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ABSTRACT

The objective of this study was to explore the pattern of failure and variation of pore water
pressure in a river bank model consisting of medium cohesionless soil and silt dominated
clay. To create the bank, a flume with dimensions of 550 cm in length, 150 cm in width,
and 60 cm in depth was used. The length and depth of bank was 467 and 32 cm, having
slope angle 33.64°. In this study, a reduced-scale distorted river modeling approach based
on the Froude number was employed. The flume was scaled down by a factor of 1:250,
while the depth of the model river bank was scaled down by a factor of 1:20. Two series
were used in the study: Series-I and Series-II. For the physical model testing in Series-I,
medium cohesionless soil with moisture values of 6% and 13% was taken. In Series-
I1,10% and 15% water has taken for preparation of silt dominated clay bank. For the
model bank (1V:1.5H), the same slope was used in both series. Drawdown of 0.5 and 0.8
times of height were taken in both series (Series-I and Series-II) for this study.

Keywords: River bank, Drawdown ratio, Water content, Pore pressure.

INTRODUCTION

River bank failure and erosion are a universal problem and it is very problematic for those
living on riverine areas (Remini, 2017; Mfoutou and Diabangouaya, 2019; Riahi et al.,
2020; Sarif et al., 2021).
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Erosion and siltation of dams or hydraulic structures are closely related, as river bank
erosion, or watersheds, can contribute to sedimentation, which accelerates the siltation
process (Remini and Remini, 2003; Remini, 2010; Remini, 2017; Remini and Toumi,
2017). Erosion involves the removal of soil or rock from the land surface, often
exacerbated by factors such as water flow, wind, or human activities. When this eroded
material is transported into a water body like a river or reservoir, it can eventually
accumulate behind a dam or in hydraulic structures, leading to siltation (Bougamouza et
al., 2020). Siltation can significantly reduce the storage capacity of dams by filling
reservoirs with sediments, thus impairing their functionality. Moreover, the rate of
siltation is often increased when upstream erosion is more severe, particularly during
heavy rainfall or flooding (Nezzal et al., 2015; Kouadio et al., 2018; Gassi and Saoudi,
2023; Remini, 2023). The ongoing sedimentation process can also affect water quality,
the efficiency of water distribution, and overall management strategies for such
infrastructure (Berrezel et al., 2023). Effective erosion control in the watershed can reduce
the amount of sediment entering the dam, thus mitigating the long-term impacts of
siltation.

The failure of the river bank is always having impact on social economic conditions of
that particular areas (Kana Collins, 2017). In the West Bengal state, approximately 400
square kilometres spread across the 15 blocks in Malda, Murshidabad, and Nadia districts
have experienced significant impact (Mondal and Patel., 2020; Waikhom et al., 2023;
Chadee et al., 2024). The loss of nearly 2800 hectares of land can be attributed to erosion
thus far (Ghosh, 2022; Islam et al., 2021; Sahu et al., 2024). Over the course of four
decades, 700,000 individuals have been displaced from their homes (Das et al., 2017). A
striking instance of this phenomenon occurred in the Shamsher Ganj block, where a 2.75
km stretch along the Ganga River eroded within a mere 50 days from August to
September in 2020 (Islam et al., 2021; Mehta et al., 2022).

Due to the ensuing poverty and socioeconomic issues, river bank erosion in some Indian
states deteriorates into a major environmental disaster that forces forced migration (Das
etal., 2017; Mondal and Patel., 2020; Khatun et al., 2019; Verma et al., 2024). As a result,
a growing corpus of scientific literature examines the stability and failure of various water
front slopes, such as river banks. Understanding the causes of bank erosion is necessary
to provide appropriate methods for measuring it and to propose mitigation strategies
(Islam et al., 2023; Sen, 2008; Mehta et al., 2023). The majority of catastrophic mass
riverbank breaches in India are composed of alluvial or loamy sand and semi-cohesive
material, typically failure happening as a result of the decrease in water level following a
flood in the river (Parker et al., 2008; Karasu et al., 2023). One system that suffers from
severe erosion and bank instability is the Mississippi Yazoo River Basin (Nardi et al.,
2012). The stability of stream banks is largely dependent on the characteristics of the bank
materials, and previous research has shown that these characteristics are frequently
regionally varied (Rinaldi and Casagli, 1999; Osman and Thorne, 1988; Parez et al., 2023;
Ertugru et al., 2022; Chapokpour and Azamathulla, 2025).

