage erosion at the bank toe, tensile failure in the middle of the
bank, and toppling failure. For small bank heights and low hydraulic heads, tensile failure was absent and bank
erosion was sometimes characterized by seepage erosion (i.e., no toppling failure occurred).

A series of studies were also carried out to investigate how seepage flow erosion is affected by bank slope
(Fox et al., 2007), soil density (soil texture) (Chu-Agor et al., 2008; Fox & Felice, 2014), bank stratification
(Lindow et al., 2009), root reinforcement (Akay et al., 2018; Cancienne & Fox, 2008), and soil chemical prop-
erties (Masoodi et al., 2017, 2019). Cancienne and Fox (2008) found that, under the same hydraulic conditions,

ZHAO ET AL.

12 of 51



A2 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RG000761

Figure 7. Erosion and failure processes of river banks in response to seepage: (a) seepage erosion; (b) tensile failure in the
middle of the bank; (c) tension cracks on the bank top; and (d) toppling failure. Bank height is 0.8 m, and seepage flow within
the bank body is from right to left (adapted from Fox et al. (2006)).

seepage erosion and undercutting patterns exhibit remarkable differences in vegetated and unvegetated contexts.
Unlike their unvegetated counterparts, vegetated bank blocks were characterized by the absence of unimodal
undercutting (see Figure 2 in Chu-Agor et al. (2008)) and the formation of shallow multimodal cuts along the
entire width of the bank face. To evaluate and predict the development of seepage erosion followed by toppling
failure or the triggering of pop-out failure, Fox and Felice (2014) proposed a dimensionless seepage mechanism
number based on the ratio between resistive cohesion forces and destabilizing forces. This number reasonably
predicted the type of observed seepage failures, and is suitable for streambanks or hillslopes experiencing steady
seepage forces. On the basis of in situ observations, Masoodi et al. (2019) found a high correlation coefficient
(R*=0.81) between soil dispersion (see Glossary) and the volume of the undercutting cavity caused by seepage.
At the same time, many studies aimed at developing empirical sediment transport functions relating seepage
erosion rates to controlling factors (Chu-Agor et al., 2008, 2009; Fox & Felice, 2014; Fox et al., 2006, 2007;
Karmaker & Dutta, 2013; Wilson et al., 2007). For example, on the basis of 71 lysimeter experiments, Karmaker
and Dutta (2013) suggested that the seepage flow gradient and the vertical stratigraphy have a dominant effect on
bank stability. We refer the reader to Section 4.1 for more details about these empirical relations.

3.4. Fluctuations in Soil Pore-Water Pressure

The bank soil tends to be unsaturated above the water surface and saturated below the water surface. In tidal
settings, due to the periodical rising and falling of the water level, this difference is less evident (e.g., when
the water level in tidal channels is just below the elevation of the bank top during the early stage of the ebb
tide, see Figure 1 in Zhao et al. (2020)). For unsaturated soils, increasing soil pore-water pressure implies a
smaller matric suction and hence reduced soil strength. For saturated soils, the matric suction is zero and the
soil shear strength ultimately depends on the effective normal stress. The transition from saturated to unsatu-
rated soil (and vice versa), clearly indicated by soil pore-water pressure, is mainly driven by variations in water
level, and often leads to bank collapse. For example, Nardi et al. (2012) investigated the basic processes and
possible factors influencing the instability of relatively coarse (sandy-gravel) river banks in response to water
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Figure 8. Erosion and failure processes of river banks in response to water level (a and b) rising and (c) falling. (a) Coarse sandy-gravel bank of height 0.7 m; (b) fine
sand bank of height 0.5 m; and (c) compacted sand bank of height 0.47 m (adapted from Nardi et al. (2012), Arai et al. (2018), and Chen, Hsieh, and Yang (2017)).

level changes (Figure 8a). Contrary to cohesive banks, for which bank failure is commonly observed during the
falling water stage (saturated-unsaturated transition), they suggested that the reduction of apparent cohesion (e.g.,
matric suction) during the rising water stage (unsaturated-saturated transition) caused the instability of the banks.
This finding indicates an inherent difference in bank failure mechanisms between sandy-gravel and sand-clay
banks, arising from the distinct response of soil strength to very high water-content. In contrast to clay soils, silt
is prone to losing almost all strength (i.e., static liquefaction) when approaching a saturated state (Yamamuro &
Lade, 1998). Using finer cohesionless uniform sand, Arai et al. (2018) observed more cantilevers and, conse-
quently, toppling failures as a result of the stronger apparent cohesion and tensile strength (Figure 8b). They also
stated that dry granular flow, as reported by Nardi et al. (2012), was absent, emphasizing the role of soil grain
size on bank collapse patterns.

For cohesive banks and decreasing water levels, Francalanci et al. (2013) observed that excess pore-water pres-
sure and decreasing hydrostatic pressure head could trigger tensile failures in the middle part of banks mimick-
ing marsh cliffs. In tidal environments, these two pressures tend however to counterbalance at high tides. C.
Chen, Hsieh, and Yang (2017) and Khatun et al. (2019) both stated that a rapid drawdown was a major cause
for sand-compacted bank instability (Figure 8c). However, the main cause of bank failure with respect to water
level drawdown is still unclear. Two destabilizing effects are in fact triggered during a falling water stage (Simon
et al., 2000). On one hand, the drawdown of water level implies a progressive reduction of the stabilizing action
exerted by the hydrostatic pressure head. On the other hand, positive pore-water pressure leads to a reduction
in soil shear strength. Applying stress-strain analysis and taking into account varying hydrostatic pressure head,
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Gong et al. (2018) concluded that bank retreat rate is partly related to the rate of water level change. In particu-
lar, the maximum bank retreat was found to occur in conjunction with the maximum rate of decrease in hydro-
static pressure head. Deng et al. (2018) demonstrated that pore-water pressure, resulting from the delay between
groundwater level and river stage, was mainly responsible for shear-type bank collapse. For banks with relatively
low soil permeability, the initial groundwater level may also play an important role in controlling bank stability.
Anyhow, bank instability caused by a falling water stage might in general be related to bank geometry, stratigra-
phy, and soil properties such as soil density and permeability (Pollen-Bankhead & Simon, 2010). Further research
is needed to fully unravel the failure mechanism with respect to water level drawdown.

Other factors such as evapotranspiration and infiltration (induced by vegetation, seepage and rainfall) can cause
fluctuations in soil pore-water pressure and thus are also likely to affect bank stability. Vegetation affects soil
pore-water pressure either by extracting soil moisture via evaporation, or by intercepting rainfall that would
otherwise infiltrate into the bank. Both processes potentially reduce positive pore-water pressure and instead
facilitate the development of matric suction. For instance, Simon and Collison (2002) and Pollen-Bankhead
and Simon (2010) pointed out that the variation in matric suction due to evapotranspiration might provide more
benefits to riverbank stability than the mechanical effects associated with vegetative root reinforcement. Given
the timescale, evapotranspiration may be relevant in fluvial environments, while it likely plays only a minor
role in tidal settings. Indeed, the period during which the salt marsh surface is inundated could be too short
for evapotranspiration to result in clear reductions in matric suction. Nevertheless, Dacey and Howes (1984)
observed that marsh plants might lower the water table and reduce pore pressure very quickly. Their findings
identified a new mechanism for salt-marsh bank stability whereby the generation of excess pore-water pressure
and removal of hydrostatic pressure during the ebb tide are counteracted by a quick increase in matric suction.
Wynn and Mostaghimi (2006) suggested that vegetation covers facilitate stream bank stability not only by inter-
cepting rainfall, but also by reducing subaerial processes such as soil desiccation and freeze-thaw cycles, which
make the banks more vulnerable to surface flow erosion (Chassiot et al., 2020). However, as pointed out by
Durocher (1990), canopy interception and stemflow can concentrate rainfall locally around the plant roots, deter-
mining local highs of pore-water pressure which weaken bank stability.

Seepage flow has also been suggested to affect soil pore-water pressure and, consequently, bank stability. Fox
et al. (2006) observed a sharp increase in soil pore-water pressure owing to the transition from unsaturated to satu-
rated conditions caused by seepage, followed immediately by several bank failures. Lindow et al. (2009) found
that variations in soil pore-water pressure consequent to seepage depend on the initial bank slope. For banks with
a gentle slope, a relatively small increase in soil pore-water pressure is sufficient to trigger bank collapse (Fox
& Wilson, 2010). In tidal settings, seepage flow due to diurnal changes of water level is responsible for periodic
transitions from unsaturated to saturated conditions and vice versa. In the presence of high water levels (e.g.,
inundating tides and large river flow), water overtops and enters through the creek bank, making at least part of
the bank soil fully saturated. This process is possibly enhanced by a higher permeability of the upper soil layer,
as a result of macropores created by plant root and organism burrowing (Harvey et al., 2019; Xin et al., 2022). In
contrast, groundwater gradually seeps out from the bank during falling tides and, together with high evapotranspi-
ration (due to some combination of sun, wind and temperature), can lead to complete drying or, even desiccation
of bank material (Derksen Hooijberg et al., 2019; McKew et al., 2011). The drying-wetting of tidal channel banks
and marsh edges during tidal cycles thus plays a key role on retreat processes in tidal environments.

Finally, infiltration of rainfall may lead to a loss of matric suction and, therefore, may reduce bank soil strength
and bank stability (Simon et al., 2000). Using a prototype model, Okura et al. (2002) showed that the generation
of excess pore-water pressure as a result of continuous rainfall infiltration resulted in bank instability and land-
slide fluidization. For tidal environments, Mariotti et al. (2019) observed that creep movement of a salt-marsh
bank was more accentuated during rainfall events. Therefore, they suggested that this behavior is likely governed
by effective stresses and their dependence on pore water pressure. L. Z. Wu et al. (2017) investigated the role
of rainfall intensity on the development of pore-water pressure. Results showed that increasing rainfall intensity
facilitated the development of high soil pore-water pressure, possibly producing gravity-driven landslides. A
review of slope stability analysis under rainfall-driven infiltration, with a focus on conceptual models, analytical
analysis, and numerical modeling, has also been undertaken by L. L. Zhang et al. (2011).
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3.5. Waves

Bank instability is also caused by the attack by wind waves and ship wakes in rivers, salt marsh channels, and
navigable waterways. The associated mechanisms of bank collapse can be attributed to (a) terrace erosion adja-
cent to the bank toe, (b) removal of soil particles from the bank (wave erosion), (c) mechanical fatigue of the bank
soil, and (d) changes in soil pore-water pressure. On the basis of in situ experiments, Nanson et al. (1994) found
that for small rivers, boat-generated waves may dominate bank erosion as compared to surface flow erosion and
seepage erosion. Duro et al. (2019) reported that, for a relatively constant water level, boat-induced waves caused
the formation of a mildly-sloping terrace adjacent to the bank toe, which progressively dominated the bank
erosion process. Emergent vegetation however plays a significant role in reducing wave erosion by attenuating the
wave impact (Coops et al., 1996) and reinforcing the soil through the root system (Gabel et al., 2017).

Sunamura (1982) designed a laboratory experiment to investigate wave erosion mechanisms at the base of a beach
cliff. He found that turbulence due to wave runup destabilized the sand and generated a shear stress on the cliff
face, leading to cliff erosion/collapse. To quantify the relative importance of vessel-generated versus wind waves
to salt marsh cliff retreat, Houser (2010) carried out a field study in the Savannah River. He found that locally
generated wind waves were largely responsible for the observed cliff retreat. In the case of soil-geotextile filtra-
tion, Faure et al. (2010) observed that erosion of the middle part of revetments was induced by the up-and-down
drag force exerted by waves along the bank. More recently, studies have been carried out by Ji et al. (2017, 2019)
to investigate the role of bank profile morphology on the stability of reservoir banks. Under the action of wave
erosion, a concave cavity was found to occur near the water surface, leading to tension cracks on the bank top
and consequent toppling or sliding failures. Using the width of the collapsed portion of the bank as a metric,
they concluded that a convex shape was the most unfavorable condition for bank stability, followed by a concave
shape, straight shape, and a multi-stepped shape. Contrary to surface flow erosion, wave erosion occurs only
around the water surface and so results in a large underwater shoal, which in turn provides resistance to bank
collapse. As a result, this kind of failure mechanism is episodic and essentially inactive until the submerged bank
toe is removed by other processes such as surface flow erosion or artificial dredging.

