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ABSTRACT

This paper reports the results and interpretation of laboratory experiments carried out on a model of a
relatively coarse (sandy gravel) riverbank, with the aim of investigating the basic processes and possible
factors of instability. After a series of initial tests, three main experiments were carried out in a glass walled
tank, where a bank model was built with bank angles varying from 75° to 90°, bank height of 70 cm, and same
sediment mixture (60% gravel, 40% sand), but with the addition of 1% of cement in the third experiment only.
During the experiments, the bank was subject to a given hydrograph associated with a static oscillation of the
water level and corresponding variations in pore water pressures were measured. Results show the
occurrence of a large variety of processes (including erosion and failures because of loss of matric suction,
cantilever, slab and slide failures, and granular flows) during the ascending phase of the hydrograph. Bank
instability was related to a superimposition of initial (geometric) factors, and progressive reduction of
apparent cohesion during the rising water stage. Apparent cohesion was sufficient to maintain a stable bank in
loose material, but only for low bank height and/or slopes, whereas a limited percentage of cement is able to

explain a markedly different response in terms of stability and mechanisms of failure.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bank failure is a key process in meandering channels, and its
quantification is a challenging issue for advances in interpretation and
prediction of the altimetric and planimetric evolution of river meanders.

The majority of studies dealing with modelling bank failures are
focused on fine-grained (sand, silt, and clay), cohesive banks. The retreat
of these banks, often occurring along sandy rivers and tidal channels, has
been mainly related to instability and mass wasting processes (e.g.
Darby and Thorne, 1996; Rinaldi and Casagli, 1999; Simon et al., 2000;
Rinaldi et al,, 2004; Rinaldi and Darby, 2008), and has been assessed
using algorithms originally developed in the geotechnical field.

Riverbanks, totally or partially composed of relatively coarse,
granular sediment (gravel or cobble mixed with sand), are also
common along meandering channels with relatively coarse bed
material, or other transitional gravel-bed channel morphologies (e.g.
sinuous with alternate bars or wandering) where bank retreat is a key
process in meander initiation and development. These types of banks,
however, have received less attention compared to fine-grained,
cohesive banks. As a consequence, models of coarse-grained bank
stability are limited, and a tendency exists to oversimplify the
complex nature and response of such banks.

* Corresponding author. Tel.: +39 0554796225; fax +39 055495333.
E-mail address: mrinaldi@dicea.unifi.it (M. Rinaldi).
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Along composite banks, the failures occurring within the upper,
cohesive layer are strongly related to the processes occurring within
the basal layer of coarse material (e.g. Rinaldi et al., 2008; Luppi et al.,
2009). Field evidence suggests that the processes acting on coarse
sediment at the bank toe are extremely variable with combinations of
fluvial entrainment and a variety of small-scale mass failures.
Mixtures of granular sediment (gravel, cobble) with a fine interstitial
matrix (predominantly sand) often exhibit an intermediate response
between loose and partially cohesive sediment.

Morphodynamic models of the evolution river planforms tradition-
ally consider fluvial entrainment and erosion as the most important, if
not the exclusive, mechanism for bank retreat. In many models bank
retreat is evaluated through over-simplified schematizations based, for
instance, on the knowledge of the near bank flow velocity and some
erodibility coefficient (e.g. Ikeda et al., 1981; Lancaster and Bras, 2002;
Seminara, 2006; Frascati and Lanzoni, 2009).

Increasing efforts have been recently made to include the erosion of
granular layers at the bank toe in morphodynamic and regime models,
but the most common geotechnical model for coarse material is that of
infinite slope failure, that corresponds to the assumption of an ultimate
stable angle equal to the angle of repose (see for instance Nagata et al.,
2000; Eaton et al., 2004; Eaton, 2006; Chen and Duan, 2006, 2008; Dulal
et al., 2009). This model is able to reproduce the geometry of the wedge
of loose sediment often accumulated at the bank toe, but it is not suitable
for explaining near-vertical faces of coarse sediment, with angles much
higher than the angle of repose, that are often observed in nature. To
explain such geometries, different models and additional factors need to



L. Nardi et al. | Geomorphology 163-164 (2012) 56-69 57

be considered, including effects of apparent cohesion acting in the
matrix of fine sediment, packing, partial cementation of the material,
and vegetation.

This research aims to investigate the basic processes controlling
the stability of relatively coarse, granular bank sediments, by carrying
out a series of laboratory physical experiments.

Physical experiments have been rarely adopted in the past for
riverbank processes, given difficulties in scale reproduction, with
particular reference to scaling sediment sizes. Only more recently has
an increasing employment of laboratory experiments occurred, includ-
ing investigations of bank failures. For example, various works have
been carried out to investigate dam-break flow and associated
downstream sand bank failures (Spinewine et al., 2002; Soares-Frazao
et al., 2007; Spinewine and Zech, 2007; Zech et al., 2008). Other works
have carried out experiments on small scale banks composed of fine-
grained, sandy sediments, with specific focus on the occurrence of
seepage erosion processes because of seepage flow gradients and
related mass failures (Howard and McLane, 1988; Fox et al., 2006, 2007;
Wilson et al., 2007; Lindow et al., 2009).

In this research, we started from an experimental setup similar to
that used in these latter works, but with the intent to extend the
observations to coarser sediment and associated basic processes. The
Cecina River (Tuscany, Central Italy) has been used as a reference study
case, and the bank reconstructed in the laboratory was intended to
mimic a coarse-grained layer of the basal portion of a typical bank profile
of this river. The experimental setup and some preliminary results have
already been reported in Nardi et al. (2009). In this paper, however, the
results of all the experiments carried out, and their analysis and
interpretation are reported. The experimental activity was focussed on
processes related to gravity (mass failures) and to the interaction
between water and sediment, whereas flow entrainment was not
modelled for technical limitations of the experimental setup. Whereas
this was obviously a limitation, it allowed for the exploration of how the
stability of a coarse bank is affected by processes associated to bank
geometry and changing pore water pressures, independently of flow
only.