Hydrostatic pressure (pore) is acknowledged as an element that impacts the stability of
river banks (Li et al., 2022; Krzeminska et al., 2022; Gasparotto et al., 2022; Mehdi et al.,
2023). In instances when the river stage experiences a rapid decrease due to either natural

38



Exploring the impact of water level variations on model river banks composed of
different soil types: A flume-based investigation

or artificial causes, the seepage gradients cause additional pore pressures to arise, thus
resulting in a reduction of both the effective stress and shear strength of the soil
comprising the bank (Zhou et al., 2019; Karakurt et al., 2023; Achour et al., 2024; Sharma
etal., 2023). It becomes possible for a mass failure event to be initiated if the pore pressure
response is not dissipated before the destabilizing forces surpass the available shear
strength (Tiwari et al., 2023; Parez et al., 2023; Duong et al., 2019;). The intensity of pore
pressure change during drawdown is controlled by properties of the bank materials,
hydraulic conditions, and rate of water level (Chen et al., 2011; Pandey et al., 2023; Camaj
et al., 2024; Karaca et al., 2022; Kantharia et al., 2024)

Before beginning any river bank protection project, the literature emphasizes the need for
a thorough laboratory investigation to analyse the failure patterns and fluctuations of pore
water pressure within the bank. The output of the study can be used in designing any type
of protection work on a river bank. Additionally, it attempts to evaluate the soil's
capability for replicating bank failure in a lab environment, reflecting actual failure
patterns. The study explores the impact of soil type, moisture content, and drawdown on
the distribution of pore water pressure at various river stages, as well as changes in the
position of failure and profile changes

METHODOLOGY

The model bank was constructed in a manufactured flume that was available at Aliah
University's hydraulic laboratory in Kolkata. In order to physically simulate the
riverbank, Froude (F) similarity was employed. To prepare the model bank, a distorted
scale with lengths of 1:250 and heights of 1:20 was utilized. There were two series in the
experimental program: series-I and series II. For banks in the series-I model, medium
cohesionless soil (sand) was used, with starting moisture values of 6% and 13%. Model
banks for series-1I were prepared using silt dominated clay soil with water content values
of 10 and 15 percent. 1V:1.5H slope of bank has taken for this study and 0.5 and 0.8 ratio
of drawdown were maintained in both series.

Model setup

The model flume's measurements are roughly 550 cm long, 150 cm wide, and 60 cm deep.
An adjacent seepage area is incorporated into this experimental flume along the bank's
longitudinal sides. Two sets of pumps have been added in the setup to make testing for
filling water. The seepage tank's water level is kept constant by a SL/s pump, which
replicates the water table inside the bank. Concurrently, a 32 liters per second pump is
utilized to produce channel flow for filling the water in model flume. Trial experiments
were con-ducted to assess the pump capacity with great care to achieve drawdown ratios
from the high flood level, which is necessary to observe failure circumstances.
Interestingly, the setup's arrangement is intended to closely resemble real-world
situations. The images of real setup of experimental model flume were shown in Fig. 1a.
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The variations in pore water pressure along the cross section of the model river bank were
measured using a Pore water pressure monitoring system with Sensors and Data-logger
shown in Fig. 1b. Six channel of pore pressure measuring device placed at different
locations on the bank during the construction of the model river bank. The other ends of
these tubes are connected to the sensors for measuring the pressure. The working range
of these pore pressure devices laying between 0.01 kPa to 4 kPa. The positions of these
sensors pipe within the bank are illustrated in Fig. 1b.