Apart from direct erosion under wave attack, bank soil may also be rendered unstable as a result of mechanical
fatigue in response to wave loading (Coops et al., 1996; Hooke, 1979). Ginsberg and Perillo (1990) reported that
the continuous impinging due to locally-generated waves may lead to mechanical fatigue, significantly reducing
channel bank stability. To gain more insight into the effect of dynamic wave loads, Bendoni et al. (2014) devel-
oped a theoretical model to account for the instantaneous action of waves rather than averaging the waves over
long time intervals. Contrary to a simple static model, the dynamic response can account for the elastic potential
energy and inertial effects, resulting in higher stress and consequently predicting more rapid bank failure. Using
laboratory experiments, they also concluded that water inside the tension cracks and low water levels in front of
the bank were the two most favorable conditions to trigger bank collapse.

High excess pore-water pressures inside the bank, triggered by cyclic wave loadings, can also be an important
cause for upper bank collapse (Faure et al., 2010). Francalanci et al. (2013) carried out a prototype laboratory
experiment to reproduce salt marsh cliff retreat under the combined action of tides and wind waves. The succes-
sive development of tension cracks and upper bank deformation, tensile failure in the middle of the front surface,
and toppling failure was the typical succession of the observed failure processes (Figure 9a). This kind of failure
sequence is similar to that experienced by banks in response to surface flow (Patsinghasanee et al., 2018; Samadi
et al., 2011), seepage flow (Fox et al., 2006; Wilson et al., 2007), or water level changes (Arai et al., 2018; Nardi
et al., 2012). Overall, this shows that external forces operating in different environmental contexts may have
similar effects on bank stability, leading to similar failure mode(s). Although in the experiments of Francalanci
et al. (2013) tidal cycles were the main reason for crack formation and upper bank deformation, the authors
suggested that wind waves are likely to provide an additional mechanism accelerating the occurrence of bank
collapse. Any overtopping waves are in fact likely to induce water infiltration within the tension cracks on the
bank top and promote the occurrence of extra pore-water pressures inside the bank. They also pointed out that
the presence of vegetation roots made some notable differences (Figure 9). For instance, tension cracks on vege-
tated banks were generally smaller and narrower, and measured pore-water pressures at low tides were generally
lower (10% decrease) than when vegetation was absent, both factors contributing to delay the occurrence of bank
collapse.
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Figure 9. Erosion and failure processes of marsh cliffs in response to tidal currents and wind waves, (a) without and (b) with vegetation. The onward time from the
beginning of Experiments 4.1 and 8.1 are reported on each photo, showing the occurrence of mass failure, while other photos display the final geometry of bank surface
during each experiment. Bank height was 0.6 m (adapted from Francalanci et al. (2013)).

The combined influences of waves and vegetation roots on bank stability has been highlighted by many other
studies (Mariotti et al., 2019; Y. Chen & Collins, 2007; Y. Chen et al., 2011). Contrary to coarse roots with high
resistance to soil creep, Y. Chen et al. (2019) found that fine roots with high resistance were more effective in
stabilizing marsh banks in response to flow- and wave-induced erosion. However, Feagin et al. (2009) argued that
soil type, rather than salt marsh plants, is the primary variable affecting the erosion rate of the salt marsh edge,
thus challenging the common perspective that salt marsh plants prevent wave-induced erosion. This conclusion is
also consistent with the work of Bendoni et al. (2016), who stated that vegetation roots prevent particle-by-par-
ticle erosion on the upper layers of the bank and, hence, facilitate the formation of cantilever profiles, which in
turn, may lead to more frequent mass failure events.

Biological disturbances matter as well. Biofilms provide a positive or negative effect on sediment stability depend-
ing on the driving forces (e.g., steady flow vs. waves (X. Chen et al., 2021; X. D. Chen, Zhang, et al., 2017)), while
a negative effect is provided by shells and crabs (Bortolus & Iribarne, 1999; Quaresma et al., 2007; Thompson
& Amos, 2002). A comprehensive review is provided by Harvey et al. (2019), who summarized the mechanisms
of bank instability induced by burrows as: (a) altering bank geometry, (b) inducing subsurface flow (seepage),
and (c) facilitating erosion at bank surface and burrow entrances. Overall, more research is needed to establish
general parameterizations that can describe and quantitatively predict the influence of vegetation and biological
disturbances on salt-marsh stability.

4. Bank Retreat Rate

On the basis of laboratory experiments and in situ observations, many empirical relations have been developed to
relate bank retreat rate to controlling factors such as flow discharge, near-bank flow velocity and bank geometry.
A summary of typical empirical functions to predict bank retreat rate, and their regression coefficients, is shown
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Table 2
Empirical Correlations for Estimating Bank Retreat Rate Obtained From Field Observations
Coefficient Units
Type K (or b) a Q/c/P, d R? Left Right  Time scale® References
(1) Induced by seepage
C; = bO?¢ 3.7 2.12 0.69 g/L L/day Event Wilson et al. (2007)
E,=K(0,-0)° 1,700 1 0.2 0.89 g/min L/min Event Midgley et al. (2013)
V.=bxCEl+d 99.156 1 39627  0.77 cm? =) (=) Masoodi et al. (2017)
(2) Induced by near-bank channel flow
E =bx*Aj 245 0.45 0.4 m/year km? Short Hooke (1980)
0.05 0.44 0.67 m/year km? (-) Van De Wiel (2003)
0.012 0.4 0.64 m/year km? Long De Rose and Basher (2011)
E=bxU¢ 6.66E—9 0.86 0.75 m/s m/s Short J. E. Pizzuto and Meckelnburg (1989)
E=bx D;’, +c 6.07 1 4.53 0.94 mm/year (-) Short Lawler (1986)
E =bxQf 0.0016 0.6 m/year m?3/s (-) Rutherfurd (2000)
E,=b%eQ/+c 0.6 472.299 0.636 098 km?%year m?/s Long Yao et al. (2011)
E =bxH, +c 22.88 1 -3.93 0.73  m¥/year m Seasonal Z.Zhang et al. (2019)
(3) Induced by overbank flow
E =bx* A 5.1 0.5 0.62 m/year km? Medium Seginer (1966) (Bror-Hayil)
6 0.5 0.84 Ruhama
2.1 0.5 0.85 Tkuma
0.01 0.23 0.39 m/year m? Short Vandekerckhove, Poesen, et al. (2001)
E,=bx A 0.4 0.59 0.77  m?/year m? Long Burkard and Kostaschuk (1997)
V,=bx A4 1.71 0.6 0.65 m? m? Medium Vandekerckhove et al. (2000)
E,=bx A4 0.02 0.57 0.93  m’/year m? Medium Vandekerckhove, Muys, et al. (2001)
0.04 0.38 0.39  m’/year m? Short Vandekerckhove, Poesen, et al. (2001)
0.069 0.38 0.51 m?/year m? Medium Vandekerckhove et al. (2003)
E,=bx P/ 5.56E-3 2.31 0.67 m’/year mm Medium Capra et al. (2009)
E=b%S+c 4.85 1 30.64 0.8 m/s (=) Medium Samani et al. (2010)
E =bx*(Ag*P)" 6.466E—9 1.424 0.89 (=) =) Long Rieke-Zapp and Nichols (2011)
E,=b % [(D4A) 2S]* 0.154 3.2588 0.62  m?/year m? Medium Z.Lietal. (2015)
E=bxP2+c*P +d TE—-4 2 —0.06 1.11  0.94 m mm Short Dong, Wu, et al. (2019)
(4) Induced by waves
E=K/(P,—P)" 0.35 1.1 0.8 m/year kW/m Medium Schwimmer (2001)
E,=K/(P,—P)" 0.036 1 0.89 m%year kW/m Medium Marani et al. (2011)
0.098 0.75 m%year kW/m Seasonal Bendoni et al. (2016)
0.117 0.73 m%year kW/m Seasonal
0.413 0.77 m?year kW/m  Seasonal
0.33 0.54 m%year kW/m  Seasonal

2“‘Event” timescales denote time intervals of one or several flood events, “seasonal” timescales indicate time intervals of less than one year, “short” timescales indicate
time intervals of 1-5 years, “medium” timescales correspond to time intervals of 5-50 years, and “long” timescales denote a time intervals of more than 50 years.

Variables are summarized in Symbols.

in Tables 1 and 2. Following Lawler (1993a), in this review timescales are defined thus: “Event” timescales
denote time intervals of one or several flood events, “seasonal” timescales indicate time intervals of less than one
year, “short” timescales indicate time intervals of 1-5 years, “medium” timescales correspond to time intervals
of 5-50 years, and “long” timescales denote a time intervals of more than 50 years.
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4.1. Hydraulic-Based Empirical Relations

There are numerous empirical relations that express the bank retreat rate as a function of some hydraulic param-
eters. These relations are developed to account for the average bank retreat (including both erosion and collapse)
over the measured period. The seepage-induced bank retreat rate E, for both laboratory- and field-scale settings, is
commonly estimated in the dimensional form by an excess discharge (E =K (Q, — Q) or gradient (E=K (i — 1))
formulation. Here, K| is seepage erodibility coefficient, Q. is seepage discharge, Q. is critical seepage discharge
for bank erosion, i is hydraulic gradient driving seepage flow, and i, is critical hydraulic gradient for seepage
erosion. Note that for non-cohesive soils, the excess discharge relation is reduced to a power law correlation
(E = bQ?, see Table 1) (Akay et al., 2018; Chu-Agor et al., 2009; Fox et al., 2007; Howard & McLane, 1988;
Midgley et al., 2013). Given that the direct measurement of E is sometimes complex and time-consuming, espe-
cially in the field, other variables, such as seepage sediment concentration and seepage-induced cavity volume,
have been used to indirectly evaluate the retreat rate in excess discharge formulas (Masoodi et al., 2017; Wilson
et al., 2007). In particular, Masoodi et al. (2017) suggested a linear correlation between seepage-induced cavity
volume and soil chemical properties. This suggestion has implications for estuarine contexts, where seepage
erosion might be more complicated as a result of the elusive dynamics of salinity (Hua et al., 2019).

Contrary to excess discharge formulas (see Fox et al. (2006) in Table 1), gradient-type relations directly link the
retreat rate to boundary conditions (hydraulic head) and bank geometry without requiring additional input data
(e.g., seepage velocity). This facilitates data analysis and inter-comparison between experiments, and provides
more robust predictions. Since the regression parameters in the above dimensional-form relations are highly
affected by hydraulic settings and soil properties, a more generic dimensionless formula (¢} = K (7] — 7)) was
proposed by Fox et al. (2007), where ¢ and 7} are the dimensionless sediment flux and shear stress, respectively,
induced by seepage flow (see Section 2.1 for more details). The proposed dimensionless formula is not restricted
to specific sites, and instead can be used for a range of contexts.

For retreat driven by surface flow, power law correlations are usually assumed. The associated controlling factors
are distinct for near-bank channel flow and overbank flow conditions (Table 2). For near-bank channel flow,
previous studies mainly focused on the effects of peak and annual mean flow discharges (Rutherfurd, 2000;
Yao et al., 2011), near-bank flow velocity (J. E. Pizzuto & Meckelnburg, 1989), frost (Lawler, 1986), bend
curvature (Lagasse et al., 2004; Nanson & Hickin, 1983), and freeze-thaw cycles (J. Pizzuto, 2009). For over-
bank flow more attention has been paid to the consequences of precipitation (Capra et al., 2009; Dong, Wu,
et al., 2019; Rieke-Zapp & Nichols, 2011), channel slope gradient (Samani et al., 2010), and vegetation cover
(Z. Li et al., 2015). A more general controlling factor, the drainage area considered as a surrogate of the flow
discharge, is also used for both near-bank channel flow and overbank flow (Figure 10). Contrary to overbank flow,
bank retreat induced by near-bank channel flow is more sensitive to temporal scale, as indicated by an evident gap
in the observed retreat rate between short- and long-term time scales (e.g., river linear retreat rate, indicated by
red dots and yellow squares in Figure 10). Therefore, the drainage area can be taken as a rough index for hydro-
dynamic intensity discriminating between different spatial and temporal scales (Burkard & Kostaschuk, 1997;
Hooke, 1980; Seginer, 1966; Vandekerckhove, Poesen, et al., 2001; Vandekerckhove et al., 2000, 2003). More
recently, machine learning algorithms based on large datasets, have been applied to develop predictors of gully
erosion induced by overbank flow (Amiri et al., 2019; Arabameri et al., 2019; Rahmati et al., 2017). Since the
factors dominating overbank flow are relatively easily collected (e.g., precipitation, drainage area, and soil char-
acteristics), machine learning is likely to improve our predictive skill of gully erosion rates.

