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Abstract: The resilience of earth-filled embankments against flooding is experimentally investigated
using a scaled laboratory model. The project aims to evaluate the effectiveness of low-cost
strengthening methods and materials which can be easily implemented especially in developing
countries. Investigating locally available materials like waste tyres and jute bags reveals promising
options for strengthening embankments in these regions. The performance of waste tyres as
reinforcement material connected using jute string was evaluated by conducting tests using four
flow rates under two different scenarios: steady peak flow scenario with reinforcement and without
reinforcement. Measurements of the embankment height along the cross-sectional width were
recorded and the erosion level was analysed by quantifying sediment volume loss. Three successive
modes of failure were determined: toe scouring, sliding, toppling. Direct correlation was observed
between increasing discharge and water depth. Reinforcing the embankment significantly
decreased erosion in the range of 30% - 50% under different flooding scenarios, therefore,
highlighting its effectiveness in reducing failure risks and contributing to UN Sustainable
Development Goals 9, 11 and 13.

Keywords: earth-filled embankments; flooding; waste tyre; geocell reinforcement; scour; erosion;
material loss; sentiment transfer

1. Introduction

The increase in magnitude and frequency of flash floods across the globe [1,2] underscores the
intensifying impact of extreme weather events driven by climate change. These events pose an
increasing threat worldwide, with developing countries being especially vulnerable. In Bangladesh,
catastrophic floods caused by cyclonic storm surges have repeatedly struck low-lying regions [3] with
the most recent example in August 2024 with 502,501 people displaced [4]. About 30-40% of the
country’s population who live closer to rivers are facing environmental and social problems due to
river erosion [5]. The lack of effective reinforcements along the riverbanks and coastal areas as well
as robust infrastructure, makes these regions vulnerable to catastrophic disasters following flood
occurrences which disproportionately impact low-income communities [6,7].

To mitigate the erosion of banks caused by the extreme flood events and protect the land along
the Brahmaputra-Jamuna River in Bangladesh, structures such as groynes and revetments were
constructed between the years 1980 and 2015 proving to be a practical solution [8]. However, the
combined effects of climate change and the intensifying impact of extreme rainfall during the
monsoon season has increased the intensity of flooding, soil erosion and scouring as illustrated in
Figure 1. Further flooding results in many traditional embankments to become ineffective and
insufficient [3]. Since many embankments in developing nations, such as in Bangladesh, are
composed of merely natural soil, the land near the embankments is extremely vulnerable. Excessive
rainfall or increased water can remove the uppermost soil; a phenomenon known as sheet erosion
[9]. Saturation of the submerged soil slope weakens the material strength, which in combination with
scouring at the base, fluvial erosion and sentiment transfer by the river, triggers a successive
slumping process, resulting in severe retreat of riverbanks, further exposure to flooding, loss of land,
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habitats and infrastructure. Geotechnical failures, primarily flow slides caused by scouring, along
with retrogressive erosion or breaching process during floods have severely damaged the
embankments of the Brahmaputra-Jamuna River planform [8].

Figure 1. Flood defence system collapsed a year after construction in Bangladesh, Sirajganj (Image
from DhakaTribune [6]).

According to the World Meteorological Organization (WMO), Asia was the world’s most
disaster-prone region in 2023, experiencing 79 extreme weather and climate-related events. Floods
and storms accounted for 80% of these disasters, resulting in over 2,000 fatalities and directly affecting
more than 9 million people [10]. But climate change-driven natural disasters have started significantly
impacting other areas of the planet, such as the Mediterranean countries in Europe. Greece, for
instance, has experienced two lifetime-category cyclones within three years: Cyclone lanos in 2020
and Storm Daniel in 2023. Both events caused catastrophic flooding, landslides, and widespread
infrastructure collapse, as illustrated in Figure 2 [11-13]. Storm Daniel, the most intense storm
recorded in Greece since 1930, had an estimated annual occurrence probability of just 0.4-1.25%,
highlighting its rarity and the increasing risks posed by climate change [14].

(@) (b)

Figure 2. (a) Damage on river banks and adjacent structures from severe flash flood caused by the
cyclone Ianos in Mouzaki, Thessaly, Greece in 2020 (Image from geoengineer.org [11]); (b) Second
retreat of the river banks and subsequent structural damage in the same town, caused by Storm Daniel

in 2023 (Image from ecopress.gr [13]).