The specific objectives of this paper can be summarised as follows:
(1) investigate the dominant processes acting on banks composed of
loose or slightly cemented sediment; (2) identify the different
mechanisms of failure in the reproduced banks; (3) understand
initiation of the investigated processes and factors controlling stability,
in particular, the role of apparent cohesion and cementation in
maintaining bank stability; and (4) investigate the importance of initial
instability conditions related to bank geometry or transient changes in
bank stability because of the action of water. The overall findings may be
instrumental to the development of more realistic algorithms of coarse-
grained bank retreat for incorporation into hydro-morphodynamic
models of river planimetric and bed evolution.

2. Experimental setup and data collection

The characteristics of the bank model were defined based on a series
of observations and grain-size analyses carried out on basal layers of
composite riverbanks along the Cecina River (Tuscany, Central Italy)
(Fig. 1). The selection of the Cecina River as a reference field study case is
motivated by various reasons, including: (1) the presence of actively
eroding composite banks (Fig. 1B), consisting of a basal layer of packed
and slightly cemented gravel, with generally a wedge of loose gravel and
cobble located at the bank toe, and an upper fine-grained (predom-
inantly sandy silt) cohesive portion of the bank; (2) existing research
activities on riverbank processes along this river (see Rinaldi et al., 2008;
Luppi et al.,, 2009). The bank reconstructed in the laboratory was not
intended to scale an entire bank profile of the Cecina River, but rather to
mimic a single layer of the basal portion, to investigate the basic
processes occurring on this part of the bank. The grain-size distribution
of the basal gravel layer along Cecina riverbanks is quite variable, and we

selected as reference the grain-size distribution of layers composed of
finer gravel and sand.

We started with a series of experiments carried out in small boxes to
test the responses, in terms of processes and stability, of different
sediment mixtures, hydrographs, and bank geometries (Fig. 2). For
example, in this phase we tested which possible sediment mixture
(relative percentage of sand) appeared to be more suitable to reproduce
the desired mass failures, avoiding excessive stability or instability. The
boxes were constructed of wood, with a rectangular base of 45x 50 cm
and a height of 40 cm, and a frontal wooden panel with an assigned
slope angle which was removed at the start of the test. During the tests,
the boxes were placed in the tank, and subject to given hydrographs,
with a peak water stage of 25 cm, and a total duration of 1 h and 40 min.
A summary of the initial tests carried out is reported in Table 1. The
results of these tests were used in the later analyses for classification of
different failure mechanisms and observations on instability conditions,
as some mechanisms were more frequently observed in these tests than
during the main experiments.

For the main experiments, a tank was specifically designed and built
(Fig. 3A). The tank is 1 m wide, 3 m long, and 1 m high, having a steel
structure, a zinc platted bottom, and glass walls to allow for observations
and video monitoring during the experiments. The front side is
constructed of a zinc platted door to allow for the construction of the
bank inside the tank. A smaller reservoir is included on the back of the
tank to maintain a given water head during the experiments, with a
porous plate separating the reservoir from the main body of the tank
(“lysimeter” modality, according to the experimental setup developed
by Fox et al., 2006).

This experimental layout was designed to reproduce the effects of:
(1) movement of water from the river into the bank and vice versa,
and consequent changes in pore water pressures; (2) lateral confining
water pressures; and (3) possible seepage induced erosion by
groundwater gradients towards the river, in case of imposing a
water head higher than the river stage in the reservoir back of the
bank (this option was not used in the experiments described here).
The effect of fluvial entrainment from the boundary shear stresses
along the bank is not reproduced.

A bank model was then built inside the tank. As already pointed out,
the bank model was intended to mimic the geometry and grain-size
distribution commonly found in the basal layer of the riverbanks along
the CecinaRiver. Based on field observations, a bank height of 70 cm was
selected, while slope angles varied from 75° to 90°.

For the first experiment (EXP1), the bank was 1 m wide, with a base
of about 133 cm in length, and a slope angle of 75°. The sediment
mixture was composed of about 60% gravel (Dso=5.9 mm), and 40%
sand (Dsp=0.3 mm) (the amount of silt and clay was negligible). The
sediment mixture was initially wetted, with an initial water content of
about 6-7% (see also the Experimental results). Saturated hydraulic
conductivity was estimated to be ks, =3.64x 10° m s~! by laboratory
tests.

In the following two experiments (EXP2 and EXP3), the size of the
bank was about the same, but the slope angle was set at 90°. The
sediment mixture was also the same, but for EXP3 a small quantity of
cement (1%) was added. Experimental research on naturally cemented
sediment is rare because of extreme difficulties in acquiring undisturbed
samples (Haeri et al., 2005). Because recreating natural conditions of
cementation is not possible in the laboratory, we used an artificially
cemented mixture to simulate the different responses (related to the
increased shear strength) because of possible precipitation of various
agents (salts) from circulating interstitial water in natural riverbanks.

A summary of the geometries and sediment mixtures used for the
three experiments is reported in Table 1.

The compaction of sediments was obtained by applying a static load
that varies from 0.045 to 0.013 kg/cm?; these values are somewhat
similar to the lithostatic loads acting on the basal layer by the presence
of an upper cohesive layer. The bank was built by creating a series of



58 L. Nardi et al. / Geomorphology 163-164 (2012) 56-69

0 5 10 15 km

A Location of photos B and C

Fig. 1. Location of the Cecina River. A: Cecina basin; B: eroding composite riverbank of the Cecina River; C: detail of a coarse-grained bank with evidence of mass failure.

10 cm layers, until a given bank height was obtained. A distributed load
(made by steel plates: see Fig. 3B) was applied to the top of each layer,
with a weight decreasing from the bottom to the top of the bank model.
Each layer was left under the assigned load for about 20 h to allow for a
sufficient consolidation. Measurements of changes in the thickness of
each layer before and after consolidation were carried out. We also
considered the option of a dynamic compaction by using a mechanical
earth compactor, but this was excluded for the following reasons: (1) to
avoid damages to the tank; (2) to avoid the formation of interstitial
over-pressures; and (3) because static compaction better reproduce the
conditions that normally occur in nature from lithostatic loads.