Employing laboratory-scale data, Wells et al. (2013) proposed an exponential function to describe changes in
channel width over time, with the exponent determined by channel slope and flow discharge (Qin et al., 2018).
Clearly, this relation is strictly related to bank retreat and, therefore, can be used to derive a bank retreat predictor.
Note that, since the cross-section widening rate was found to decrease gradually with time (due to the increasing
channel width), the associated bank retreat relation is deemed to provide more realistic predictions than when
assuming a constant bank retreat rate over time.

As for tidal systems, the retreat rate of salt-marsh cliffs has usually been evaluated using a power law of the
type E =K (P, — P )", where P, represents the mean wave power calculated over a representative period, P, is
a threshold value for wave-induced retreat, K|, is the erodibility coefficient for wave erosion, and a is an empir-
ical exponent (here a nonlinear correlation is considered to obtain a more general form) (Bendoni et al., 2016;
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Figure 10. Correlation between drainage area and the linear and volumetric retreat rates, showing the variability of different
predictors for bank retreat rate. Dots represent observations collected over short time scales (1-5 years). Open and filled
symbols refer to data collected over medium (5-50 years) or long (>50 years) time scales, respectively. Colors are used to
distinguish different references.

Marani et al., 2011; Mariotti & Fagherazzi, 2010; Schwimmer, 2001). When accounting for their results in the
context of previous studies, Bendoni et al. (2016) found that at short temporal scales (months), the marsh cliff
retreat rate is much higher than the one obtained over much larger time intervals (decades), a result consistent
with the tendency observed in fluvial systems (Hooke, 1980). This finding can be partly explained by a dynamic
equilibrium theory (Zhou et al., 2017) whereby bank dynamic is not only associated with a monotonic retreat,
but is possibly characterized by a periodic cycle of erosion and accretion (e.g., the catch-up behavior reported in
meander migration (Mason & Mohrig, 2019; Nanson & Hickin, 1983; Zhao et al., 2021)). In other words, when
considering the bank retreat rate over relatively long-time periods, other dynamics such as subaerial processes
prior to bank erosion/collapse (e.g., freeze-thaw and drying-wetting cycles) (Chassiot et al., 2020), decomposi-
tion of collapsed bank soil (C. Hackney et al., 2015; Fagherazzi et al., 2004; K. Zhang et al., 2021), and bank
accretion (Asahi et al., 2013) can all lead to a lower than expected bank retreat rate. The issue associated with the
choice of a suitable temporal scale thus turns out to be crucial, since it determines the robustness and accuracy
of the developed empirical relations given the period of time to be considered for predicting the bank dynamic
(Hooke, 1980; J. Pizzuto et al., 2010).

In general, the performance of hydraulic-based empirical relations depends on the choice of the representative
discharge (e.g., mean or peak discharge). In the case of banks composed of sand and silt, which constantly
undergo erosion, the annual mean discharge is the best choice. It in fact summarizes the overall information
concerning the relevant hydrologic processes. In contrast, the peak discharge is more suitable for estimating the
retreat rate of cohesive and bedrock banks, for which bank erosion is only active during high flows. In these cases,
using the mean discharge likely leads to an overestimation of the overall bank retreat. Anyhow, when using a
constant formative discharge, an intermittency factor is needed to account for the effect of temporal variations in
hydrological forcings. This factor is defined as the fraction of time the channel is actually experiencing effective
erosive conditions (Paola et al., 1992; Parker et al., 1998). However, very few of the empirical relations discussed
above have been developed accounting explicitly for the intermittency of the formative discharge. This limitation
is possibly one of the factors leading to the large scatter characterizing the various empirical coefficients reported
in Table 2. More efforts are needed to provide appropriate criteria for the application of the hydraulic-based
empirical relations developed so far for estimating bank retreat.

4.2. Empirical Relations Accounting Directly for Bank Collapse

Hydraulic-based empirical relations commonly fail when including mass failure events at short temporal scales
(Bendoni et al., 2016). Indeed, contrary to flow-induced bank erosion, which is mainly related to flow velocity
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and soil properties (e.g., critical shear stress for bank erosion), the scale and frequency of bank collapse depends
on different factors such as bank geometry, soil properties, near-bank hydrodynamics and biological disturbances
(C. Chen, Hsieh, & Yang, 2017; Fox et al., 2006; Nardi et al., 2012; Samadi et al., 2013; Sanders et al., 2021).
Numerous empirical relations have thus been developed to predict bank retreat rate accounting explicitly for bank
collapse.

The effect of bank geometry on bank collapse and the consequent bank retreat rate is commonly estimated in
the form of an excess bank height or bank slope (Jang & Shimizu, 2005; Mosselman, 1995). For field-scale
applications (e.g., the Yellow River investigated by Z. Zhang et al. (2019) and Liu et al. (2021)), the relation
is reduced to a simple linear correlation, without any threshold. In fact, bank collapse occurs when the driving
force overcomes the resisting forces regardless of bank height. Bank height seems only to affect the scale and
frequency of bank collapse (see Figure 4 in Section 3.2). Soil properties and near-bank hydrodynamics also affect
bank stability, and therefore alter bank retreat rates. Although exhibiting a relative weak correlation, Xia, Zong,
Zhang, et al. (2014) suggested that a decrease in clay content or an increase in drawdown rate generally favors
bank collapse and, hence, accelerates bank retreat rate. The effect of the former factor can be partly explained
by an increased thickness of the cohesive layer in the upper bank implying the formation of heavier overhanging
soil blocks, while the effect of the latter is attributed to the fact that a rapid drawdown of water level generates
excess pore-water pressure combined with a loss of hydrostatic pressure, both of which favor bank instability. As
for biological disturbances, Sanders et al. (2021) found that burrow metrics (e.g., burrow density) have a strong
positive linear correlation with bank retreat rate and the area of collapsed bank. Given that salt-marsh channels
are generally covered by halophytic vegetation with a strong root matrix, biological disturbances turn out to be
crucial to bank stability and, hence, bank collapse (Harvey et al. (2019) and see Section 3.5). Other factors, such
as the critical length of overhanging soil blocks and time to collapse, have also been used to indirectly evaluate
collapse-induced retreat rates. For event-scale cohesive overhang failures, J. Pizzuto (2009) proposed a critical
value of the overhang length depending linearly from overhang height. In the case of seepage-induced bank
collapse, several studies suggested a correlation between time to collapse and the seepage gradient (Karmaker
& Dutta, 2013; Masoodi et al., 2018). Although providing some useful information, the above correlations only
account for the individual effects of hydraulic and geotechnical conditions, without an integrated representation
of hydraulic and geotechnical control factors.

The seminal in situ work by Hickin and Nanson (1984) suggests that, in fluvial contexts, the linear migration
rate of channel banks, E,, can be evaluated by a combination of stream power, @, bank height, H,, channel width,
w,, and bank soil resistance, y,, proposing the linear relation E, = aw/y,w/H,. Subsequently, several studies
have used the ratio between bank height and near-bank water depth, H,/H,

el

as a proxy for bank stability when
seeking empirical laws for bank/cliff retreat rate. Dapporto et al. (2003) suggested that the critical value of
H,/H, triggering bank collapse can be estimated based on the peak river stage. This value is taken to surro-
gate the complex coupling between stress-strain and seepage processes. For tidal settings, Marani et al. (2011)
attempted to build a correlation between volumetric retreat rate of salt marsh borders, E,, mean wave power,
P, and the ratio H,/H

» Proposing a linear relation of the type E, = P, - H,/H, . However, the heterogeneity of
marshes (Houttuijn Bloemendaal et al., 2021) and the relatively large time intervals over which the data were

averaged (decades), smooth out the effects that geotechnical factors exert on cliff retreat rates. As a result, Marani
et al. (2011) do not find a clear correlation between E /P, and the ratio H,/H, . To separate the effects of bank
collapse on bank retreat rate, Zhao et al. (2020) defined a dimensionless linear retreat rate, r,, quantifying the
erosion controlled by near-bank channel flow. It reads

n=at =t ©)

where E, is the linear retreat rate (m/s), U, is the near-bank flow velocity (m/s), w, is the channel width (m), and w,
is the width of the overhanging bank material (m). The ratio w/w, accounts for the protective effect of collapsed
bank soil (slump blocks) on the bank retreat rate. Figure 11a shows the normalized retreat rate defined by Equa-
tion 6 as a function of the ratio H,/H,, and the best fit line obtained from the laboratory data available in literature
(Braudrick et al., 2009; Patsinghasanee et al., 2017; Qin et al., 2018; Shu et al., 2019; van Dijk et al., 2012;
Vargas Luna et al., 2019; Wells et al., 2013; Zhao et al., 2020) (further details on the variables used in Figure 11
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Figure 11. (a) Correlation between the normalized linear bank retreat rate, r,, and the ratio H,/H, . The various quantities have been determined from laboratory
experiments available in literature and are defined as follows: U, near-bank flow velocity; w,, channel width; w,, the width of the overhanging bank material; H,, bank
height; and H, near-bank water depth. (b and ¢c) Comparison of linear bank retreat rates predicted by empirical relations (Equations 7a and 7b) (blue triangles) and

w

those formulated by Z. Zhang et al. (2019) (red circles), Rutherfurd (2000) and Yao et al. (2011) (red squares), J. E. Pizzuto and Meckelnburg (1989) (red crosses), and
the excess shear stress Equation 1 (red plus). Previous empirical relations are based on (a) geotechnical factors and (b) hydraulic factors. Subplot (a) is adapted from

Zhao et al. (2020).

are provided in Data Availability Statement). The normalized retreat rate r, exhibits two distinct behaviors for
small (<7.5) and large (>10) values of the ratio H,/H, , namely:

ri =0.00003 (Hy/Hw—1) 1< H,/H, <75 (R*=0.83) (7a)
r =0.0097(Hy/H.) > Hy/H,>10 (R*=0.94) (7b)
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In the former case (Equation 7a) r, increases linearly with H,/H, . Conversely, in the latter case r, decreases
following a power law. These two trends can be explained by noting that the ratio H,/H, can be taken as a meas-
ure of the degree of bank stability (Zhao et al., 2020). In general, an increase in H,/H, leads to a decreased bank
stability enhancing bank collapse and, hence, bank retreat rate. However, for large values of H,/H, , the near-bank
flow velocity and water depth are small. The bank erosion processes thus weaken leading to a reduction of the
frequency of bank collapse and, hence, to the progressively decreasing bank retreat rate shown in Figure 11a.