The year 2024 is projected to become the warmest on record, accelerating glacier ice loss and sea-
level rise. In addition, central Europe experienced unusually high precipitation between September
and October 2024, leading to severe flash floods. Spain alone reported 219 fatalities due to the recent
flash floods being recorded as the deadliest flood phenomenon to affect Europe since 1970 [14,15].

Studying failure mechanisms and erosion patterns on natural soil riverbanks and earth
embankments is critical for proposing and designing suitable mitigation measures. The most reliable
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source of information are real-life case studies and field observations after flooding events [5,16,17].
Physical modelling in scaled flume experiments has been extensively used, combined with numerical
modelling to simulate erosion/scouring related slope stability problems, and assess the performance
of different structural systems and erosion control systems [18-20]. The slope geometry, the soil
material properties, the water level and the stream velocity, are commonly highlighted as the main
parameters affecting the behaviour of the slope. The most common failure pattern in natural slopes
consisting of apparently “cohesive” soil material, is triggered by the weakening and sliding flow of
the material in the submerged part causing scouring at the base, which is followed by the
development of tensile cracks and a “blocky” toppling failure of the overhanging slope part above
the cavity, also mentioned as "cantilever failure” [18-20]. Following the slope collapse, the next
important aspects highlighted in the literature are: a) the sediment material added on the river bed,
driving a further increase of the water level and its effect on erosion, and b) the sediment transport
and deposition mechanisms that tend to create new bedforms along the channel bed, which can affect
the route and the erosion potential of the river [21-23]. From the latter, it is evident that a critical
intervention for erosion protection on riverbanks and embankments should aim to enhance stability
but also to reduce the material loss from the slope into bedload.

Improving the geotechnical properties of soil embankments is necessary to reduce mass failures
[24], a task however that can be exceedingly costly to accomplish especially in developing countries,
where efficient and affordable soil reinforcement techniques for earth embankments are crucial, to
reduce the impact of flood imposed disasters. The use of natural and synthetic fibre such as wool,
leaf fibres [25], coconut (coir) fibre, palm fibres, jute, bamboo, cane [26] have been studied as low-cost
and efficient methods for stabilising soil [27]. Reuse of waste car tyres in various forms (e.g. shredded,
tyre bales, individual tyre, “8”-shaped geocells etc) has been proposed in the literature as a low-cost
alternative for soil stabilisation and reinforcement (e.g. compared to geosynthetic geogrids and
geocells), which also addresses the massive tyre waste management problem [28,29]. Tyre
reinforcement has been used as retaining walls to protect embankment slopes [30] and forest roads
[31] and has been shown to produce satisfactory results in frictional and cohesive soil [32]. Past
research in the UK, funded by the Department of Trade and Industry and the Environmental Agency,
has investigated the use of waste tyres as bales or individual tyres in geocell grids in coastal and river
engineering applications [33]. Further research has looked more specifically on their use in slope
stabilisation and erosion control structures [34]. Potential applications and limitations on the use of
the technique have been embedded in the more recent CIRIA C713 international levee handbook [35].

It is estimated that Bangladesh produces around 150,000 tons of waste tyres per year [36]. Of the
1.1-1.2 million tonnes of jute produced annually in Bangladesh, approximately 200k tonnes are used
locally [37]. Other locally available materials such as waste fishing nets [25] can also be recycled as
reinforcement in river embankments. This paper investigates through laboratory experiments the
effectiveness of affordable reinforcement in earth-filled embankments to prevent failures from
extreme flood events in developing countries due to climate change. This research aligns with the
UN Sustainable Development Goals 9 (Industry, Innovation, and Infrastructure), 11 (Sustainable
Cities and Communities), and 13 (Climate Action), contributing to resilient infrastructure, sustainable
urban development and climate change mitigation [38].

This paper consists of 4 sections: the introduction summarises the impact of flooding and
reviews literature on using low-cost reinforcement materials to improve flood defence and slope
stability. The second part presents the laboratory work outlining the experimental flood simulations
with and without reinforcement, and the methodology for testing embankment stability under varied
flows. Section three demonstrates how reinforcement reduces embankment erosion at various flow
rates and discusses its effectiveness. The final part presents the study's conclusions.
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2. Research Methodology

This section presents the experimental flood simulations on the scaled embankment models,
with and without reinforcement, and the methodology used to prepare and test the specimens and
record the erosion and the final shape of each one of the models, under varying flow conditions.