A

The unit weight of sediments was estimated to be 14.4 kN/m? in
the initial conditions (loose sediment), increasing up to about
15.2 kN/m? after compaction.

During construction of the bank and compaction, a wooden panel
was positioned to assign a given slope angle to the bank (see Fig. 3B).
The panel was removed immediately before the start of each
experiment. For EXP1, a basal failure occurred immediately after the
panel removal (see Section 3 for details). This unforeseen collapse
could be in part explained by limited compaction of the material along
the slope boundary, as in that portion of the bank the application of
the load was more difficult, and the portion of sediment directly in

Fig. 2. Initial tests. A: Beginning of test 4; B: rising phase of test 4; C: conclusion of test 4.



L. Nardi et al. /| Geomorphology 163-164 (2012) 56-69 59

Table 1

Summary of bank geometries and sediment mixtures used during the initial tests (in
small boxes) and the main experiments (in the tank). H: bank height; 3: bank slope; G:
gravel; S: sand; C: cement.

Bank geometry Sediment mixture

Initial tests

Test 1 H=22cm, 3=70° 75% G-25% S

Test 2 H=22cm, 3=70° 60% G-40% S

Tests 3, 5 H=30cm, 3=75° 75% G-25% S

Test 4 H=30cm, 3=75° 54% G-37% S-9% Silt
Test 6 H=30cm, B=75° 60% G-40% S

Tests 7, 8 H=30cm, 3=75° 60% G-40% S

Tests 9, 10, 11, 12 H=30cm, 3=90° 60% G-40% S

Test 13 H=30cm, 3=90° 60% G-39.5% S-0.5% C

59.5% G-39.5% S-1% C
59% G-39.5% S-1.5% C

Tests 14, 15, 16
Tests 17, 18, 19

H=30cm, B=90°
H=30cm, B=90°

Main experiments

EXP1 H=70cm, B=75° 60% G-40% S
EXP2 H=70cm, 3=90° 60% G-40% S
EXP3 H=70cm, 3=90° 59.5% G-39.5% S-1% C

185¢cm

contact with the panel was not really subject to vertical overloads.
Consequently, the assigned bank slope angle was changed to 90° for
EXP2 and EXP3 (Fig. 3C). A failure, however, also occurred at the
beginning of EXP2, which did not occur in EXP3, presumably because
of the presence of cement in the sediment mixture (reasons for the
occurrence of an initial failure for EXP1 and EXP2 are discussed later).

To measure pore pressure, a series of five tensiometers and one
TDR (Time Domain Reflectometry) were installed inside the bank, in a
vertical position at different distances from the bottom. In particular,
three tensiometers were positioned along one lateral side of the bank,
and the other two along the rear side; the TDR was placed in the rear
corner near the tensiometers (Fig. 3D). Based on the results of the first
experiment, the configuration was optimised by some small changes
in the position of the tensiometers. For example, tensiometer T1 was
located further away from the bank slope to avoid disturbance to
initial failures. Planimetric and vertical positions of each of the
tensiometers and TDR during the three experiments are listed in
Table 2. Because of the coarse sizes of the sediments, the instruments
were installed during the construction of the bank, by inserting them

115 cm

Tank

96 cm

TDR

X

Fig. 3. Experimental setup. A: tank; B: loads made by steel plates and setup of the wooden panel during the construction of the bank physical model; C: bank model for EXP3; D:
configuration of monitoring instruments (for positions and depths of each of the instruments see Table 2).
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Table 2
Planimetric and vertical positions of tensiometers and TDR during the three main experiments. X and Y: planimetric coordinates (see Fig. 3); Z: elevation above the bottom of the
bank.
EXP1 EXP2 EXP3
X (cm) Y (cm) Z (cm) X (cm) Y (cm) Z (cm) X (cm) Y (cm) Z (cm)
T1 215 89.3 37 35.5 89.3 27 35.5 89.3 27
T2 61.5 89.3 37 71 89.3 39 71 89.3 39
T3 96 89.3 37 101 89.3 52 101 89.3 52
T4 112 48 54 110 48 39 110 48 39
T5 112 6 64 110 6 27 110 6 27
TDR 112 89.3 30 110 89.3 45 110 89.3 45

in steel pipes placed vertically into the sediment, and then removing
the pipe after the material had completely covered the length of the
sensors. The water stage was measured by an ultrasonic distance
sensor with an accuracy of 4+ 2 mm. All of the sensors were connected
to a data logger set to acquire and record data every 30 s.

Imposed boundary conditions for the three experiments include the
hydrograph and the water stage in the lysimeter in the back of the bank.
A hydrograph was imposed, with similar characteristics for the three

experiments (Fig. 4), and with a shape similar to that observed in a
series of monitored flow events occurred on the Cecina River (see Luppi
et al.,, 2009).

During EXP1, a peak of 59.89 cm was reached in 3 h and 14 min,
whereas the descending part of the hydrograph was slightly longer, for a
total duration of 6 h and 40 min. The water stage in the lysimeter was
maintained constant once the water exceeded 34 cm from the bottom of
the bank by opening the lowest valve located behind the lysimeter. This
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Fig. 4. Summary of hydrographs, failures and profile evolution during EXP1 (A), EXP2 (B), and EXP3 (C): hydrograph and failures (on the left), and changes in bank profile (on the
right). 1: Hydrograph; 2: large failures; 3: small failures; 4: initial failure immediately after the panel removal; 5: progressive erosion because of loss of matric suction; I: initial

profile; F: final profile; AF (in EXP2): new profile after immediate failure.
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layout was set to simulate a water outflow discharge through the side on
the back of the tank, thus avoiding an excessive and unrealistic
accumulation of water within the volume of the bank model.

During EXP2, a peak of 59.6 cm was reached in 3 h and 6 min and the
total duration of the test was 6 h. The water stage in the lysimeter was
kept constant at 34 cm.