Figures 11b and 11c report the comparison between the empirical relations (Equations 7a and 7b) and a number
of predictors previously proposed in literature accounting separately for hydraulic and geotechnical control
factors in terms of bank height (Z. Zhang et al., 2019), discharge (Rutherfurd, 2000; Yao et al., 2011), flow
velocity (J. E. Pizzuto & Meckelnburg, 1989) and bed shear stress (see Equation 1 and Table 2 for the consid-
ered formulas). Various observations emerge from this comparison. First, it is evident that both hydraulic (flow
velocity and discharge) and geotechnical factors (bank height) must be accounted for to obtain robust predictions
of bank retreat, at least at laboratory-scale. In particular, geotechnical factors (controlling bank collapse) exert
a relative stronger influence on bank retreat rate at the laboratory scale, when compared to hydraulic factors.
Second, a discrepancy between the importance of geotechnical factor in the field and laboratory contexts is
apparent when noting that an increased bank height decelerates bank retreat rate in the field while accelerates it
in the laboratory (Hickin & Nanson, 1984; Zhao et al., 2020). This implies that the inclusion of bank collapse
may be far more complex than previously thought, since collapsed bank soil affects the interplay between hydrau-
lic and geotechnical factors, as conjectured by the concept of basal endpoint control (Carson & Kirkby, 1972;
Thorne & Tovey, 1981) and discussed by C. Hackney et al. (2015). Third, even though the variables required for
empirical relations (e.g., those in Table 2) are commonly available, we highlight that empirical approaches have
been usually pursued without a clear physical basis (except for Marani et al. (2011) who adopted dimensional
analysis to derive their relations). Most of these empirical relations were instead obtained by direct fitting of
a relatively limited amount of data and they also lack systematic validation. Hence, the coefficients appearing
in the various relations are strictly valid only for those specific sites where the measurements were originally
collected. For instance, the bank erodibility coefficients in Equation 1 can vary by several orders of magnitude
(Gong et al., 2018; Parker et al., 2011), and should be regarded as calibration parameters (Crosato, 2007; Rinaldi
& Darby, 2007). Overall, the empirical relations are useful for contexts where monitoring of hydrodynamics is
impossible (e.g., ephemeral gully) or situations where the key mechanisms are still elusive. Empirical relations
are also meaningful when modeling long-term morphodynamic evolution. They in fact provide an acceptable
time averaged description of the effects of some complicated processes such as secondary flow and sequences of
bank collapse events (see Section 5.2). Although some parameterized relations have been proposed to account for
subaerial processes (J. Pizzuto, 2009; Wynn et al., 2008), additional advances are still needed to obtain a more
realistic representation of the role which these important processes play on bank erosion and collapse. Finally, we
notice that very few empirical bank retreat relations have been developed to include multiple erosion mechanisms
in estuaries and tidal channels (e.g., coupled effects of seepage and near-bank channel flow during ebb tides).
Efforts are strongly needed to improve our understanding and, hence, the predictive capability of the complex
feedbacks acting in estuarine and coastal systems.

5. A Hierarchy of Models for Bank Retreat

Studies carried out to model bank retreat have followed two distinct paths: a hydraulic approach and a geotechni-
cal approach (Rinaldi & Darby, 2007). The hydraulic approach, based on strong simplifications of bank collapse,
relies on some empirical parameterization for bank retreat processes, usually by means of surrogates of the
shear stress that the near-bank flow exerts on the bank. This approach has been used to describe the evolution
of rivers, estuaries and tidal channels over a range of time scales (Bogoni et al., 2017; Duan & Julien, 2005;
Ikeda et al., 1981; Jang & Shimizu, 2005; J. E. Pizzuto, 1990; Jia et al., 2010; Lanzoni & Seminara, 2006;
Lopez Dubon & Lanzoni, 2019; Nagata et al., 2000; Parker et al., 2011; van der Wegen et al., 2008; van Dijk
et al., 2019). In contrast, the geotechnical approach focuses on the transient process of bank collapse that controls
the intermittent evolution of channel cross-sections or salt marsh borders (Bendoni et al., 2014; Gong et al., 2018;
Istanbulluoglu et al., 2005; Kleinhans et al., 2009; Langendoen & Simon, 2008; Osman & Thorne, 1988; Samadi
et al., 2013; Thorne & Tovey, 1981; Van Eerdt, 1985). The contribution to bank collapse has been investigated
numerically by focusing on different factors such as bank height (Zhao et al., 2019), soil properties (Simon
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Figure 12. Diagram showing the hierarchy of models used to simulate bank retreat. The color bar represents the degree of simplification used to treat bank collapse.
Note that the literature listed in this figure aims to provide some typical examples and is not meant to be comprehensive.

et al., 2000), pore-water pressure (Darby et al., 2007; Darby & Thorne, 1996a), and vegetation roots (Krzeminska
et al., 2019; Pollen Bankhead & Simon, 2009; T. H. Wu et al., 1979). Although the classification into a hydraulic
approach and a geotechnical approach proposed by Rinaldi and Darby (2007) is helpful to distinguish between
models, it fails to indicate whether a model describes the interplay between flow-driven bank erosion and bank
collapse or treats only one of the two mechanisms. We thus propose to categorize the existing models of bank
retreat into a hierarchy of models: purely hydraulic models, not accounting explicitly for bank collapse; models
based on empirical relations that parameterize bank collapse; models considering the static equilibrium of bank
soil through the limit equilibrium method (LEM); and models based on bank soil stress-strain deformations. A
summary of these four typical modeling approaches is presented in Figure 12 and Table 3.

5.1. Hydraulic Models

This type of models describes bank retreat from a hydraulic perspective, without any representation of bank
collapse. Hence, hydraulic models should not be applied to contexts where bank collapse controls bank retreat,
such as in the case of steep and cohesive riverbanks or when assessing the effects of the recession of flood hydro-
graphs and the short-term evolution of tidal creeks on muddy flats.

Many hydraulic models have been developed to simulate bank retreat associated with the long-term evolution of
meandering channels using surrogates (i.e., excess velocity, water depth) of the shear stress exerted by the chan-
nel flow on the bank (Ikeda et al., 1981; Kitanidis & Kennedy, 1984; Langendoen et al., 2016; Odgaard, 1989).
The most common model was introduced by Hasegawa (1977) and Ikeda et al. (1981). In this approach (hereafter
denoted as HIPS) the bank retreat rate is taken to be proportional to the curvature-induced difference between
the near-bank and the cross-sectionally averaged velocity. Since the thickness of the near-bank boundary layer is
commonly uncertain (Parker et al., 2011), the definition of the near-bank velocity in the HIPS equation is some-
times arbitrary. The HIPS equation provides a simple and direct way to simulate channel migration, and it has
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Table 3

Summary of Typical Modeling Approaches Used for Computing Bank Retreat

Mechanism of bank retreat

Model Flow-driven bank erosion

Bank collapse

Highlights

References

Hydraulic model/Author

HIPS Excess velocity equation
Delft3D Near-bank sediment flux
Dur6 et al. Wave-induced shear stress

Parameterized bank collapse model/Author

Hasegawa and Mosselman ~ No

Duan and Julien Excess shear stress equation

Nays2D Integration of the sediment
continuity equation

Mariotti et al. No

van Dijk et al. No

Limit equilibrium method/Author (slide failure)

BSTEM Excess shear stress equation

Rinaldi and Darby Excess shear stress equation

Critical bank height

Parameterized

Critical repose angle

Critical bank slope

Local slope

Planar failure

Sliding failure

Easy to couple with morphodynamic models
of long-term evolution of meandering
channels

Lateral bank retreat is replaced with a
vertical decrease in bank height, which
is easy to couple with other processes,
for example, tides, waves, and sediment
dynamics

Account for the shear stress distribution
induced by ship waves

Bank collapse promotes bank retreat by
collapse events, or alternatively, prevents
bank retreat by collapsed bank soil

A vertical bank profile is maintained since
the upper bank retreat rate due to
collapse is assumed to keep up with the
basal erosion rate

Outer bank erosion and inner bank
deposition processes are separated and
the effects of slump blocks are taken into
account

Bank collapse occurs when the local bank
slope exceeds the angle of repose for
bank material

A linear relation linking soil creep with bed
slope and soil diffusivity rate

Bank collapse is parameterized on the basis
of field data, relating collapse frequency
to the local slope angle and bed elevation

Matric suction, positive pore-water pressure,
hydrostatic pressure, and vegetation roots
are coupled for layered cohesive banks

New algorithms are derived to account for
the effect of tension cracks on planar
failure

The near-bank groundwater table is assumed
to change instantly or gradually in
response to water level change in the
channel

Coupled with a process-based
morphodynamic model accounting
for meander migration and planform
evolution

Fluvial erosion, finite element seepage
analysis and bank stability analysis are
fully coupled

Near-bank bed deformation is coupled

Hasegawa (1977); Ikeda
et al. (1981)

van der Wegen
et al. (2008)

Dur6 et al. (2020)

Hasegawa (1989);

Mosselman (1998)

Duan and Julien (2005)

Jang and Shimizu (2005);
Parker et al. (2011)

Nagata et al. (2000)

Mariotti et al. (2016)

van Dijk et al. (2019)

Simon et al. (2000);
Simon and
Collison (2002)

Langendoen and

Simon (2008)

Midgley et al. (2012)

Motta et al. (2014); Lai
et al. (2015)

Rinaldi et al. (2004);
Darby et al. (2007)

Deng et al. (2018)
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Table 3
Continued

Mechanism of bank retreat

Model Flow-driven bank erosion Bank collapse Highlights References

Chu-Agor et al. No Pop-out failure New algorithms are derived for pop-out Chu-Agor et al. (2008)
failure along a failure plane parallel and
perpendicular respectively to the bank

face
Thorne and Tovey No Cantilever failure First method specific for cantilever failure Thorne and Tovey (1981)
Van Eerdt No Toppling failure A triangular distribution of both tensile and Van Eerdt (1985)

compressive stresses is derived along the
failure plane

Xia et al. No Toppling failure The effect of tension cracks on the bank top Xia, Zong, Deng,
is included and a constant ratio between etal. (2014)
tensile strength to compressive stress is
applied

Bendoni et al. No Toppling failure A dynamic wave-induced load is accounted Bendoni et al. (2014)
for

Patsinghasanee et al. Excess shear stress equation Cantilever failure Cantilever stability analysis is coupled with Patsinghasanee
fluvial erosion and bedload sediment et al. (2017)
transport

Stress-strain analysis/Author

Samadi et al. No Stress-strain analysis  An elastic-plastic stress-strain model is Samadi et al. (2013)
applied to investigate toppling failure
due to undermining

Gong and Zhao Excess shear stress equation Stress-strain analysis ~ Stress-strain analysis is coupled with lateral ~ Gong et al. (2018); Zhao
flow erosion, sediment dynamics, and etal. (2019, 2021)
river meandering

been used in numerous studies (see e.g., among many others, Camporeale et al., 2007; Frascati & Lanzoni, 2009;
Lanzoni & Seminara, 2006; Parker et al., 2011).

Another common approach pursued for alluvial rivers and estuarine environments is the so called dry-cell erosion
(DCE) method, incorporated in models solving the full set of shallow water equations (e.g., Delft3D, Lesser
et al. (2004)). It allows the redistribution of an erosion flux from a wet cell to the adjacent dry cells. As a result,
the lateral bank retreat is replaced with a vertical decrease in bank height (van der Wegen et al., 2008; Zhao
et al., 2019). Because of its convenience, especially for complicated bank alignments, the DCE has been exten-
sively applied to the simulation of large-scale contexts such as estuaries and tidal networks (Guo et al., 2021; Xu
et al., 2017).

For bedrock rivers evolving over millennial timescales, the inclusion of a lateral erosion law into long-term land-
scape evolution models (e.g., cellular models) is a challenge (Lague, 2014). Several models have been proposed at
either river-scale (Hancock & Anderson, 2002; Inoue et al., 2021; Malatesta et al., 2017; Murray & Paola, 1994),
or catchment-scale (Coulthard et al., 2013). On the basis of empirical data, Howard and Knutson (1984) related
bank retreat rate to the local and upstream-integrated curvature. This relation was subsequently adopted in cellu-
lar models to drive lateral erosion and consequent meandering (Coulthard & Wiel, 2006), and to investigate
how meander migration is affected by bedrock lithology (Limaye & Lamb, 2014). Nevertheless, a physics-based
parametrization of bank retreat accounting for the combined action of vertical and lateral incisions in mixed
bedrock-alluvial meandering channels is still missing. On the other hand, studies have also been carried out to
deal with the broader catchment topography where bedrock rivers are embedded (Carretier et al., 2016; Langston
& Tucker, 2018). In these studies, bank retreat is simply related to local erosion flux, or elevation difference
between nodes representing bank and channel, respectively. This highly simplified approach is a first step toward
a fully understanding of bedrock valleys evolution over long time periods and large space scales.
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5.2. Parameterized Bank Collapse Models

This type of models represents the processes of bank collapse using bank geometry (e.g., bank height and
slope) or other empirical parameterizations (see Section 4). On the basis of an excess bank height formula,
Mosselman (1998) suggested that bank retreat rate is proportional to bank height on the short- or medium-term
timescales typical of meandering river dynamics. Alternatively, Hasegawa (1989) assumed that bank retreat is
inversely proportional to bank height. This assumption is based on the concept of basal endpoint control, set out
by Carson and Kirkby (1972) and Thorne (1982), whereby bank retreat rate is determined by the balance between
the supply of slump blocks by bank collapse and their removal by fluvial (grain-by-grain) erosion.