2.1. Flume and Experimental Set-Up

The experiments were conducted in the Hawke Building in the School of Engineering at the
University of Greenwich using an EN6SP Armfield sand flume. The horizontal sand bed flume is 190
cm long, with a cross-section width of 60 cm and a height of 15 cm. The flume provides a range of
flow rates from 0.1 L/s to 9L/s. Figure 3 illustrates the apparatus used in the experiments, including
a plan (Figure 3a), a section (Figure 3b) and a 3D view (Figure 3c) of the wooden model.

100cm 10cm Horizontal
top surface

s1°0m

15,1cm

20cm
(b)

Adjustable tailgate, Watertank-
outflow

shorterchannelmodel

Remavable model
embankments

Level gauge featuring
apointgauge

Longer channelmodel

Water tank-inflow

Figure 3. (a) Plan view of the apparatus with dimensions, (b) Section view with detailed dimensions
of the embankment and the removable sections highlighted in red and (c) 3D view of the experimental
apparatus, with arrows indicating the flow direction.

The apparatus consists of two main sections that form the channel and embankments. A fixed
wooden plank represents the riverbed, with embankments on either side. A segment of 1 metre of
the wooden embankments (one on each side, shown in red in Figure 3) was removable, to be replaced
with soil material for the purpose of this experiment. The selected slope angle of 57° is representative
of a typical case of “cohesive” natural soil that can exhibit a general failure mechanism, including
rotational slumping and tensile cracks [39]. Steady state laminar flow into the channel was secured
by a segment of 0.6m upstream, consisting of fixed wooden model slopes, and a similar segment of
0.3m downstream, was used to contain the earthen central segment (red in Figure 3) and prevent it
from being completely washed away into the flume’s outflow tank.

2.2. Reinforcement Material

Clear PVC hose with synthetic material was used to represent the tyres in the model. The
experiment was scaled to a 1:50 ratio using a Froude scaling, enabling accurate representation of the
reinforcement and its potential behaviour under real-life conditions as shown in Figure 4.
Furthermore, the flow rate was also proportionally scaled to replicate the peak flow conditions of a
flash flood event.
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The model tyres were arranged in rows secured together using 2mm jute strings as illustrated
in Figure 5. The rows of tyres were then connected together to form a continuous “geocell” grid along
the one-metre length of the embankment, to enhance the stability by securely holding the tyres in
place. This decision was informed by the findings of preliminary reinforcement trials on the slope
facade, with use of single or double skin loose tyre walls, which revealed the possibility for the latter
to be displaced and washed away at high flow rates.

245/45R16

Width: 245mm
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Rim diameter: 16

| Width:20mm

~  Innerdiameter: 25mm
s

Outer diameter: 30mm

[

(a) (b)

Figure 4. (a) Dimensions of the prototype tyre (Image and dimensions from Tire Size Calculator [40]);
(b) the PVC hose model tyre.

406.4mm

Figure 5. A row of model tyres made of clear PVC hose and tied together using 2mm jute strings.

2.3. Measuring Equipment

Alevel gauge was used to measure the cross-sectional height of the embankment slope from the
channel bed, which was set as the reference ground level. The flow rate was controlled using a flow
control valve with the flow rate displayed on a digital RTB Rate Totaliser.

2.4. Sand

The soil material used to construct the embankment is typical laboratory-grade clean silica sand
with rounded particles, having a uniform particle size distribution, ranging from 0.3 to 0.6 mm, and
an average diameter of 0.45 mm.

2.5. Test Program

The test program was designed to investigate failure mechanisms and evaluate the effectiveness
of cost-effective reinforcement in earth-filled embankments.

Research from Alam et al. [41] illustrates hydrographs depicting the favourable morphometric
conditions in Southeastern Bangladesh, which were used to determine the extreme scenarios a
channel might be exposed to. The embankments were tested under steady peak flow scenarios. The
flow rate was scaled to provide a realistic representation of the prototype flow rates tested. The
scaling also accounted for the maximum discharge limitations of the apparatus. The scaled flow rates
ranging from 1 L/s to 9 L/s are presented in Table 1.
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Table 1. Flow rate scaling for a scale of 1:50.