A lower peak of the hydrograph was reached during EXP3. As in the
previous experiments, the water stage at the lysimeter was maintained
at 34 cm. Because of an excessive outflow discharge from the valve at
the back, which was not balanced by the inflow discharge in the tank in
the third experiment, it was not possible to obtain water stages higher
than 50.3 cm. This stage was reached in 2 h and 59 min. The greater
outflow discharge probably resulted from a higher conductivity of the
sediment with cement (see also Section 3.4). The total duration of this
experiment was about 5 h.

During the experiments, a video and periodic photos were acquired
from frontal and lateral positions. Furthermore, some additional
measurements were carried out, including: (1) water stage in the
lysimeter; (2) water discharge outflowing the valve; and (3) bank
profiles which were drawn on transparent sheets placed on one lateral
glass of the tank for every mass failure to provide time lines of the bank
evolution. Videos recorded from frontal and lateral positions allowed
one to verify when bank changes occurred locally on the lateral side or
on the entire bank. Since the water was clear during the drawdown
phase, no measurements of turbidity was collected.

3. Experimental results

All the data collected during each experiment were processed and
analysed through the following steps: (1) systematic identification and
classification of all mass failures; and (2) temporal trends of measured
hydrological parameters (water stage, pore water pressures, water
content), and the relations with observed processes. Accordingly, this
section is organised in four parts: (i) a classification and description of
the different mechanisms of failure observed in all the experiments
(including the initial tests in the small boxes); (ii) some observations
from the initial tests; (iii) the succession of processes observed for each
of the main experiments; and (iv) trends of measured hydrological
parameters during the main experiments.

3.1. Types of observed mass failures

For the description of the results, it is useful to define and classify
the observed mechanisms of failure that occurred during the three
main experiments and the initial tests.

1) Erosion and failures because of loss of matric suction. This process is
related to a loosening of the weak links between particles as soon as
the pores are saturated by water and the resulting increased weight
of aggregates or small blocks from sediment saturation (see also the
discussion). The erosion process initially produces a scour at the
bank toe (Fig. 5, case A1), followed by small-scale mass failures,
resulting in the collapse of the upper small block or aggregate of
particles by tensile failure (Fig. 5, case A2).

2) Cantilever failures. These are the most frequently observed failures,
and are often the consequence and evolution of the previous
mechanism, or of basal slide (alcove-shaped) failures (see mecha-
nism 4). All the three types of cantilever failures have been observed:
shear, tensile, and beam failures (following Thorne and Tovey,
1981). Shear failures are defined here as failures occurring by shear
along a vertical and lateral surface delimiting the cantilever block up
to the bank top (Fig. 5, case B1). Tensile failure is defined as a failure
along a horizontal upper surface of the failing block in which the
detachment occurs by tensile stress (Fig. 5, case B2). In some cases, a
beam cantilever failure was also observed (Fig. 5, case B3), with a
rotational component (toppling) of the movement.

3) Slab failures. They are classified separate from the cantilever beam
failures because they do not occur on cantilevered, undercut
blocks, but usually involve relatively small blocks on the bank top
detached by deep tension cracks which stand on the top of the
debris cone derived from previously failed material (Fig. 5, case C).
Slides. This type of failure, very common along cohesive river-
banks, was observed only on a few occasions during the
experiments. We distinguish two modes of slide failures: (1)
small-scale slides on the middle and lower portion of the bank
with a slight rotational component (Fig. 5, case D1); (2) rotational
failure involving the whole bank, with a slightly concave slip
surface emerging on the bank top (or eventually with a short
tension crack) (Fig. 5, case D2). The first type can be actually
described as a combination of detachment of material under
tensile stress along an arcuate surface and a contemporary slide,
resulting in an alcove-shaped surface, similar to what has been
frequently observed along steep fine-grained banks (Bradford and
Piest, 1977, 1980; Thorne et al., 1981; Dapporto et al., 2001, 2003).
Although the resulting geometry can be sometimes similar to the
failures because of loss of matric suction, it differs from it because
itinvolves larger scale mass movement (rather than a “particle-by-
particle” erosion). The second type was actually observed only on
one occasion, and can be better described as a combination of slide
and flow (see next mechanism).

5) Dry granular flow. It consists of an avalanche of granular, loose
sediment, creating a fan-shaped debris accumulation close to the
angle of repose (Thorne et al., 1996) (Fig. 5, case E). This was
observed in one case as an initial mechanism of failure (EXP2), and
in other cases as movement along the existing debris accumulation
of failing material originated by other mechanisms.

=

3.2. Observations during the initial tests

As mentioned previously, quantitative measurements were not
performed during the initial tests, but a series of qualitative observations
were carried out. These included the following aspects: (i) instability of
the bank and mechanisms of failure; (2) phase of the hydrograph
(rising, peak, descending phase) at the time of the main failures. During
a first group of tests (from 1 to 12), a range of sediment mixtures was
tested varying the percentage of gravel and sand (Table 1). During these
tests, the most common succession of processes included a first phase of
erosion because of loss of matric suction, with creation of a basal scour,
development of tension cracks and a subsequent series of cantilever
failures, initially tensile and then shear (i.e. tests 4 and 5) or beam
failures (i.e. tests 6 and 8). Erosion because of loss of matric suction
occurred during the rising phase of the hydrograph, with a scour
forming up to about the same level of the water stage. Observation of
this process was possible during the tests because the initial bank face
remained stable after the panel removal, so that water entered directly
in contact with an intact, near-vertical bank. A similar evolution was
observed only during EXP3 of the main experiments (as explained
below). Besides erosion because of loss of matric suction, all the failures
occurred during the rising phase of the hydrograph.

A second group of tests (from 13 to 19) included a small percentage
of cement (Table 1). Some failures were observed during the rising
phase of test 13 (0.5% of cement). No failures or tension cracks were
observed with a higher percentage of cement (tests 14-19): only the
detachment of small blocks at the bank toe, classified as failures because
of the loss of matric suction, was noted during high water stages.