Using bank slope, two alternative approaches have been proposed, depending on the potential failure mechanism.
For planar bank failure and non-cohesive bank material, J. E. Pizzuto (1990) and Nagata et al. (2000) derived
a model in which failure of the upper bank occurs as the bank slope exceeds the angle of repose, as a result
of lower basal erosion (Figure 13a). This approach was improved by Parker et al. (2011), who introduced the
sediment continuity equation for the near-bank region (Figure 13b). It was applied by Jang and Shimizu (2005)
and Dulal et al. (2010) to simulate flume experiments of meander dynamics through the Nays2D software. This
model solves numerically the two-dimensional shallow water equations coupled with the Exner sediment balance
equation and relates bank retreat rate directly to the near-bank sediment flux (Shimizu et al., 2019). The charac-
teristic timescale of bank processes is thus of the same order of magnitude as for bed processes. This modeling
approach performs well in terms of meander planform and width variations, when compared to channel evolution
in both experimental and natural contexts (Asahi et al., 2013; E. C. Eke et al., 2014). In the case of vertical banks
composed of cohesive sediment, Duan and Julien (2005) assumed that the upper bank retreat due to bank collapse
keeps up with basal erosion, maintaining a vertical bank profile during the retreat. However, this assumption is
arbitrary, since recent laboratory experiments have shown that the location of tension cracks on the bank top is
always beyond the endpoint of the cantilever (i.e., closer to the landward boundary). To obtain a more realistic
representation of bank collapse in meandering rivers, Zhao et al. (2021) suggested that the flow-induced bank
erosion rate can be amplified by the contribution of bank collapse to bank retreat, C, . This contribution, evalu-
ated on the basis of experimental observations, was found to depend on the ratio of bank height to near-bank water
depth, H,/H,. The contribution of bank collapse to bank retreat is thus taken as continuous, and its average effect
is linked to flow-driven bank erosion.

To evaluate the performance of existing approaches to bank retreat, Stecca et al. (2017) set up a framework in
which three modeling steps are introduced: bank identification, bank retreat simulation, and bank updating. A set
of bank retreat models were then constructed by choosing different options for each step. This approach quanti-
fied how the cross-sectional evolution of rivers can be affected by each of the steps, and therefore can guide the
practical application of existing bank retreat models. A similar strategy was adopted by J. Pizzuto (2009) who
simulated the evolution of bank profiles by assembling several regression equations including lower hydraulic
erosion, upper subaerial erosion, and the volume of the failed overhanging block. This research can be regarded as
a first attempt to develop a detailed numerical model using empirical methods. More efforts are needed to extend
this framework to the entire river reach and to decadal timescales.

More recently, several empirical parameterizations, validated by field data, have been introduced to describe
bank retreat in tidal environments. For instance, a shoal margin collapse predictor was introduced by van Dijk
et al. (2019), relating collapse frequency to the local maximum bank slope angle. Several authors have assumed
a linear relation linking soil creep with slope and soil diffusivity of salt marsh borders (Kirwan & Murray, 2007;
Larsen et al., 2007; Mariotti et al., 2016). This approach has been used to study sediment exchanges between tidal
flats and creeks. Nevertheless, soil creep is a complicated process related to temperature, soil water content, and
vegetation roots, and more research is needed to further validate the simple linear relationship so far employed.

Overall, parameterized bank collapse models can be used to account for collapse-induced retreat rate in long-term
and large-scale simulations. However, because of the strong simplifications employed in their derivation, they
should be used in contexts where bank stability is mainly related to bank geometry (i.e., homogeneous bank soils
without other external forces), or where detailed information of bank materials and external forces are unavaila-
ble. Moreover, since models of this type fail to account for the intermittency of bank collapse, they should only
be applied to short-term contexts with extreme caution.
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Figure 13. Schematization of the various bank erosion/collapse models proposed in literature: (a) bank collapse of non-cohesive sediment (Nagata et al., 2000); (b)
fluvial erosion based on sediment conservation (Parker et al., 2011); (c and d) shear and tensile failure (Thorne & Tovey, 1981); (e) toppling failure (Van Eerdt, 1985);
(f) toppling failure under the action of waves (Bendoni et al., 2014); (g) Bank Stability and Toe Erosion Model (Simon et al., 2000); (h) pop-out failure (Chu-Agor

et al., 2008); and (i) stress-strain analysis of a tidal channel bank (adapted from Gong et al. (2018)). We refer the reader to the list of Symbols for the description of the

parameters appearing in the various sketches.

5.3. Limit Equilibrium Methods

From a geotechnical perspective, bank collapse occurs when the driving forces (or moments), F,, acting on a
potential failure surface overcome the resisting forces (or moments), F. As a result, a factor of safety, F, = F,/
F,, is commonly applied to estimate bank stability. To calculate F, a potential failure surface is assumed and one
or more equations of static equilibrium (equilibrium of forces or moments) are used to calculate the forces along
the incipient failure surface (Duncan et al., 2014). This procedure is termed the LEM. It accounts not only for
bank geometry, but also for soil properties and some relevant external forces, such as hydrostatic pressure head,
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soil pore-water pressure, and reinforcement provided by vegetation roots. Although a number of failure mecha-
nisms have been identified by Thorne (1982), applications of the LEM have concentrated mostly on cantilever
and sliding failures. Given the large body of literature concerning LEM (see e.g., the reviews by Rinaldi and
Darby (2007) and Klavon et al. (2017)), below we only summarize some recent advances.

For cantilever failures (Figures 13c—13e), recent research has focused on the influence of heterogeneous bank
material and tension cracks, as well as on developing a more realistic distribution of stress along the failure
surface. On one hand, the potential cantilever block has been divided into horizontal slices, in order to account
for the effect of heterogeneous bank material and upper cracks (Langendoen & Simon, 2008). On the other hand,
the uniform stress assumption put forward by Thorne and Tovey (1981) has been gradually replaced with a trian-
gular distribution of both tensile and compressive stresses along the failure plane (Figure 13e). This approach,
first proposed by Van Eerdt (1985) for tidal environments, was later on widely employed to investigate the rela-
tion between the cantilever lengths under tensile (/) and compressive stress (I,) (Arai et al., 2018; Micheli &
Kirchner, 2002; Patsinghasanee et al., 2017; Xia, Zong, Deng, et al., 2014). With reference to salt marsh borders,
Bendoni et al. (2014) developed a theoretical model to evaluate the effects of dynamic loads on cantilever stability
(Figure 13f). Bank failure was assumed to occur when the tensile strength of the bank material is exceeded at least
on one point of the failure surface, rather than using an average value for the whole failure surface.

For sliding failures, one of the most advanced and commonly used tools is the Bank Stability and Toe Erosion
Model (BSTEM; Figure 13g) first proposed by Simon et al. (2000). This modeling approach accounts for the
effects of positive pore water pressure and hydrostatic pressure (Darby & Thorne, 1996a), matric suction in
unsaturated soils (Casagli et al., 1999), layered bank materials (Simon et al., 2000), vegetation roots (Simon
& Collison, 2002), and upper tension cracks (Langendoen & Simon, 2008). In particular, the procedure intro-
duced by Langendoen and Simon (2008) discretizes the bank soil above the potential failure surface into several
vertical slices to deal with complicated bank geometry, upper tension cracks and external actions such as those
due to vegetation roots. BSTEM is, however, limited to gentle failure plane angles as a result of computational
issues (Lai et al., 2015). BSTEM has also been used in tidal environments to investigate the stability of tidal
channel headcuts (Kleinhans et al., 2009). Despite of its comprehensiveness, the main limitation of the BSTEM
approach is that the near-bank groundwater table is assumed to be horizontal and constant (except for Midgley
et al. (2012)). Hence, soil pore-water pressure variations and seepage forces are completely neglected and the
model fails to predict failures due to seepage erosion unless the near-bank groundwater flow is separately consid-
ered (Lindow et al., 2009; Wilson et al., 2007).

The transient character of pore-water pressure has been accounted for through a finite element seepage analysis
of the saturated and unsaturated flow that establishes inside a bank during a single flood (Rinaldi et al., 2004).
The distribution of pore-water pressure can then be used as input data for bank stability analysis by LEM. This
approach has been further extended by Darby et al. (2007) and Deng et al. (2018) to account for fluvial erosion
and near-bank bed deformation. With respect to seepage force effects, Chu-Agor et al. (2008) computed the safety
factor F_ of cohesive slopes subject to pop-out failures (Figure 13h). They derived new equations for F| along
failure planes parallel and perpendicular to the bank face. We refer the reader to Fox and Wilson (2010) and
Rinaldi and Nardi (2013) for more details on modeling the interactions between seepage flow and bank collapse.

The LEM evaluates bank stability considering the effects of both soil properties and external forces and, most
importantly, provides a simple and direct stability index (F,). This method is appropriate for engineering projects
of bank protection structures such as revetments, breakwaters and seawalls. It is anyhow of great importance to
integrate LEMs and hydraulic models to better describe bank retreat processes in the presence of floodplain heter-
ogeneity (e.g., composite riverbanks) or external forces such as pore-water pressure, seepage forces and waves.
We therefore suggest using LEMs in conjunction with hydraulic models for short- or medium-term predictions
when the effects of floodplain heterogeneity (Bogoni et al., 2017) and external forces are non-negligible.

Finally, it is worthwhile to note that, although the LEM provides a good agreement with field observations
in terms of bank retreat rate and bank line evolution (Daly et al., 2015; Lai et al., 2015; Midgley et al., 2012;
Patsinghasanee et al., 2017), it also has some limitations (Duncan et al., 2014; Gong et al., 2018; Rinaldi &
Darby, 2007). The fundamental one is that bank materials delimited by the potential failure surface are assumed
not to be subject to deformation. Besides, additional assumptions are commonly required for toppling failure. For
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instance, a relation between the compressive (/) and tensile (/,) lengths along the failure plane is required (Arai
et al., 2018; Patsinghasanee et al., 2017; Xia, Zong, Deng, et al., 2014).

5.4. Stress-Strain Analysis

Stress-strain analysis has been developed to account for any deformation of bank material during bank collapse
and has been applied to both fluvial and tidal contexts (Gong et al., 2018; K. Zhang et al., 2021; Masoodi
etal., 2019; Samadi et al., 2013; Zhao et al., 2019, 2021). In the case of fluvial environments Samadi et al. (2013)
employed an elastic-plastic constitutive model (using the SIGMA/W software, see https://www.geoslope.com)
to investigate the development of stress and strain under the action of undermining. They found that the location
of the maximum tensile stress on the bank top, where tension cracks occur, was always beyond the endpoint
of the cantilever (i.e., closer to the landward boundary, see Figure 4a). This finding challenges the commonly
adopted assumption that toppling failure occurs along the endpoint of the cantilever (Figure 13e) (Micheli &
Kirchner, 2002; Van Eerdt, 1985). It also agrees with laboratory results indicating that failures are in general char-
acterized by a greater retreat distance in the upper portion of the bank as compared to the lower undermining part
(K. Zhang et al., 2021; Samadi et al., 2011). For tidal environments, Gong et al. (2018) proposed a process-based
bank retreat model coupling the stress-deformation analysis with tide-induced bank erosion (Figure 13i). The
Mohr-Coulomb failure criterion was applied to evaluate the state of soil elements after tide-driven bank erosion
and, hence, to account for possible bank collapse. According to the state of soil elements (stable or subject to
tensile and shear failure), three stages of the failure process are identified, namely, shear failure at the bank toe
(Stage 1), tensile failure on the bank top (Stage 1), and sectional cracking from the bank top to the toe (Stage III).
Note that both shear and tensile failures refer to soil element failure, rather than to overall failure of the cantilever
block described in Section 2.2. This type of analysis was later extended by Zhao et al. (2019), who considered
the effects of suspended sediment transport. Their results highlighted a negative effect of bank height on bank
stability, in good agreement with experimental observations (Zhao et al., 2020).