()

(b)

Figure 1: Picture of the model flume (a) Photographs of flume (b) Photographic and
schematic view of pore pressure device and location for pore water
pressure measurement

Dimensions of the bank

The experiments were carried out to investigate the effects of different drawdown ratios
and bank materials on the failure mechanism and profile of a river bank. For each series,
a physical model was created in a lab flume with the same bank height and a constant
1V:1.5H slope. Table 1 provides specifics on the model bank geometry's dimensions,
while Fig. 2 provides illustrations of the bank geometries and slopes.
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Table 1: Dimensions of the bank

Angle . Width
Slope Height (cm
P (Degree) ght (om) (cm)
1V:1.5H 33.69 32 58
10
>
- 0.8H

Country side

H=32

~ LWL =30%H

¥

e N
I~ at}

58
Figure 2: Bank Geometry (Dimensions in cm according to Table 1)

Material used for model bank

This experimental study employed two types of soil. Cohesionless soil, or sand, was
utilized in Series-I to create the model bank. The banks of Series-II were model banks
built on silt dominated soil.

Non-Cohesive Soil

Medium sand that was collected from the nearby location was used as bank material in
this investigation (Series-I). Table 2 presents the fundamental geotechnical characteristics
of the bank material in accordance with Indian Standards.

Table 2: Properties of cohesionless soil

Properties Range

Specific gravity 2.61
Friction angle (#) for bank material for 6% moisture 31.20°
Friction angle (#) for bank material for 13% moisture 33.30°
Unit wt. (yt) (kN/m?) at moisture 6% 15.12
Unit wt. (yt) (kN/m?) at moisture 13% 16.39
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Silty clay

The soil type used to prepare the model bank in Series-II is silty clay. It was gathered in
Kaliachak-III, Malda, West Bengal, India, from the Ganga River. The soil's engineering
properties have been identified in accordance with the process outlined in the Indian
Standard Code Index. Table 3 presents the properties in tabular form.

Table 3: Geotechnical properties of the soil

Properties Values
Specific Gravity 2.65
Grain Size Distribution Silt=70.1%

Clay =24.7%
Sand=5.2%
Silt Factor 0.229
(Cw) 3.75
(Co) 0.51
Permeability in cm/s 2.6x10-7
Cohesion and friction angle C=0.9kPa
0=182°
Liquid Limit 43.6.2
Plastic Limit 26.54

Preparation of physical model for testing

A precise methodology was utilized for both series-1 and series-II in order to guarantee
the specified attributes of the model embankments. Non-cohesive model embankments
were intricately constructed in series-I using a consistent compaction. The primary bulk
densities, adjusted according to water content (WC) percentages of 13 and 6 were an im-
mediate outcome of this procedure. Achieving the desired density necessitated the
systematic construction of the banks in three tiers, each subjected to 25 impacts. Series-
II focused on model banks composed of silty dominated clay soil having 10% and 15%
moisture for achieving the target unit weight of 17.6 kN/m? and 18.56 kN/m? Throughout
the preparation procedure, each layer received a compaction energy of 0.209 kg/cm?,
guaranteeing accuracy and uniformity in the model's creation (Fig 3). Both series
meticulous preparation techniques sought to provide realistic riverbank models that
would enable a thorough examination of the impact of different variables on the failure
of bank.
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Figure 3: Model Bank prepared in flume

Upon completion of setting up the model riverbank, the measuring gauge was positioned
onto the bank's surface to acquire the initial profile reading. The initial measurements
were indicated by these measuring instruments. Subsequently, water will fill in tank
through start of pump. The exterior valve was used to keep the water at a required level.
Through the utilization of the floating technique, the velocity of the water flow on the
surface was measured 6 cm/s. Subsequent to the flume operating for 60 minutes. In this
investigation, two standing heights—0.5 and 0.8 of height were chosen for recession of
water. The comprehensive experimental schedule is listed in the tables below (Tables 4

and 5).