3.3. Occurrence of failures during the main experiments

Regarding the main experiments, the occurrence of mass failures
at the scale of each hydrograph, and resulting modifications from the
initial to the final bank profile, are reported in Fig. 4. In this figure,
mass failures indicated as being large are those involving a significant
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Fig. 5. Types of erosion processes. A: erosion (A1) and failure (A2) because of loss of matric suction; B: cantilever failures (B1: shear failure; B2: tensile failure; B3: beam failure);
C: slab failure; D: slides (D1: alcove-type failure; D2: rotational slide); E: dry granular flow.

portion of the bank height and approximately the entire width,
whereas small failures are those which occurred on localised portions
of the bank profile and/or width. It is possible to observe that all the
mass failures occurred during the rising phase of the hydrographs. In
the case of the EXP1 and EXP2 the mass failures were distributed
along the entire rising part of the hydrograph. In the case of EXP3, as
effect of cementation and increased shear strength, the failures
occurred exclusively in proximity of the peak of the hydrograph.

A summary of the evolution of bank profiles during each experiment
is given as follows, with reference to the photos reported in Fig. 6.

EXP1. (1) A rotational (alcove-type) slide failure immediately
occurred following the removal of the wooden panel. The failure
covered the complete basal portion of the bank, up to about 30 cm from
the toe. After about 10 min, a rapid succession of tensile and beam
cantilever failures were observed, involving only the upper part of the
right side of the bank. (2) After 18 min (elapsed time 28 min), a failure
occurred involving the central portion of the bank, while a tension crack,
created earlier, became progressively more evident. About 34 min later
(elapsed time 62 min), a cantilever failure occurred on the left margin,
followed by a failure in the middle part of the bank, and immediately
after that (3) another cantilever on the left side. (4) About 62 min later
(elapsed time 124 min), a large, arcuate failure surface appeared
involving the entire width of the bank top, followed by (5) a succession
of failures of blocks about 10 cm in width. Close to the peak of the
simulated event, the profile reached the configuration of a nearly plane
surface with a slope angle of about 35°. The bank maintained this
geometry during the entire descending hydrograph, until (6) the end of
the experiment.

EXP2. The initial bank slope was set at 90°, but immediately after the
removal of the wooden panel, (1) a failure across the whole bank

occurred, classified as a granular flow in loose cohesionless material,
creating a nearly plane surface. (2, 3) The failed material was removed
from the bank toe, and the bank was shaped according to an angle of
about 67° to continue the experiment. After 7 min and 20s, a large
rotational failure occurred involving the upper and middle portion of the
whole bank. This can be better described as a flow slide, as multiple and
temporary concave failure surfaces were observed. After this event, only
other small failures occurred during the ascending phase of the
hydrograph, until (4) the profile became a nearly planar surface with
aslope of about 35°, corresponding approximately to the angle of repose
for this sediment. Similarly to EXP1, the bank profile did not change
during the descending phase of the hydrograph.

EXP3. The bank material in this last experiment included a small
quantity of cement. Consequently, the bank showed a response different
from previous experiments. (1) The initial bank was set at 90° and
remained stable after the removal of the wooden panel. (2) After about
40 min, a scour because of loss of matric suction started to manifest
along most of the basal area of the bank, but was more evident on the
right and central part. This process started at the interface of different
sub-layers of 10 cm built during the compaction procedure. The scour
progressively continued to extend laterally and within the bank as time
progressed. A first manifestation of failure involved a small block on the
left margin located 10 cm below the water stage. This failure rapidly
progressed upward as a tensile cantilever failure. (3) After 145 min and
54 s from the beginning, a rapid succession of further tensile failures
occurred in various portions, until the cantilevered bank was completely
up to the water stage. About 5 s later (elapsed time 146 min), a rapid
succession of three cantilever failures occurred (the smaller was a
tensile failure, the two larger were beam failures), recreating a nearly
vertical bank face. (4) This became the final bank configuration, because
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Fig. 6. Photos of bank profile evolution during some of the experiments. A: EXP1; B: EXP2; C: EXP3 (for the numbered photos see description in the text).

no failures occurred during the descending phase of the hydrograph,
with a basal wedge of failed material at a slope angle of about 20° and
some of the failed blocks still recognisable, and an approximately
vertical face of about 40 cm.

3.4. Trends of hydrological parameters

Results, reported in Fig. 7, show the general trends of measured
parameters and the occurrence of the failures during the three
experiments, and are described as follows.

EXP1. In general, as it might be expected, pore water pressure
increased with water stage and water content. Fig. 7A shows that,
when the water stage was 37 cm, pore water pressure became
positive at the tensiometers located at the same level (T1, T2 and T3),
and the material surrounding the TDR was close to saturation, with
the water content equal to 19.6%. This value in water content was
constant also in the first part of the drawdown phase, until the water
stage was 20 cm. The tensiometer T4 initially appeared not to respond
to the imposed hydrograph, because values recorded were much
lower than the others. This discrepancy became smaller, however,
with the increase in water stage. The tensiometers at 37 cm, located in
front of the bank and in the middle (T1 and T2), gave almost the same
values, whereas T3 showed lower values during the first part of the
test, to reach similar values to T1 and T2 after about 2 h from the

beginning of the experiment. It is possible that T3 and T4 were
disturbed by localised phenomena such as drier material (water
content not constant) or imperfect adherence between the material
and the porous cup of the tensiometers.

Finally, tensiometer T5, located at the back of the bank at 64 cm from
the bottom, did not reach the saturation, given that the peak of the
hydrograph was lower (59.9 cm) than the elevation of the tensiometer.

EXP2. As mentioned before, for this experiment a slightly different
configuration of the sensors was used (see Table 2): the trends of pore
water pressures were, therefore, different from EXP1. Fig. 7B shows
that T1 was the first tensiometer to reach saturation when the water
stage was 32 cm, followed by T2 and T4, for water stages from 38 to
40 cm. T5 was located in a lower position than T4 and, at the
beginning of the test, measured a pressure higher than T4. T5 reached
saturation later, however, when the water stage was 43.5 cm. This
happened because the reaction of T5 was slower than T4. T3 did not
reach saturation because it was located in the back of the bank at
52 cm from the bottom, whereas the valve behind the lysimeter was
open at 34 cm. TDR indicates that saturation at around 45 cm from the
bottom of the bank, corresponding to the height of the sensor,
occurred when the water stage was 51.4 cm. The water content of
saturated material for this test was 20.9%.