In summary, the stress-strain analysis should be applied when bank deformation and the consequent stress
concentrations due to the removal of bank soil (e.g., by near-bank channel flow, seepage flow and waves) are
non-negligible, such as the evaluation of overhanging stability. Since this approach captures many details in terms
of stress-strain behavior, it can be used for calibration of parameterized bank collapse models or to provide robust
assumptions for LEMs. For example, the modeling of soil creep can take advantage of stress-strain analysis. The
information provided by stress-strain analysis can in fact be employed to express soil diffusion as a function of
effective shear stresses and thus of pore-water pressure. Overall, stress-strain analyses should be used for short-
or medium-term predictions in the presence of complex external forces and therefore of soil deformation/stress
states that cannot be easily treated through simplified approaches. It could also be used for long-term predictions
in order to provide calibration and assumptions for more simplified models.

6. Feedbacks Between Bank Retreat and Morphodynamics
6.1. Effects of Bank Retreat on Morphodynamics

Bank retreat plays a key role on the morphodynamic evolution of natural rivers over a wide range of scales
(Figure 1). In general, bank retreat controls the equilibrium river width by eventually reducing the shear stress
on the banks to a critical threshold value (Francalanci et al., 2020; K. B. J. Dunne & Jerolmack, 2020). From
the perspective of cross-sectional evolution, bank retreat is responsible for the instantaneous adjustment of the
bank line (C. Hackney et al., 2015; Darby et al., 2007), which modulates near-bank hydrodynamics and, together
with the transverse transport of sediment driven by secondary flow circulations which establish in meander-
ing bends (Bolla Pittaluga & Seminara, 2011), gradually shift the thalweg from one bank to the other (Fryirs
& Brierley, 2012; Parker et al., 2011; Stecca et al., 2017; Yuan et al., 2021). In various settings, bank-derived
materials have been reported as the dominant factor of sediment budgets (Kronvang et al., 2013; Trimble, 2009).
The collapsed sediments not only significantly affect the local morphodynamics but also feed the river reach
downstream of the collapsed bank. For rivers in the loess area more than 80% of the total suspended sediment
can be ascribed to bank erosion and collapse (Simon et al., 2000). In addition, the transit of bank-derived sedi-
ment from a given catchment to the ocean contributes to the global carbon cycle (Galy et al., 2015; Golombek
et al., 2021; Repasch et al., 2022). For instance, lateral erosion of rivers cutting through floodplains releases
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additional organic carbon fluxes to downstream depositional sinks (e.g., tidal flats and deltas). Hence, rivers with
high channel mobility can enhance CO, drawdown (Repasch et al., 2021).

At the medium-term timescale (decades), bank retreat contributes significantly to river morphodynamics (Simon
et al., 2000; Thorne et al., 1998a). In meandering rivers, the interaction between outer bank retreat and inner bank
accretion determines channel widening or narrowing (Asahi et al., 2013; Parker et al., 2011; Zhao et al., 2021;
Zolezzi et al., 2012). For instance, high-resolution field observations have documented the continuous interplay
between bank-pull and bar-push mechanisms, whereby river bends widen and narrow in discrete steps while main-
taining a statistically constant mean channel width (Lopez Dubon & Lanzoni, 2019; Mason & Mohrig, 2019). In
the context of braided rivers, divergent flow due to braid bars facilitates channel widening, while the stabilizing
action of vegetation counteracts bank erosion and reduces bar and channel dynamics (Bristow & Best, 1993;
Schuurman et al., 2013). Laboratory experiments showed that bank strength provided by vegetation to a cohe-
sionless material is the necessary ingredient to narrow and deepen channels favoring, the transition from braiding
to meandering pattern (Braudrick et al., 2009; Tal & Paola, 2007; Van Dijk et al., 2013). In other words, an
increase in bank stability and, hence, a reduction of bank retreat rate controls the transition between braiding and
meandering rivers (Fredsge, 1978; Gibling & Davies, 2012; Howard, 2009; Ielpi et al., 2022).

Over timescales of hundreds to thousands of years, bank retreat plays a fundamental role in determining flood-
plain heterogeneity, potentially forming strath terraces, and controlling the overall landscape evolution. Scroll
bars and oxbow lakes consequent to river bend cutoffs are responsible for spatial heterogeneity in floodplain
erodibility which, in turn, affects the long-term planform evolution of meandering rivers (Bogoni et al., 2017,
Giineralp & Rhoads, 2011). The interaction between lateral bank retreat and vertical bed incision controls valley
morphology. Remarkable examples are the spectacular lithological structures created by highly sinuous mean-
ders in deep slot canyons and the stepped strath terraces forming within broader mountain valleys (Hancock &
Anderson, 2002; Limaye & Lamb, 2014; Venditti et al., 2014). Generally, erosion-resistant rocks and high verti-
cal incision rates favor the formation of narrow canyons, while wide strath terraces tend to develop in relatively
weak sedimentary rocks with high bank retreat rates (Brocard & Van der Beek, 2006; Limaye & Lamb, 2014).
Field observations indicate a strong lithologic influence on strath terrace formation. Indeed, the asymmetry in
erodibility between submerged and emerged rocks promotes lateral widening rather than vertical incision of
bedrock rivers (Montgomery, 2004). In contrast, the intermittent collapse of the valley margins due to lateral
undercutting can facilitate vertical incision over lateral widening. The formation of talus piles from slump blocks,
in fact, shields the valley slopes and potentially prevents terrace formation (Malatesta et al., 2017).

The evolution of open coasts, tidal inlet and estuary systems is also related to bank retreat processes (Anthony
et al., 2010; Francalanci et al., 2013; Guo et al., 2021; Hughes, 2012; Zhang et al., 2015). Tidal meanders are
one of the most active geomorphic units of unvegetated intertidal mudflats. They migrate frequently owing
to outer bank retreat and, hence, can cause damage to coastal infrastructure such as seawalls (Figure 14) and
offshore wind structures. The planimetric shape of tidal channels is generally funneled in order to accommodate
a seaward increasing tidal prism (Gong et al., 2018; Lanzoni & D'Alpaos, 2015; Marani et al., 2002; van der
Wegen et al., 2008), while the bank profile is typically characterized by convex or concave shapes depending on
the mechanism dominating bank retreat (Zhao et al., 2019). For small tidal channels composed of highly cohesive
sediment, meander dynamics are very slow. The high thresholds for erosion typical of muddy sediment and the
limited size of the tidal prism leads to a situation whereby bank retreat typically occurs only in very sharp bends
(Kleinhans et al., 2009). Erosion of cohesive sediment in tidal settings is also affected by the possible presence
of cohesive extracellular polymeric substances (EPS) generated by microorganisms abundant on intertidal flats
(Figure 14c). Although EPS are widely regarded as bed “stabilizers,” enhancing sediment strength (Flemming &
Wauertz, 2019), recent flume experiments show that under wave actions, the inclusion of EPS may induce higher
mobility of the sediment, liquefying an otherwise stable bed (X. Chen et al., 2021). As a result, how EPS affects
bank stability and, consequently, tidal channel dynamics remains unclear.

Halophytic vegetation has a stabilizing effect on channel banks (Y. Chen et al., 2019). This effect, coupled with the
competing feedbacks produced by vegetation encroachment on salt marsh surfaces (Sgarabotto et al., 2021), leads
to small width-to-depth ratios. Moreover, the lateral migration rate can be reduced by several orders of magnitude
as compared to unvegetated mudflats (Finotello et al., 2018; Gabet, 1998). Salt marsh channels are thus often
thought of as being relatively stable landscape features (D'Alpaos et al., 2007; Kearney & Fagherazzi, 2016).
However, when normalized by local channel width, the observed migration rates of tidal and fluvial meanders
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Figure 14. (a) Short-term evolution of tidal meanders showing a fast migration of their centerlines toward seawalls (the centerlines are obtained using the waterline
method (Kang et al., 2017)). (b) Bank collapse of tidal channels on unvegetated intertidal mudflats (radial sand ridges in the southern Yellow Sea, China; image taken
on May 2019). (c) Evidence of abundant microorganisms on tidal channel banks (Jiangsu coast, China; image taken by K. Zhao on July 2021).

are shown to be quite similar (Finotello et al., 2018). Hence, in the long-term, the role of bank retreat in salt
marsh channels is non-negligible. It is also worthwhile to note that existing numerical models fail to reproduce
the formation of the highly curved branches that are typically observed in salt marsh channels, partly due to the
oversimplification or even exclusion of bank retreat process (Fagherazzi et al., 2012; Geng et al., 2021; Kirwan
& Murray, 2007; Temmerman et al., 2007). Over large spatial scales, salt marsh stability or deterioration is
controlled by the mutual interaction between vertical sea level rise and sediment supply, as well as the lateral
cliff retreat and vegetation colonization (Bendoni et al., 2016; Feagin et al., 2009; Francalanci et al., 2013).
Although the adaption to sea level rise can make salt marshes reach equilibrium in the vertical direction (Kirwan
et al., 2010), they may be inherently unstable in the horizontal direction (Fagherazzi et al., 2013), leaving unan-
swered the question of whether a salt marsh can really survive to future rates of sea level rises.

6.2. Integration Between Morphodynamic Models and Bank Retreat Processes

At the beginning of the 1990s, critical issues concerning the integration between morphodynamic and bank
retreat models were discussed by the ASCE Task Committee (Thorne et al., 1998b). This discussion included the
importance of: (a) the accurate prediction of the boundary shear stress distribution in the near-bank region, (b)
the simulation of the corresponding sediment fluxes over the entire channel width, (c) the calculation of the rate
of flow-induced bank erosion, and resultant bank profile deformation, (d) the evaluation of bank stability and
consequent adjustment of bank line, and (e) the exchanges of sediment (e.g., slump blocks) between the banks and
the bed material. Over the last 30 years, researchers have addressed the above issues with particular emphasis on
the deformation of the bank profile and its feedbacks on near-bank morphodynamics (Klavon et al., 2017; Rinaldi
& Darby, 2007; Rinaldi & Nardi, 2013).

The bank profile caused by erosion of bank material and/or consequent bank collapse has in general been
computed using near-bank bed shear stresses, provided by depth-averaged hydrodynamic models, either line-
arized (E. Eke et al., 2014; Motta et al., 2014; Zhao et al., 2021) or fully numerical (Darby & Thorne, 1996b;
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Figure 15. Illustration of the different approaches adopted for coupling hydrodynamic and bank retreat models (adapted from Zhao et al. (2019)). Panels (a—c) show the
procedure of the first method discussed in the text, while (a, b, d, e) display the procedure of the second method.

Langendoen et al., 2016; Rinaldi et al., 2008). However, vertical variations in shear stress are neglected by these
models and, hence, the submerged part of the bank is inevitably taken to have a rectangular shape. As a result,
this modeling approach is suitable only for steep banks controlled by cantilever failure (e.g., tidal creek banks on
muddy flats (Gong et al., 2018)). For inclined riverbanks composed of multiple stratigraphic layers, additional
procedures are needed to simulate the distribution of shear stresses along the wetted bank (Langendoen, 2000;
Motta et al., 2014). For example, the shear stress acting on each layer of the bank can be calculated by scaling
the shear stress at the bank toe by the hydraulic radius of the layer (see Figure 2 in Lai et al. (2015)). When part
of the bank is eroded by the flow, the computational domain (described through either structured or unstructured
grids) must be adjusted to adapt to the new bank geometry (Darby et al., 2007; Gong et al., 2018; Patsinghasanee
et al., 2017; Zhao et al., 2019).