Scale: 1:50
Model Prototype
Flowrate (I/s) Flow rate (m3/s) Flow rate (m3/s)
1 0.001 17.7
2 0.002 35.4
3 0.003 53.0
4 0.004 70.7
5 0.005 88.4
6 0.006 106.1
7 0.007 123.7
8 0.008 141.4
9 0.009 159.1

To evaluate the significance of using reinforcement in the earth-filled embankment, two sets of
tests were conducted where the embankments were tested under steady conditions with and without
reinforcement as illustrated in Table 2.

Table 2. Details of the eight experimental test cases considered.

Test Set Reinforcement Flow Rate Time Note
Number (L/s) (minutes)
1 1 No 9 3 Peak Flow
2 1 No 7 3 Peak Flow
3 1 No 5 3 Peak Flow
4 1 No 3 3 Peak Flow
5 2 Yes 9 3 Peak Flow
6 2 Yes 7 3 Peak Flow
7 2 Yes 5 3 Peak Flow
8 2 Yes 3 3 Peak Flow

2.6. Experimental Procedure

The first step in the experimental procedure involved the preparation of the physical model. The
wooden model form was placed into the sand flume apparatus, and weights were added to the
horizontal top layers of the model to prevent it from floating, ensuring stability during the
experiment. For the construction of the non-reinforced embankments (Tests 1-4), the sand was
compacted in layers of 2cm thickness until it reached the horizontal top surface of the embankment
ensuring uniform compaction throughout (Figure 5). A wooden shaper was then used to finalise the
shape of the embankment (Figure 6). The sand material was wet and partially saturated during the
compaction, in order to exhibit a “pseudo-cohesive” behaviour, due to negative pore water pressures
and pre-consolidation [42]. In that way, a sand material can be used in the context of this experiment
to simulate a natural slope with apparent cohesion.
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Weight plates on
the horizontal top
surface First layer sand

compaction

Figure 6. Application of the wooden shaper to finalise the shape of the embankment.

The construction process was repeated for each side of the embankment, taking approximately
40 minutes per side. For the reinforced embankments (Tests 5-8), the first layer of reinforcement was
inserted as shown in Figure 7a. Sand was then compacted on top to ensure filling of gaps within the
reinforcement. Additional layers of reinforcement were added on top of the compacted sand (Figure
7b) until the horizontal top surface of the embankment was reached (Figure 7c). The construction
process for the reinforced embankments took approximately one hour per side.

Following the construction phase, the flow rate was set according to the experimental
requirements, and the experiments were initiated. All tests were conducted for a duration of 3
minutes, during which any failure of the embankment was closely monitored. Measurements of the
embankment height were taken using a level gauge along the cross-sectional width of the flume at
specified points: 30 cm, 50 cm, and 70 cm along the one-metre length of the earthen embankment.
The monitoring of the collapse and the analysis focuses solely on this central section of this section,
so that it can be considered free from boundary effects, arising from the turbulence of the flow in the
transition zone between the hard wooden slope and the soil.
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"

Figure 7. Construction process of the model used for the reinforced scenarios. (a) First layer of

reinforcement; (b) Mid-height layer of reinforcement and (c) Final reinforced embankment.

3. Results and Discussion

As part of this research two sets of tests were conducted as shown in Table 2. For the scope of
this paper, tests 1, 2, 5 and 6 will be presented analytically in Section 3.1 and the remaining tests will
be summarised in Section 3.2. Full analytical graphs of all tests are available in Appendix A.

3.1. Experimental Results

3.1.1. Non-Reinforced (Test 1-2)

Tests 1 and 2, conducted on non-reinforced embankments at flow rates of 9 L/s and 7 L/s
respectively, are detailed in Table 2. Figure 8 and Figure 9 show photos of the collapsed embankments
taken after the three-minute test period.

In both cases the soil material in the embankment began to slide immediately after the initiation
of the flow, in the submerged part under the water surface, due to the saturation. The behaviour is
consistent between flow rates of 9 L/s and 7 L/s, where within the first 30 seconds, the submerged
part of the slope (approximately 60% of the embankment's height) exhibited sliding and flow of sand
particles along a less steep slope, equal to the “angle of repose” of the sand [20]. This triggered
instability in the material above and within the subsequent 5 seconds, approximately 30% of the
horizontal top surface of the embankment developed tensile cracks and toppled forward. The
collapse of the embankments persisted throughout the duration of the test. Most of the eroded
sediment had been deposited in the model's river bed, resulting in a rise of 1.5 cm for 9 L/s and 2.55
cm for 7 L/s at the centreline of the bed. The height of the deposited material for a flow rate of 7 L/s
surpasses that of 9L/s. This difference is attributed to testing both sides of the embankment for the 7
L/s scenario (yellow line in Figure 10), whereas only one side was tested for 9 L/s scenario (blue line
in Figure 10). The decision to model only one side was made to prevent interference from sediments
originating on the opposite side and to reduce the duration of each testing cycle.
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Figure 9. Collapsed embankments using 7L/s; the arrow represents the direction of flow.