During the descending phase of the hydrograph, the parameters
decreased to similar final values.
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Fig. 7. Trends of measured parameters and summary of failures during EXP1 (A), EXP2 (B), and EXP3 (C): hydrograph, failures, pore water pressures (on the left), and water content
(on the right). T1, T2, T3, T4, T5: pore water pressure measured by the tensiometers; TDR: water content measured by the TDR; H: hydrograph; LF: large failures; SF: small failures.

EXP3. For this experiment the same configuration of the sensors as in
EXP2 was used. As well as the previous tests, the initial values recorded
by the tensiometers are very different (Fig. 7C): T5 measured the lowest
value, followed respectively by T4 and T3. This could result from the
proximity of these three tensiometers to the porous plate of the lysimeter
which dries the material around it. As the water stage increased, between
28.5 and 35 cm, all the tensiometers except T3 started to react. Because of
its highest position, T3 started to measure increasing values of pore water
pressure when water stage was 41.8 cm, but did not reach saturation.
During this experiment, the peak of the hydrograph could not exceed
50.3 cm. The TDR measured water content of the saturated material
equal to 19.6% when the water stage was 49.9 cm.

Fig. 7C shows that the increase of the water stage from 36.7 until
the peak of the flow was very slow and not constant. This depended
on the unexpected high value of conductivity of the bank material.
When the water stage exceeded 36.7 cm, the inflow discharge was
likely the same as the outflow discharge from the valve at the
lysimeter. For that reason, further increase in the water stage was
slower and the peak stage was lower than the previous experiments.

The higher conductivity could be explained by the presence of the
cement. A hypothesis needing further investigation for future
research is that the cement, although in small quantity, was enough
to allow for agglomerating the particles, increasing the mean sizes and
those of the voids, and therefore, increasing the porosity and the
conductivity.

4. Interpretation of results and discussion

A first general consideration is that we observed a large variety of
mechanisms of erosion and failures. Previous research has often
underestimated the occurrence of mass failures in gravelly bank layers,
and this has important implications for modelling bank erosion in
composite banks. For example, Rinaldi et al. (2008) and Luppi et al.
(2009), in their analysis of a composite riverbank of the Cecina River,
excluded mass failures from the basal layer of gravel, because of
difficulties in assigning reliable shear strength parameters to such
material, and allowed deformation of this layer only by fluvial erosion;
this now appears to be a gross simplification. Two aspects are discussed in
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the following part of this section: (1) occurrence of erosion and failures
because of loss of matric suction; (2) role of factors related to initial
instability and to changes in water stage.

4.1. Erosion and failures because of the loss of matric suction

As mentioned previously, erosion because of the loss of matric
suction occurred during the rising phase of the hydrograph, with
scour forming up to the water surface (in loose sediment), or at a level
lower than the water surface (in slightly cemented sediment). This
was clearly observed during the initial tests because the initial near-
vertical bank face was stable in contact with water, as was the vertical
bank-face in EXP3. During EXP1 and EXP2, however, the initial failure
immediately after the panel removal caused the failed material to
enter into contact with water and cover the basal bank, preventing the
direct contact of water with the intact vertical face. Many studies have
focussed on seepage erosion, its quantification and triggering
conditions. This process is commonly associated to a seepage outflow
and implies that a water table gradient is necessary. It occurs during
the descending phase of the hydrograph, when the water table can be
higher than the river stage. The erosion features observed in our
experiments are similar to those classified as seepage-induced erosion
and associated to a seepage outflow in many studies (Howard and
McLane, 1988; Fox et al., 2006, 2007; Wilson et al., 2007; Lindow et al.,
2009). In our study these features, however, have been always
observed during the rising phase of the hydrograph, with a gradient
from the river into the bank. In case of loose sediment, we associate
this process simply to the complete loss of apparent cohesion, because
of rapid infilling of the pores within the bank sediment. This causes a
disappearance of the weak links among particles, and small-scale
breaks and falls occur “particle-by-particle” rather than by mass
movements. In this sense, this process can be partly considered as a
weakening factor, that is a decrease of the erosion resistance and
mechanical stability of the bank material (Thorne et al, 1996),
followed by detachment of particles (erosion). When a basal cavity is
first created, subsequent falls of small blocks of particle aggregates can
also occur. The increasing size of the basal hollow generates a stress-
release on the remaining upper portion of the bank, similar to that
described for the case of gully head retreat by Collison (2001),
inducing the occurrence of cantilever failures.

The same type of process has been also observed in the slightly
cemented sediment of EXP3. In this case, the simple loss of apparent
cohesion cannot explain the occurrence of erosion, as some effective
cohesion exists. The occurrence of erosion was observed to take place
at portions of the bank lower than the water stage, that is in
submerged conditions. Therefore, this can be explained by the
occurrence of positive pore water pressures and an increase in weight
of bank sediment, notwithstanding a partial stabilising effect of
confining water pressures. The loss of apparent cohesion and the
weight of the upper bank material is not balanced by the hydrostatic
force. Another possible explanation is that the erosion process was
observed to start at the boundary of two basal sub-layers of 10 cm
built during the compaction procedure. This created a discontinuity in
the bank sediment, favouring water infiltration and, therefore,
generating higher local pressures. The enlargement of these fissures
was probably the triggering process. Although this process resulted
from the construction of the bank, similar discontinuities can be found
in nature at the interface of different layers.

These mechanisms observed in our experiments during the rising
phases of the hydrograph have rarely been described before, and can
represent an important process of basal deformation in gravel layers
with low cohesion. Many observations that we have carried out along
several composite banks of the Cecina River have revealed the
presence of similar features in basal gravel layers, generally attributed
to toe fluvial erosion but can also be due to processes similar to those
observed in our experiments.

4.2. Initial instability vs changes in pore water pressures

Considering all the observed processes and mechanisms of failure
during the experiments, two groups of causes can be considered in
creating instability conditions: (1) possible initial instability because
of the bank geometry and low shear strength values of the material;
and (2) changes in pore water pressure conditions related to changing
water stage in the tank.