Three main approaches have been put forward to couple together hydrodynamic and bank retreat models
(Figure 15). The first method records the accumulated retreat distance (Figures 15a—15c¢), and the hydrodynamic
mesh is updated when the cumulative retreat distance exceeds the transverse grid size (Darby et al., 2002; Deng
et al., 2019; Gong et al., 2018; Jia et al., 2010). The channel width thus varies intermittently, and instantaneous
feedbacks on the flow field are not accounted for. A possible solution to this shortcoming is the use of the so-called
immersed boundary method, whereby the bank line is followed with a cut-cell approach (Canestrelli et al., 2016;
Mittal & laccarino, 2005). The second method replaces bank retreat with a decrease in bank height (Abderrezzak
et al., 2016; Rousseau et al., 2017; Stecca et al., 2017; van der Wegen et al., 2008; Zhao et al., 2019). Once the
bank height decreases to a threshold value, mesh nodes representing the bank top are transformed to mesh nodes
representing the channel bed (e.g., point I in Figure 15d and 15e). Although bank retreat is not simulated by a
horizontal widening, this method accounts for a progressive reduction in near-bank flow velocity. Contrary to the
above fixed-mesh approaches, the third method re-generates boundary-fitted curvilinear or unstructured grids,
based on the simulated bank retreat distance (Asahi et al., 2013; Langendoen et al., 2016). The mesh nodes on
the bank top are shifted, and an additional criterion is applied to smooth the bank line. Since the grid lines do not
always align with the bank top, this method performs better in terms of river width adjustment (Lai et al., 2015).

Despite the remarkable advances performed in coupling bank retreat process with hydraulic modeling, some chal-
lenges deserve further attention. First, the distribution of near-bank shear stresses under complex bank/channel
bed topography remains unclear. This complexity is partly the result of bank undermining, which forms a concave
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Figure 16. (a) Deformation of bank profile as a result of undermining (Chongming Dongtan wetland, China; image taken by
K. Zhao on June 2016). (b) Illustration of dramatic riverbank retreat and resultant slump blocks on the Colville River delta in
northern Alaska (adapted from Walker (2013)).

cavity (Figure 16a). Also, the initiation of gullies, streams, and tidal creeks is affected by the configuration of
the bank profile and the related shear stress distribution. Second, for medium- and long-term simulations little
attention has been paid to the representation of bank retreat as an intermittent process. Since the estimation of
bank stability is complex and computationally costly, suitable parametrizations able to account for intermittent
bank collapse events are needed. The third issue concerns the interactions between groundwater fluctuations
and bank retreat. Notwithstanding much progress achieved in recent years (see Sections 5.3 and 5.4), the need
for a continuous adaptation of the computational mesh limits the application of LEMs and stress-strain analyses
to a broader context. The last issue is associated with the fate of slump blocks (Figure 16b), as discussed below
(Section 7.3).

7. Open Questions and Future Research Needs

The studies reviewed in the previous sections have produced remarkable advances in our understanding of bank
retreat in terms of failure mechanisms, development of empirical predictive relations, and numerical modeling.
However, many essential questions remain wholly or partially unanswered. In this section, we discuss three chal-
lenges that deserve attention in order to improve our fundamental understanding of bank retreat processes. The
first challenge is to unravel the complex mechanism of multifactor-driven bank erosion in both fluvial and tidal
environments, with particular attention to the interactions between hydrodynamics, soil properties, and biological
processes. The second challenge is to clarify whether the assessment of bank retreat in fluvial and tidal envi-
ronments needs somewhat ad hoc approaches, given the different temporal and spatial scales operating in these
different settings. The third issue is to assess the role that collapsed bank soil has on channel morphodynamics,
eventually affecting bank retreat, hydrodynamics, and sediment dynamics.

7.1. Multifactor-Driven Bank Retreat

There is ample experimental evidence (at both the field and laboratory scales) that bank retreat is driven by
the interactions between hydrodynamics and geotechnical factors, biological processes, and sediment dynamics
(Figure 17). However, much of the reviewed literature, with some notable exceptions, focuses on the effects of a
single factor and deals with fluvial environments, with their distinctive boundary conditions. Studies that account
for two or more factors, especially in the context of tidal environments, are therefore needed to improve our
understanding of bank retreat across a broad range of real-world systems.

The consequences of temporal variations in soil pore-water pressure on the physical properties of bank soil surely
merit attention. Changes in soil pore-water pressure are commonly associated with floods, periodic tides, overtop-
ping waves, seepage erosion, and drying-wetting cycles. Although quantitative observations have been conducted
for soil pore-water pressures (Midgley et al., 2013; Nardi et al., 2012), we still do not fully understand how
changes in pore-water pressures may influence bank stability through bank soil properties. Samadi et al. (2013)
replaced fluvial erosion processes with artificial undermining, thus separating the effects of soil properties. The
results of these controlled laboratory experiments underlined the importance of bank soil properties on bank
collapse mode, and indicated that tensile failure is absent when soil cohesion is low. The role of soil pore-water
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Figure 17. Sketch of the multiple influences that drive bank retreat.

pressure has been long neglected in numerical modeling. Only a few studies have been conducted to explore the
interactions with other factors (Darby et al., 2007; Deng et al., 2018; K. Zhang et al., 2021). For instance, Darby
et al. (2007) considered the transient variation in pore-water pressure in response to flood events. They found
that the deformation of the bank profile due to fluvial erosion can itself alter the hydraulic head driving infiltra-
tion into the bank, and hence the distribution of pore-water pressure. These studies are as yet limited to fluvial
erosion. Other erosion processes typical of tidal environment, such as recursive water level oscillations, subsur-
face flow and wind waves, have been shown to affect soil pore-water pressure (Cao et al., 2012; Fox et al., 2006;
Francalanci et al., 2013; Xin et al., 2022) and therefore call for their implementation in numerical models.

Surprisingly, the role of vegetation on bank stability has received relatively little attention (Camporeale et al., 2013).
While qualitative comparisons have been performed through laboratory experiments carried out with and with-
out vegetation (Cancienne & Fox, 2008; Francalanci et al., 2013), a quantitative and systematic analysis is still
lacking. Moreover, previous laboratory experiments have been designed to maintain both geometrical (e.g., bank
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height) and material (e.g., soil cohesion) scaling, following the suggestions of D. M. Wood (2014). Neglecting
the reinforcement ensured by vegetation roots might explain the field-laboratory discrepancy whereby the domi-
nant failure mechanism in downscaled laboratory experiments is toppling failure (Patsinghasanee et al., 2017,
Samadi et al., 2013; Zhao et al., 2020), while shear-type failures are most commonly observed in natural rivers
(Langendoen & Simon, 2008; Simon et al., 2000). Vegetation roots counteract the development of tension cracks
(Francalanci et al., 2013) typical of toppling failures (Patsinghasanee et al., 2015; Samadi et al., 2013; Zhao
et al., 2020). Clearly, maintaining geometrical, material and vegetation (e.g., roots density per unit width and
diameter) scaling in laboratory experiments is not a trivial task. More efforts are thus needed to unravel what role
vegetation roots play in bank stability, and how vegetation interacts with hydrodynamic forces, finding a reason-
able balance between the requirements for geometrical, material, and vegetation scaling.

In numerical models, the role of vegetation is commonly parameterized in terms of root cohesion (i.e., mechan-
ical effects). Hydrological effects (e.g., rainfall interception and soil moisture extraction) have received little
attention, as pointed out by Simon and Collison (2002). The mechanical effects so far treated are limited to the
root enhancement of shear strength. Little attention has been paid to tensile strength which, as noted above, was
proven to be important for toppling failure (Van Eerdt, 1985; Xia, Zong, Deng, et al., 2014). The cyclic fluctu-
ations of pore-water pressure, as a result of tides and waves, are also strongly influenced by vegetation cover,
and hence may affect the stability of salt marshes borders. The model developed by Xin et al. (2013), coupling
subsurface flow and plant growth, led to the identification of three characteristic zones for plant growth along salt
marsh creeks. These zones are determined by the combined influence of spring-neap tides and evapotranspira-
tion. This review thus supports the need to improve the understanding of bank stability with respect to vegetation,
particularly for environments such as salt marshes where the toppling mechanism dominates, and where tides and
wind waves control subsurface flow and, hence, pore-water pressure variations.

Further evidence for the role of multiple stressors (surface and seepage flow, ship waves) on bank retreat has
been provided by field measurements. For instance, Rengers and Tucker (2014) observed the following cycle for
multifactor-driven bank retreat. A pop-out failure driven by seepage flow leaved an overhanging block, followed
by toppling failure. The collapsed soil was then eroded by near-bank channel flow. Based on detailed monitoring
of upper-bank erosion, Duré et al. (2019) stated that floods were not necessary for the basal clean-out of failed
material, since ship waves during the dry season acted to disaggregate and remove the collapsed bank soil. More
research is however needed to improve the accuracy of the prediction of multifactor-driven bank retreat. For
long-term timescales empirical relations should be developed which integrate factors like water and sediment
discharges, wave power, and rainfall. An attempt in this sense has been pursued to predict the vertical incision
rate of bedrock rivers under various processes (Lague, 2014). Other factors such as soil chemical properties
(e.g., soil dispersion), biological perturbators (e.g., biofilms and crabs) are also likely to play a major role in
multifactor-driven bank retreat.

7.2. Similarities and Differences Between Fluvial and Tidal Environments

As reviewed in Section 3, there are some similarities between fluvial and tidal environments, such as the domi-
nant driving forces and failure modes associated with bank stability. Notwithstanding these similarities, that for
example, reflect in comparable migration rates of tidal and fluvial meanders when normalized to the channel
width (Finotello et al., 2018), the external forces imposed on river banks exhibit somewhat distinct character-
istics, arising from the differences in the drivers of flow motion. While hydrodynamic of rivers is governed by
topographic gradients, in the case of tidal landscapes water surface gradients drive the flow (Coco et al., 2013).
Here, we discuss various aspects that are clearly distinct between fluvial and tidal environments, thus requiring
specific attention to improve our understanding of bank retreat process.

Basically, the time-scale typical of water level variations within tidal systems (hours) is much faster than its
fluvial counterpart (months). The hydrograph of the pore-water pressure variation is also quite different when
dealing with tides and waves (Xin et al., 2011, 2016). In the case of waves (generated either by winds or by
boats), the frequency at which bank soil is subject to saturation and unsaturation cycles grows to a large extent as
compared to tidal forcing. On the other hand, Xin et al. (2011) found that the simulated groundwater dynamics
exhibited significant flow asymmetry over tidal cycles, and the timescale of pore-water circulation decreased
landward by orders of magnitude. Their work underlines the hydrological complexity of intertidal marshes, and
shows the importance of subsurface flow dynamics over a range of spatial scales. Since bank retreat rate is related
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to the ratio H,/H,, (Figure 11a in Section 4.2), for tidal systems the periodical variation in water level results in
an elusive curve of bank retreat rate. Also, tidal channel banks potentially experience two periodical erosion
mechanisms over one tidal cycle: coupled erosion by seepage and near-bank channel flow during ebb tides or
alternatively, by overbank flow at flood or ebb peak. As a result, previous models or empirical relations devel-
oped for riverine morphodynamics (e.g., BSTEM) might be unsuitable for tidal environments, due to their strong
simplifications or disregard of some key processes.

Another important distinction is that tidal channel banks experience periodical changes in flow direction. Accord-
ing to bend instability theory, meander bends migrate either upstream or downstream, depending on the phase
lag between the bend apex and the peak flow location (Lanzoni & Seminara, 2006). In tidal environments, the
flow field and consequently the location characterized by the maximum bank erosion rate differ between flood
and ebb tides (Solari et al., 2002). The key factor controlling the phase of the point bar pattern relative to channel
curvature is thus the flood- or ebb-dominant character of the basic flow (Tambroni et al., 2017). On the other
hand, bidirectional flows result in bank soil heterogeneity mainly in the cross-shore direction (due to sediment
sorting (Zhou et al., 2015, 2016)), rather than in the vertical direction as commonly observed in riverbanks (e.g.,
composite bank (Samadi et al., 2013; Xia, Zong, Deng, et al., 2014)). These processes, for example, can explain
why tidal meanders are in general less morphologically complex and display more spatially homogeneous charac-
teristics when compared to fluvial meanders (Finotello et al., 2020). Other processes, such as salinity dynamics,
affect bank stability through soil dispersion (Masoodi et al., 2019). More efforts are therefore needed to investi-
gate bank retreat resulting from the above processes, and ultimately to unravel the intrinsic differences between
fluvial and tidal systems.