Embankment height variation across the cross-sectional width
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Figure 10. Average cross-sectional variation of the collapsed embankment for 9 L/s and 7 L/s.

Figure 10 displays the average cross-sectional embankment height obtained for flow rates of 7
L/s and 9 L/s. The graph's left side illustrates that the embankment slope for 9 L/s is slightly less steep
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than that of 7 L/s and that the embankment experienced greater erosion under 9 L/s than 7 L/s. The
analysis of the volumes of sediment transferred from the embankment to the riverbed, showed that
within three minutes, 3.9 x 103cm?® of sediment from the embankment eroded at a flow rate of 9 L/s,
compared to 3.7 x 103cm? at a flow rate of 7 L/s. Furthermore, this demonstrates that 17.3% of the
embankment's total volume was eroded at a flow rate of 9 L/s, while 7 L/s resulted in 16.4% erosion
of the embankment's total volume. A set of example calculations for the dissipated volume under a
flow rate of 9 L/s are outlined in detail in Appendix B.

3.1.2. Reinforced (Tests 5-6)

Figures 11 and 12 show the performance of the reinforced embankment after a three-minute test
under flow rates of 9 L/s and 7 L/s respectively.

Figure 11. Collapsed reinforced embankment at 9L/s. A tensile crack on the top surface of the
embankment is visible inside the red outlined box; the arrow represents the direction of flow.

Figure 12. Collapsed reinforced embankment at 7L/s; the arrow represents the direction of the flow.

The experiment revealed notable differences in the impact of flow rates on the reinforced
embankment. With a flow rate of 9 L/s, the embankment exhibited greater susceptibility to erosion
compared to 7 L/s.

In the case of 9 L/s, significant erosion occurred within the initial minute of testing. In contrast,
the majority of the erosion for 7 L/s occurred within the first two minutes. Erosion initially affected
the base surface of the slope, followed by the erosion of sand within and around the tyres, leading to
tensile cracks on the slope surface and collapse of sediments in layers. This layered collapse
phenomenon may be attributed to the horizontal layering of reinforcements. Despite the erosion,
smaller sections of the embankment's surface experienced sediment falls and deposition near the base
of slope until the end of testing.
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Figure 11 illustrates that by the test's completion, minor tensile cracks were visible on the upper
surface of the embankment for 9 L/s, as only the sand on the slope surface was transferred during the
test, but the under digging did not progress further inwards. Similarly, Figure 12 shows tensile cracks
and soil particle flow throughout the length of the embankment’s slope only on the slope surface, but
the top flat surface of the embankment was not affected. This suggests that reinforcement enhanced
the slope stability, by effectively slowing down the erosion process and retaining soil particles and
interrupting their downslope motion and prevent severe under-digging.

From Figure 11, it can be observed that the erosion of the sand on the slope face has exposed the
tyre geocells, which have also shifted from their original position. However, for 7 L/s, the effect was
reduced as seen in Figure 12. Overall it can be noted that the reinforcements are efficient in holding
sediments eroded from above and prevent complete collapse of the slope, and also that the
reinforcement grids remain overall in place despite the damage patterns on the surface, as the buried
part under the intact area of the slope provides sufficient anchorage. Figure 13a shows that there is
the degree of erosion on the slope surface and the material deposition in the river bed is increased for
the higher flow rate of 9 L/s compared to the 7L/s in Figure 13b, but in both cases the damage is
limited on the slope surface and has not moved much deeper in the embankment.

Sediment
erosion from the
reinforcement

(a) (b)

Figure 13. Deposition (dashed arrow) and erosion (solid arrow) of sediments in the reinforcement for
(@) 9L/sand (b) 7 L/s.