The first two experiments (EXP1 and EXP2) showed that the
failures were possibly related to unstable geometric conditions
(excessive bank height and slope for such type of material), because
the same material appeared stable for near-vertical slopes with
smaller bank heights during the initial tests. This suggests that bank
height and slope can play a significant role, and that some critical
geometric condition may exist which is difficult to predict a priori
because of uncertainties in shear strength parameters and unknown
apparent cohesion.

To allow for a better interpretation of the results and to discuss the
reciprocal role and relative importance of geometric factors and pore
water pressure conditions, some geotechnical analysis was per-
formed. Specific bank stability analyses for observed failures were
not possible because of a number of factors, including the difficulty in
clearly identifying the failure surface, the absence of specific models
for some of the observed mechanisms, and the uncertainty in the
shear strength parameters. Therefore, we preferred to use a more
general approach based on the construction of stability charts, where
the overall stability of the bank is analysed rather than the stability
associated with specific mechanisms. This type of approach can be
applied to predict the likelihood of bank failure for each of the
experiments, after defining its initial geometric conditions (slope and
height) and shear strength properties.

In detail, a series of stability charts (bank height versus slope) were
created for each experiment (Fig. 8), following the approach used in
Rinaldi and Casagli (1999). This entails plotting curves obtained from
geotechnical limit equilibrium analysis by using the slope stability
charts proposed by Hoek and Bray (1981) for circular failures with a
tension crack at a critical depth. This mechanism is considered here as
representative of the overall bank instability, rather than associated to
specific observed failures (although in two experiments, failures with
a component of sliding along a rotational surface were actually
observed).

The shear strength of the bank material was quantified according
to the failure criterion for unsaturated soils of Fredlund et al. (1978),
expressed as follows:

!

T=c + (0-u,) tang’ + (u,-u,,) tand’ (1)

where 7= shear strength (kPa), ¢’ = effective cohesion (kPa), o= nor-
mal stress (kPa), u,=pore air pressure (kPa), ¢'=-effective friction
angle (°), u,, = pore water pressure (kPa) and ¢” = angle (°) expressing
the rate of increase in strength relative to the matric suction (ug-u,).
The previous equation can be also written as:

T =c + (0-u,) tan¢’ (2)

where c is the total cohesion, which results from the sum of the effective
cohesion ¢’ and the apparent cohesion ¢, = (U4—ly) tan ¢° because of
the effects of matric suction (following Dapporto et al., 2003; Darby
et al., 2007; Rinaldi and Darby, 2008).

To apply the slope stability charts of Hoek and Bray (1981), dry
conditions were considered, and incorporated the negative pore water
pressure effects into the total cohesion c.

Determination of shear strength parameters in coarse granular
sediment is extremely complex, and it was not possible to directly
measure them in this research. Therefore, a series of hypotheses were
necessary to define the parameters involved in the analysis, as follows.
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(1) For the first two experiments (loose sediment), ¢’ =0, ¢’ =35°

—

—

s

were assumed (corresponding to about the observed angle of
repose of the sediment), and ¢”=15°, which is similar to
values assumed for low pore water pressures in previous
riverbank stability analyses (i.e. Rinaldi et al., 2008).

The pore water pressure measured at the tensiometer T1 (the
closest to the bank face) was assumed as the mean value along
the whole bank (as a matric suction profile was not available).
Based on this value, the initial apparent cohesion was evaluated.
The unit weight 7y (kN/m?) of bank sediment was calculated as:
Y = Ya + pg0 3)
where y;=15.2 kN/m? is the unit weight of sediment under
completely dry conditions, and 6 is the volumetric water
content (m3/m?), the latter being estimated from the
measured initial value at TDR.

Regarding the third experiment (EXP3), an indirect estimation
of the effective cohesion ¢’ of the sediment with cement was
made, based on the observed geometry of a stable cantilever
block (before failure) and assuming the factor of safety equal to
1 (limit equilibrium), by the following equation:

Lc

FS= x @

where L is the vertical length (m), c is the mean total cohesion
(kPa) given by the sum of effective and apparent cohesion, vy is

the mean unit weight (kN/m?3), and A is the cross-sectional
area of the cantilever block (m?). This analysis provided a
value of ¢’ = 2.2 kPa. Because the estimation of ¢’ depends on
the value of apparent cohesion, the uncertainty was investi-
gated related to the variability of the angle ¢” and the pore
water pressures. This analysis showed that ¢’ could vary in the
range 1.81-2.36 kPa, with ¢” ranging from 35° to 5°,
respectively, and in the range 1.84-2.42 kPa, with ug,-u,,
varying from the maximum to the minimum value measured
at the closest tensiometers during the experiment. This
uncertainty can be considered acceptable, because it did not
significantly affect the overall results of the following analysis.

For each experiment an upper curve associated with limit
equilibrium for the initial conditions was obtained by using these
parameters (Fig. 8). This curve represents the upper bound of stability
when the total cohesion is maximum (beginning of the experiment).
Then limit equilibrium conditions were estimated in case of a
complete loss of apparent cohesion. For EXP1 and EXP2 (Fig. 8A and
B), being ¢’=0, when c,=0 and assuming that positive pore
pressures have not yet developed, the bank stability does not depend
on the bank height, but the bank slope coincides with the friction
angle. This is represented by a vertical line with abscissa equal to ¢’ =
35° that can be identified as a lower bound corresponding to an
ultimate stable angle of the sediment mixture when the total cohesion
is equal to zero. For EXP3 (c’>0), the condition associated with ¢,=0
is represented by a second curve, on the left of the upper bound
(Fig. 8C).
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In this way, for each experiment the stability chart can be divided
in three regions, defined as follows:

(1) Unstable conditions: above and on the right of the upper
bound, the bank is always unstable, including at the beginning
of the experiment (a higher value of apparent cohesion would
be needed to maintain a stable bank);

(2) Conditionally stable conditions: we define here as conditionally

stable the range of geometries of banks between the upper and

the lower boundary curves that are stable because of the
apparent cohesion, but would be destabilised in case of
increasing pore water pressures;

Stable conditions: to the left of the lower bound, the bank is stable

even in the case of zero apparent cohesion, and could be

destabilised only in case of development of positive pore water
pressures.