Table 4: Details of test for Series-1

Material for bank Water Testing Height of the No. of
. Bank slope . .
preparation content time water trail

6% 30 min 50% 3

. . 80% 3

Cohesionless soil 1V: 1.5H

13% 50% 3

80% 3

Table 5: Details of test for Series-11

Material for bank Bank Water Testing time Height of the  No. of
preparation slope content water trail
10% 30 min 50% 3
. . 80% 3
Silt dominated clay 1V: 1.5H
15% 50% 3
80% 3
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DETAIL DISCUSSIONS OF RESULTS
Impact of drawdown and moisture content on model bank profile (Series-I)

Twelve model experiments were carefully carried out in this experimental series for a
bank prepared with cohesionless soil, for drawdown ratios of 0.5 and 0.8 of the height.
The starting water content of 6% and 13% were purposefully chosen to provide some
variation in the properties of the soil. The different profiles for different cases are shown
in Figs. 4,5,6 and 7. The model riverbank failed very little near its toe for 0.5 times height
and moisture content of 6%.

On the contrary, the depletion of 0.8 of height led to a notable failure, resulting in the
sliding of the soil mass at the center of the slope. It is noteworthy that, unlike the 0.5 time
of height reductions, the 0.8 time of height reduction with a moisture level of 6% triggered
the most prominent failure, irrespective of water content. This observation points to a
greater susceptibility to failure in situations with more severe drawdown. It's noteworthy
to notice that the slight increase in moisture content from 6% to 13% had no appreciable
impact on the size of failures, regardless of whether drawdown was at 0.5H or 0.8H. This
research's output sheds light on the intricate relationships that impact the stability of bank.
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Figure 4: Profile of bank for water content 6% and water level 50%
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Figure 5: Profile of bank for water content 6% and water level 80%
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Figure 6: Profile of bank for water content 13% and water level 50%
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Figure 7: Profile of bank for water content 13% and water level 80%

One key takeaway from this experimental work was determining the failure location,
failure time (Table 6). With water level 0.5 times of height, failure locations were found
to be 20.92 cm and 11.4 cm from the bottom. Failures started to occur 27 and 32 seconds
after the water recession, respectively, for 6% and 13%. water content. These results go
against the grain of traditional wisdom, implying that the start of bank failure is not
always determined by the immediate aftermath of downturn. One important aspect
affecting the temporal dynamics of bank stability is the pore water's outflow. Upon closer
inspection, failures were evident at 28.72 cm and 21.9 cm from the bottom at an 80% H
dip. For moisture concentrations of 6% and 13%, the commencement times were 26 and
37-seconds following drawdown started respectively. This illustrates the strong
relationship between water content, drawdown height on stability of bank. The findings
presented in this study enhance our comprehension of the complex temporal and spatial
variations that govern the stability of riverbanks during drawdown. The expulsion of pore
pressure also an important parameter to impact the stability.
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Table 6: Failure zone for bank prepared with cohesionless soil

water content % Water level Failure from toe (cm) Initiation time of failure

d/d (sec)
Ny 50% 209 27
0
80% 28.72 26
o, 50% 114 32
’ 80% 21.9 37

Variation of pore water pressure (Series-I)

The sand used in the construction of the model bank had varying levels of moisture
content, specifically 6% and 13%, and a slope of 1H:1.5V. The tank containing the model
bank was then filled with water to two different heights, specifically 50%H and 80%H.
The results of the experiment indicate that during the initial stage of drawdown, the pore
water pressures in channels Chl, Ch2, and Ch3 were measured to be 1.08, 1.40, and 1.27
kPa, respectively, for a moisture content of 13% and a water level at 80%H. In contrast,
the upper channels, namely Ch4, ChS, and Ché6, exhibited significantly lower pore water
pressures, measured at 0.2, 0.45, and 0.10, respectively. These findings can be further
examined in Figs. 8 and 9.
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Figure 8: Pore Water Pressure distribution of model bank in 13 % moisture content
at drawdown ratio 80% H
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Figure 9: Pore Water Pressure distribution of model bank in 13 % moisture content
at drawdown ratio 50% H