The most important finding is that the layered reinforcement structure for both flow rates
remained intact, owing to the interconnection of tyres using strands of jute. This mechanism
effectively prevented the displacement of tyres by the water flow, but also kept the upper surface of
the embankment intact for both cases, preventing any toppling failure, thus emphasising the
enhanced structural integrity due to the reinforcement. Minor tensile cracking was observed for 9
L/s, as indicated in Figure 11 (red box), however, overall integrity was unaffected during the test
time.

Figure 14 displays the plotted cross-sectional results obtained from the embankment's length for
a flow rate of 7 L/s and 9 L/s. The plot clearly demonstrates that for 9 L/s, a higher amount of sediment
was deposited at the bed of the channel compared to the 7 L/s, hence, illustrating higher erosion. The
volume of eroded sediments was derived from the plots to allow quantitative comparison. The
analysis shows that for a flow of 9L/s, 2.8 x 10 cm?® of sediments were deposited on the bank after
the end of the test time, whereas for 7 L/s, 1.8 x 10° cm® were deposited. Furthermore, this also
reveals that 12.4% of the sand volume was removed from the embankment’s total volume (volume
of reinforcement and sand) for 9 L/s. Whereas, for 7 L/s, 8.0% was removed. Therefore, confirming
even with reinforcements present, higher flow leads to higher erosion.
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Embankment height variation across the cross-sectional width
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Figure 14. Cross-sectional variation of the collapsed reinforced embankment for 9 L/s and 7 L/s.

3.2. Discussion and Failure Mechanisms

Figure 15 illustrates the cross-sectional variation for 9 L/s, 7 L/s and 3 L/s of the collapsed
embankment under both non-reinforced and reinforced scenarios. Analysing the graph further, it
indicates that the incorporation of reinforcements contributed to a clear reduction in embankment
erosion under all cases.

A consistent trend was observed across tests 1-8 and a direct correlation between increasing flow
rates and water depth, and vice versa. One of the reasons for this is that the sediments that are washed
away under the different flow rates, are deposited on the channel bed, which causes the channel bed
to rise, hence, the water level increases. This condition in real life scenario means the water level
during flood events may increase over time leading to damages in the surrounding areas, which is
consistent with findings from field observations [21]. It was also confirmed that the transport and
deposition of the sand led to the formation of bedforms along the channel bed [22].

The observed failure characteristics on the unreinforced slopes are consistent with the
mechanism described from the findings of past research on “cohesive” soils slopes [18-20]. In both
the case of the model sand used in this experiment and the case of a natural slope with “cohesive”
material with significant clay and silt cluster, the same three mechanisms are mobilised:

First, the saturation from the elevated water surface in the sand, immediately balanced out the
negative pore water pressures in the previously partially saturated sand and cancelled out the
“pseudo-cohesion”. This is exactly what is happening also in the case of silty or clayey natural slopes,
with the only difference being the time required for full saturation to develop, due to the reduced
permeability.

Second, the soil particles free from their temporary bonding, were free to slide downslope pushed
by fluvial erosion and re-arrange themselves underwater, along a shallower slope line, equal to the
sand’s repose angle (or alternatively the “infinite slope” stability concept), which is around 35
degrees, in the case of the particular sand, as shown from the measured profiles. This under digging
action is creating a cavity (scouring effect) underneath the still standing, partially saturated, and still
“cohesive” slope [19,20].

Third, gravity pulls the overhanging slopes downslope, by opening up tensile cracks and by
forming blocks that can slide or topple. The final shape of the collapsed slope profile can be roughly
described by only two lines: the repose slope angle, ending up to the tensile crack face, which still
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stands vertical as this part of the slope was kept above the water level and remained partially
saturated, thus the soil material never lost its apparent cohesion.