—
w
-

Although uncertainty occurs in the shear strength parameters, the
stability charts allow for a better interpretation of the results for each
experiment and for comparing the three experiments (Fig. 8D). A
general conceptual sketch of the evolution of bank profiles, inter-
preted by using this concept, is reported in Fig. 9.

EXP1. The initial bank geometry is in the region of conditionally
stable conditions (Fig. 8A), that means that it should remain stable
until the apparent cohesion would decrease. Actually, as observed
before, the bank is subject to an initial failure. This is not predicted by
the stability chart for a series of reasons, including: (1) it is not a
rotational failure involving the whole bank, but occurs on the lower
portion of the bank; (2) this failure can be associated to the sudden
stress release because of removal of the panel, and to the poor
compaction of the sediment in that zone from the non-verticality of
the bank. The initial failure in turn generates additional stress release
on the upper portion and induces a series of cantilever failures.
Subsequent failures are associated with increasing pore water
pressures (during this phase the upper bound moves towards the
left with decreasing apparent cohesion, decreasing the region of
conditional stability). The packed eroding bank moves towards the
left of the chart (progressively decreasing the slope), whereas a new
bank of loose sediment is progressively deposited at a slope
approximately equal to the angle of repose.

EXP2. In this case the bank starts from unstable conditions
(Fig. 8B). This results from the increase in bank slope and lower
initial apparent cohesion. An overall failure immediately occurs after
the panel removal. After remodelling the bank, a new failure affects
the entire bank, so the profile moves rapidly towards left in the chart
(decreasing bank slope), whereas a loose bank is generated at the
angle of repose.

EXP3. In this case, it is evident how the presence of a small
percentage of cement changes the stability chart, with a much wider
region of stable conditions, and a very narrow region of conditionally
stable conditions. Nevertheless, the bank is again in the conditionally
stable region (Fig. 8C). It has been verified that the bank remains in
this region even considering the uncertainty of the effective cohesion,
e.g. varying ¢’ in the range 1.81-2.42 kPa. A change in stability
conditions can result from a decrease of apparent cohesion and/or to
some modification of the bank geometry by other factors. The bank
remains stable until erosion because of the loss of matric suction,
occurring with positive pore water pressures (submerged conditions),
starts to manifest on the bank toe. At the end, after the occurrence of
cantilever failures, the bank geometry of the cohesive portion moves
to a slightly lower bank slope, whereas a new wedge of loose material
is formed at the bank toe, but with a height significantly lower than
the previous experiments.

The bank trajectories shown in the conceptual sketch of Fig. 9
illustrate the occurrence of different dominant processes, starting
from different initial bank conditions (I), although some common
points can be recognised. The second phase of instability (II) is

dominated by slides and granular flows, in case of loose sediment, and
by erosion because of loss of matric suction, in case of slightly
cemented sediment. The third phase (IlI) is dominated by the
progressive instability of the upper portion by cantilever failures
(excluding the unstable banks where cantilevers are unlikely to
occur). The final geometry (IV) is distinct in the two cases: (a) in case
of loose sediment, the final geometry is the same, independent from
the previous bank profile evolution, and corresponds to a plane slope
with angle of about the angle of repose of the material; (b) in case of
slightly cemented sediment, the final geometry of the intact sediment
is almost identical to the initial one (parallel retreat of a near-vertical
bank), but with the addition of a wedge of loose sediment with a slope
equal to the angle of repose.

To return to the initial geometry, a removal of the sediment
accumulated at the base is required (according to the concept of basal
endpoint control: Thorne, 1982). In the case of unstable geometry, a
temporary increase in shear strength is also required to see such
geometry as stable, and this would be possible by an increase in
matric suction (i.e. during a relatively dry period) (see for example
Rinaldi and Casagli, 1999; Simon et al., 2000; Rinaldi et al., 2004), but
these geometries are rare in nature if the sediment has no effective
cohesion. Removal of sediment at the bank toe can also occur within a
flow (not only during following events): in such a case the result will
be to increase the rate of retreat (i.e. Luppi et al., 2009). Actually the
cycle of processes can occur more times during runoff, if fluvial
erosion removes delivered sediments at the bank toe. In such a case
the mass failures would not be limited to the ascending phase of the
hydrograph but may also occur during the descending phase. Further
investigations would be needed to detail this conceptual model with
varying bank characteristics and introducing the removal of basal
sediment delivered by bank failures.

These aspects can be crucial in the prediction and interpretation of
the planimetric evolution of straight and meandering rivers (see for
instance Kobayashi et al.,, 2008; Dulal et al., 2009).

5. Conclusions

Riverbanks composed of coarse, granular sediment can have a
markedly different erosion mechanisms than fine-grained, cohesive
banks. Failures in coarse riverbanks tend to occur during the rising
phase up to the peak of the hydrograph, mainly as a result of the
disappearance of apparent cohesion. Further failures could be possible
during the remaining part of the hydrograph. The rate of retreat
would increase in case fluvial entrainment removes failed sediment
accumulated at the bank toe.

Erosion and failures because of loss of matric suction are
significant processes in this type of banks. A basal scour was often
observed during the rising phase, and explained as consequence of
disappearance of apparent cohesion in loose sediment. In slightly
cemented sediment, additional factors can be the development of
positive pore water pressures, increase in unit weight of sediment,
and the infiltration along the boundary of different layers.

Interpretation of the results by using stability charts clearly show,
on a quantitative basis, that the processes of instability observed
during the experiments are in most cases the results of a super-
imposition of factors of initial (geometric) instability, and progres-
sive reduction of apparent cohesion during the experiments.
Apparent cohesion is sufficient to maintain a stable bank in loose
material, but only for low bank height and/or slopes. Unstable
conditions can be triggered when bank material becomes saturated.
A very limited percentage of cement is able to explain markedly
different responses in terms of stability, mechanisms, and timing of
failure. These results may have relevant implications in terms of
modelling of bank stability and planimetric evolution of river
channels.
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