For a water content of 6% and a drawdown of 0.8H, the initial manometer readings were
documented as 1.62, 1.81, 1.53, 0.28, 0.5, and 0.20 kPa for channels 1, 2, 3, 4, 5, and 6,
respectively. These results of pore water pressure indicate that the combination of 6%
moisture content and 80 % H drawdown generates a more precarious state for the slope.
The bank displayed increased vulnerability to failure under the drawdown of 80 % H with
a moisture content of 6%. As time progressed, the dissipation of pore water took place,
and after 50 seconds, it was observed that the rate of dissipation was quicker in the model
bank with 13% moisture content and 80%H drawdown compared to other scenarios, as
illustrated in Figs. 10 and 11.
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Figure 10: Pore Water Pressure distribution of model bank in 6.0% moisture
content at drawdown ratio 80%H
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Figure 11: Pore Water Pressure distribution of model bank in 6% moisture content
at drawdown ratio 50% H

Impact of drawdown and moisture content on model bank profile (series-II)

In this set of model banks made of silty clay, at 50% flow height, both 10% and 15% of
the moisture contents showed some erosion. It is remarkable, nevertheless, that following
the test, there were no discernible changes in slope. Because the changes in the
topography of the bank were not significant, the profile for this specific test combination
is not given.
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Figure 12: Profile bank for water content 10% and water level 80%

48



Exploring the impact of water level variations on model river banks composed of
different soil types: A flume-based investigation

—— Original bank profile

20 A

=
o
1

o u

Height of model bank (cm)
[
wv

0 10 20 3 0 50 60 70
ﬁase (cm%

Figure 13: Profile of bank for water content 15% and water level 80%

Figure 14: Failure crack

As seen in Figs. 12, 13 and 14, partial erosion and the development of a longitudinal
fracture happened at 0.8 times of height of flow. Furthermore, as Table 7 shows, it was
found that the failure position for an 0.8 times height of drawdown began 16 and 21 cm
from the bottom at intervals of 46 and 61 seconds, respectively. The properties of the silty
clay soil have affected these observations significantly. Because the internal cohesive
action of the bank material efficiently withstands the seepage pressures working on the
bank during water outflow following drawdown, the forces causing bank failure have less
of an impact on erosion and failure in silty dominated clay.The findings indicate that the
sand-based bank exhibits a somewhat similar failure to what was seen on the field.
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Table 7: Location of failure for Series-I1

Water Water level Failure from toe Initiation time of failure (sec)
content % (cm)
10 50% - 0
80% 16 46
15 50% - 0
80% 21 61

Variation of pore water pressure (Series-1I)

In the second set of experimental trials, a replica river bank was fabricated employing
silty clay soil. The field density was simulated by maintaining the moisture content of the
replica river bank at 10% and 15%, corresponding to 15.6 and 16.85 kN/m?, respectively.
The drawdown ratio remained consistent with the previous experiments. It was observed
that the pore water pressure in silty clay differed from that in banks made of sandy soil.
For a moisture content of 15% and drawdown of 80%H and 50%H, channels such as Ch1
and Ch4 displayed minimal manometer readings, indicating the absence of pore water in
the deeper section of the bank. Conversely, channels closer to the surface, such as Ch2,
Ch3, and Ch5, exhibited significantly higher pore water pressures, measuring 2.49, 1.78,
and 0.49 kPa, respectively (refer to Figs. 15 and 16). Furthermore, it was noted that pore
water pressure did not dissipate easily from the replica bank. Measurements taken 50
seconds after drawdown showed only a 40% to 50% reduction in pore water pressure,
which contradicted the quicker dissipation observed in the replica bank constructed with
sandy soil in previous experiments.
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Figure 15: Pore Water Pressure distribution of model bank in 15.00% moisture
content at drawdown ratio 80% H
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Figure 16: Pore Water Pressure distribution of model bank in 15.00% moisture
content at drawdown ratio 50% H