7.3. Collapsed Bank Soil

Collapsed bank soil (also referred to as slump blocks) is the product of bank collapse. When such material depos-
its at the base of the bank, it modulates bank erosion, affects the flow field, and alters the channel topography. Part
of the collapsed bank soil is likely to protect the bank from direct erosion (A. L. Wood et al., 2001). Fagherazzi
et al. (2004) observed that collapsed bank soil in salt-marsh creeks was able to persist for several years, and was
responsible for the channel erosion paradox (Gabet, 1998), whereby marsh creeks are likely to migrate laterally
at a quite slow rate despite the widespread occurrence of bank collapse. Midgley et al. (2013) reported that
seepage erosion became temporarily restricted after bank collapse, since the collapsed bank soil blocked flow
pathways and limited particle mobilization. From a morphodynamic perspective, collapsed bank soil abruptly
alters the local topography and the flow resistance of the near-bank channel bed (K. Zhang et al., 2021), possibly
generating complex turbulence at the bank toe and affecting the cross-sectional evolution of channels. Based
on three-dimensional flow field observations, C. Hackney et al. (2015) stated that collapsed bank soil may
also deflect flow onto the bank, thus enhancing bank erosion rate. In addition, collapsed bank soil is a source
of sediment that may alter downstream channel morphology. Large failures are likely to cause the temporary
constriction of the cross-sectional area of the flow, especially for small rivers covered by trees. This narrowing
induces velocity gradients along the adjacent cross sections, and might be a reason for the inception of bar-pool
patterns along channels (Duré et al., 2016). Another distinct phenomenon is detected in cold environments,
where collapsed bank soil is often surrounded by ice blocks, and therefore can be transported more downstream
by means of drifting ice (Black et al., 2018). Collapsed bank soil has also been proven to act as a bridge between
near-bank hydrodynamics and morphodynamics (e.g., through the concept of basal endpoint control mentioned in
Section 4.2), and therefore plays an important role in the bank retreat cycle (Figure 17). More research is needed
to understand how collapsed bank soil, bank erosion/collapse, hydrodynamics, and sediment dynamics interact
to form the overall architecture and morphology of fluvial and tidal settings, depending also on the size of the
considered channel and the intensity of the flow therein.

Recently, the fate of collapsed bank soil has been investigated through numerical modeling (Asahi et al., 2013;
Darby et al., 2002; Deng et al., 2019; E. Eke et al., 2014; Lai et al., 2015; Langendoen, 2000; Parker et al., 2011;
Zhao et al., 2019). Parker et al. (2011) proposed an armoring coefficient, as a multiplier of sediment flux, to
account for the armoring effect of collapsed bank soil. While accounting for the protection effects, this method
neglects the consequences on local topography and hydrodynamics. The role of apparent cohesion in the removal
of collapsed bank soil was also underlined by A. L. Wood et al. (2001), who suggested that not only block size,
but also the vertical distribution of apparent cohesion should be accounted for to enable improved estimation of
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the entrainment of the collapsed bank soil. An attempt to account globally for all these effects in a probabilistic
approach has been recently put forward by Lopez Dubon and Lanzoni (2019). More research is clearly needed to
better describe the feedbacks between bank erosion/collapse and the collapsed soil.
8. Summary and Conclusions
We have presented a comprehensive review of bank retreat dynamics with respect to mechanisms, observations,
and modeling, covering both rivers and tidal channels. Our review includes the commonly observed failure mech-
anisms and other factors that can cause bank retreat, synthesizes laboratory and in situ observations of bank
retreat rate, and discusses the numerical methods used to simulate bank retreat.
On the basis of observational data, we have reviewed mechanisms of bank collapse with respect to subaerial
processes, surface flow (including near-bank channel flow and overbank flow), seepage flow, fluctuations in soil
pore-water pressure and waves. Specific attention has been paid to the role of vegetation, biological disturbances,
and hydrostatic pressure head. We have provided evidence demonstrating that the various types of external forces,
despite their distinct characteristics, may have similar effects on bank stability, leading to the same failure mode:
typical erosion and tensile failure in the middle and lower part of the bank, followed by toppling failure.
Existing empirical relations for predicting bank retreat exhibit a large scatter over spatial and temporal scales, a
consequence of the inherent complexity of the interactions and feedbacks between the mechanisms controlling
bank retreat. When compared with the hydraulic-based or geotechnical-based empirical predictors, the relations
that integrate hydraulic and geotechnical impacts are more accurate, thus highlighting the necessity to account for
both hydraulic and geotechnical parameters.
Based on the way in which bank collapse is accounted for, we categorize existing modeling approaches into a
hierarchy: purely hydraulic (in which only sediment erosion is accounted for), parameterized bank collapse, static
equilibrium, and stress-strain analysis. We also discuss the advantages and challenges of these methods, and
provide some model recommendations in terms of real-world applications.
Overall, this review recognizes the role of bank retreat on the overall architecture and morphology of rivers and
tidal channels. We also propose three research directions (multifactor-driven bank retreat, discrepancy between
fluvial and tidal environments, and the role of collapsed bank soil) that we believe are critical to advance the
future understanding and prediction of morphodynamics in these systems.
Symbols
a,b,c,d Empirical regression coefficient
A punk Volume of the collapsed bank soil per unit length
Ay Drainage area (km?)
DA, Effective drainage area (m?)
B, Width of cantilever (m)
B, Width of marsh cliff block (m)
c’ Effective soil cohesion (kPa)
" Empirical parameter depending on sediment packing

c, Cohesion provided by vegetation roots (kPa)
CEI Cavity Erosion Index
C, Concentration of sediment mobilized by seepage sediment (g/L)
D Grain size of bank material (mm)
D, Days with air frost (day)
E, Mass erosion rate for bank materials (kg/s)
E, Linear erosion rate for bank materials (m/year)
E, Volumetric erosion rate for bank materials (m?/year)
E, Areal erosion rate for bank materials (m?%/year)
F, Safety factor
Fy Resisting forces used to calculate safety factor
F, Destabilizing forces used to calculate safety factor
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e

Hydrodynamic thrust due to water waves

Acceleration due to gravity (m/s?)
Bank height (m)
Height of the cantilever (m)

>

Thickness of the cantilever subject to tensile failure (m)
Depth of tension crack on the bank top (m)

Upper bank height (m)

Near-bank water depth (m)

=~
S

TT TR EaE®

2

Hydraulic gradient driving seepage flow
Critical hydraulic gradient for seepage erosion
Volumetric erodibility coefficient for surface flow erosion (m?*/N/s)

Erodibility coefficient for wave erosion

T

Seepage erodibility coefficient

“

NN

Saturated hydraulic conductivity (m/s)

P
g

~

Length of cantilever under tensile stress (m)
Length of cantilever under compressive stress (m)
Hydrostatic pressure per unit width (kN/m)

- B -

Threshold value for wave-induced retreat

a

o

Hydrostatic pressure inside the crack (kN/m)

3

v

Mean wave power calculated over a representative period (W/m)

~

Precipitation intensity (mm)

“

Seepage discharge (L/s)
Channel flow discharge (L/s)
Critical seepage discharge for bank erosion (L/s)

ESRSES

Dimensionless seepage-induced sediment flux

)
©

Volumetric sediment transport rate per unit width in the transverse direction (m?%/s)

)
>

Dimensionless normalized bank retreat rate in response to surface flow
Slope gradient

Time (s)

Elapsed time of first collapse (min)

~ Y

~
<>

Hydrostatic-uplift force per unit width (kN/m)
Near-bank flow velocity (m/s)
Darcy velocity (m/s)

NSRS

Pore water pressure (kPa)

=
=

Pore air pressure (kPa)
Seepage-induced cavity volume (cm?)
Eroded bank gully volume (m?)

Soil weight per unit width (kN/m)
Overhanging block width (m)

Channel width (m)

Dimensions of the failure soil block (m)
Bank angle (°)

Failure-plane angle (°)

SESBNIS

= =

N
<
£

Near-bank bed elevation (m)

Oscillation angle around an equilibrium configuration (°)
Bank retreat or accretion rate (m/s)

Ratio of bank soil density to water density

Total normal stress (kPa)

QA QA B " DI ™K

Compressive stress along the failure plane (kPa)

a

Tensile strength along the failure plane (kPa)

s Q

Shear strength of bank materials (kPa)

*

Dimensionless shear stress induced by seepage

SN

Boundary shear stress applied by the near-bank flow (Pa)

Gl

Critical shear stress for bank erosion (Pa)
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T Dimensionless critical shear stress for seepage erosion

A Direction of the seepage vector (°)

A Porosity of the bank material

@' Effective internal friction angle (°)

@’ Angle expressing the rate of increase in strength relative to the matric suction (°)

0] Stream power per unit bed area

a Bank soil resistance

Glossary

Apparent cohesion the cohesion of grains caused by surface tension in the surrounding
pore water.

Angle of repose the steepest angle of descent or dip relative to the horizontal plane
without slumping.

Bank stratification bank composed of heterogeneous layers.

Cohesive a collection of sediment particles that cohere, or stick together, largely
due to electrochemical forces.

Drainage area the land area where precipitation falls off into river basins and gullies,
usually identified by the line along the highest topographic eleva-
tion (in fluvial settings) or the zero flux divide (in tidal settings) and
connecting its ends to the outer section of the basin/gullies.

Dry granular flow a kind of bank collapse consisting of an avalanche of granular, loose
sediment, creating a fan-shaped debris accumulation close to the angle
of repose.

Effective internal friction angle internal friction angle in the context of saturated soils.

Effective soil cohesion soil cohesion in the context of saturated soils.

Elastic-plastic model a description of the relation between stress and strain.

Elastic potential energy the energy stored as a result of applying a force to deform an elastic
object.

Evapotranspiration sum of evaporation and plant transpiration.

Evaporation the process by which water changes from liquid to a gas or vapor.

Fluidization a process similar to liquefaction whereby a granular material is
converted from a static solid-like state to a dynamic fluid-like state.

Gully erosion the removal of soil along drainage lines by surface water runoff.

Headcuts an erosional feature characterized by an abrupt vertical drop. Also
called “knickpoint.”

Hydraulic conductivity the ability of the material to transmit fluid through pore spaces and
fractures in the presence of an applied hydraulic gradient.

Hydraulic head liquid pressure above a vertical datum.

Infiltration the process by which water on the ground surface enters the soil.

Inner bank the bank with the smallest radius of curvature around a bend, commonly
characterized by bank accretion.

Internal friction angle measure of the ability of a unit of a soil to withstand a shear stress,
defined by the angle between the applied shear stress and the normal
effective stress at which shear failure occurs.

Matric suction the pressure that a dry soil exerts on the surrounding soils to equalize
everywhere the moisture content.

Mechanical fatigue weakening of bank soils caused by cyclic loading such as waves.

Mohr-Coulomb failure criterion a mathematical model describing the state of soil units.

Normal stress the stress perpendicular to a specific plane.

Outer bank the bank with the largest radius of curvature around a bend, commonly
characterized by bank erosion.

Perched water table an aquifer that occurs above the regional water table, in the vadose
zone.
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Plunge pool erosion
Root cohesion
Shear strength
Shear stress

Soil cohesion

Soil desiccation
Soil diffusivity

Soil dispersion

Soil permeability
Static liquefaction

Stemflow
Subaerial process
Tensile strength
Tensile stress
Tension crack
Undercutting
Weathering

bed erosion immediately downstream of headcuts.

soil cohesion provided by vegetation roots.

the resistance of a material to breaking under shear.

the component of stress coplanar with a material cross section.

soil shear strength that is independent of interparticle friction.

soil free from all moisture.

a coefficient to describe soil creep.

soils become vulnerable as a result of hydration of sodium ions between
clays.

the property of soils to transmit water and air.

the sudden loss of strength when loose soil, typically granular materials
such as sand or silt, is loaded and cannot drain.

the flow of intercepted water down the trunk or stem of a plant.
weathering and mass movement process.

the resistance of a material to breaking under tension.

the stress caused by pulling the material.

cracks induced by tensile force.

bank erosion occurring at the lower part of the bank.

the process that changes solid rock into sediments.
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