Significantly high pore pressure was observed in Channels Ch2 and Ch3, with pressure
readings of 2.78 and 2.84 kPa, respectively, for model banks containing 10% moisture
content under both drawdown conditions (80%H and 50%H) (Figs. 17 and 18). In
contrast, Channels Chl, Ch4, ChS5, and Cho6 displayed lower pressures of 1.96, 0.54, 0.98,
and 0.10 kPa, respectively. However, even after 50 seconds from the drawdown, only a
portion of the pressure, ranging from 30% to 40%, dissipated. These results indicate that
a moisture content of 10% retains more pore water pressure compared to a moisture
content of 15%. Additionally, the dissipation of pressure was slow for both moisture
contents. These findings suggest that the river bank, composed of silty clay, exhibited less
failure compared to the sandy soil model bank. This can be attributed to the cohesive
nature of the silty clay, which plays a crucial role in impeding failure.
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Figure 17: Pore Water Pressure distribution of model bank in 10.00% moisture
content at drawdown ratio 80%H
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Figure 18: Pore Water Pressure distribution of model bank in 10.00% moisture
content at drawdown ratio 50%H

The hydrostatic pressure acting on the inclined surface modifies as the simulated river
embankment experiences rapid drawdown, leading to a shift in the overall stress
distribution within the embankment. As a result, there is a corresponding fluctuation in
the pore water pressure attributed to this alteration in stress levels. The pore water
pressure's direction and magnitude are contingent upon the flow direction and mechanical
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response of the soil matrix. In the current experiment, the bank material of the
cohesionless sand model river bank exhibits a relatively high permeability, resulting in a
high dissipation rate of pore water pressure. Additionally, the cohesionless soil possesses
a minimal particle to particle attractive force, which leads to the dislodgement of soil
particles under the pressure of force exerted by pore pressure after the drawdown, causing
mass failure of the slope surface. This condition is indicative of a state in which the bank
has lost its fluid content. As a result, the behavior of the bank when subjected to
drawdown conditions relies on a joint assessment of the drawdown velocity and the bank
material's permeability. Additionally, it has been noted that the highest pore pressure in
silty clay soil surpasses that in sandy soil. In cohesionless soil, there exists a greater
number of inherent seepage pathways, leading to an increased dissipation rate of pore
pressure. Conversely, the permeability of silty clay soil is insufficient, causing a
diminished dissipation rate of pore pressure.

CONCLUSION

The primary conclusion of this study is presented below.

1) Moisture content has exerted a considerable influence on the magnitude of failures.
In this investigation, the maximum failure for cohesionless soil was observed under
6% moisture content with an 80%H drawdown. Conversely, the model bank
composed of silty clay soil did not exhibit significant failure.

2) For both soil types, a 0.5-height drawdown showed no discernible effects on the
model bank.

3) The results showed a clear pattern in which the failure did not coincide exactly with
the decline phase. As an alternative, failures appeared at different times after
drawdown began, a process linked to pore water escaping the embankment.

4) The findings show that the sand-built model bank has some problems that are
comparable to those that are seen in the field.

5) The distribution of pore pressure after drawdown at various positions along the bank
demonstrates that the highest pressure is maintained within the central channel, as
opposed to channels closer to the slope and countryside.

6) The results of pore pressure distribution in sandy and silty-clay banks clearly indicate
the reasons for the absence of failure or minimal erosion in silty clay banks due
cohesive properties of the silty clay bank.

7) For sandy banks, maximum failure tends to occur near the channel where the rate of
pore pressure depletion is higher post-drawdown.

8) Therefore, this investigation demonstrates the feasibility of conducting a physical
model analysis prior to the implementation of a bank safeguarding initiative. Within
the realm of geo-fluvial simulation, it was observed that the bank constructed using
cohesionless soil exhibited a breakdown pattern that closely mirrored real-world
scenarios compared to a bank made of cohesive soil across various environmental
settings.
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