While the above behaviour has been observed in past research, the special focus in this analysis
is of course on the performance of the reinforcement. It needs to be noted that the addition of the
waste car tyre geocell reinforcement cannot prevent the first stage of the mechanism mentioned above
i.e. saturation and loss of the apparent cohesion. Still, soil particles become loose and tend to slide
along the slope. In this case, the presence of the geocells interrupted their sliding route, and despite
the fact that particles were still washed away from the fluvial erosion effect and managed to escape
into the stream, the geocells provided better retention of soil particles. Furthermore, toppling from
blocks of the soil from above, led to the formation of debris cones on top of the geocell reinforcements,
as shown in Figure 13.
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Figure 15. Cross-sectional variation of the collapsed embankment for the steady flow simulations for
non-reinforced and reinforced scenarios.
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In order to quantify the effect of the reinforcement on the reduction of material loss, the
measured volumes of sediments deposited into the river are plotted in Figure 16 against the flow
discharge. The data points reveal first that the volume dissipated increases proportionally with
discharge, which is naturally expected. Looking at the specific flow rates, reinforcing the
embankment significantly decreased erosion by 34.5% at 3L/s, 51.2% at 7L/s, and 28.3% at 9L/s. It
must be noted that the calculated volume loss for the 7L/s run on the unreinforced slope, might be
overestimated, due to modelling of both banks of the river, as explained earlier. Nevertheless, the
important finding is that the trendline for the non-reinforced scenario is around 50% steeper than the
trendline of the reinforced one. Even if the case of the 7L/s is disregarded, the reduction will still be
within 30% and 50%. Moreover, it must be noted that this calculation is still not the complete picture;
the cycle of scouring, collapse erosion in the case of an unprotected slope, can be triggered again as
sediment transfer can remove material and scour the base again, resulting in retreating riverbanks.
In the case of reinforced slopes, the prevention of a complete collapse, allows us to assume that
further erosion and retreating riverbanks phenomena can be avoided, provided that adequate
maintenance will follow after every severe flooding and damage event.
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Figure 16. Graph illustrating the dissipated volume estimated as the flow rate increases.

The above experimental findings underscore the efficiency of applying this low-cost, waste car
tyre geocell reinforcement in reducing erosion. This experimental work provides supporting
evidence at a proof-of-concept stage, since the experiments were conducted only once, allowing for
potential human errors and variations in sand properties and behaviour (e.g. compaction, saturation
etc). A more robust analysis should be based on a larger scale experimental programme, where
repeatability of the results can be proven, and the measured behaviour and the effect of variations
can be determined based on a statistically significant dataset. Similarly, the application of the
reinforcement proposal itself can be refined further, trying to optimise the layout of the geocells or
investigate its use, in combination with other materials or techniques.

Last, it must be noted that this project, aligned with other previous research efforts, has looked
at the behaviour and performance of the waste car tyres as a structural material, from the mechanical
behaviour point of view. Equally important to consider are the environmental concerns around the
discard or storage of waste car tyres in the environment and the contamination of land and water
resources with microplastics [35,43,44]. It is estimated that a quarter of the total amount of
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microplastics released into the environment is coming from car tyres, even though this is mainly the
result of the wear on the roads [45], i.e. before it becomes a waste material. Further degradation
happening when discarded tyres are left exposed to direct sunlight and environmental factors [44],
might be significantly reduced if the reinforcement is kept carefully buried and protected in the
ground, i.e. shielded from sunlight exposure. Nevertheless, further environmental impact assessment
studies with respect to microplastic pollution are necessary to fully understand their implications.

4. Conclusions

Climate change has increased intense rainfall and flooding, significantly impacting river
embankments and causing slope failure and erosion, particularly in developing countries. Waste
tyres tied together in a geocell grid using jute, were chosen as reinforcement material for the
embankment, as it can be everywhere a locally available waste material.

Laboratory experiments conducted on a generic flume model under steady state flow conditions,
confirmed the known from the literature failure patterns of scouring, sliding and toppling, for the
unreinforced “cohesive” soil slopes. The study found direct correlations between rising flow rates,
water depth, and sediment deposition, potentially exacerbating flood damage. Also, increasing flow
rates directly correlated with higher sediment loss, as quantified by sediment volume measurements.

Reinforcing the embankment with the waste car tyre geocells, significantly decreased erosion by
30% to 50%, therefore, highlighting its effectiveness in reducing failure risks. The resulting damage
on the reinforced embankments under the various flow rates reveals that despite the material loss,
the slope can retain its shape, preventing complete collapse and remain in a repairable state. With
proper maintenance after the flooding damage, the reinforced embankment can subsequently
prevent successive failure patterns and retreat of the riverbanks. This is another benefit of building
with locally available materials and simple equipment, since implementing this efficient technique
for earth-filled embankment construction offers an opportunity to educate local communities on
repair methods, ensuring sustained flood protection and building up their resilience.

Looking ahead, the promising results of this study, pave the way for more sustainable and
effective flood protection solutions, fostering resilience in future infrastructure development.
However, moving further from proof of concept to real life applications, the efficiency and
optimisation of the proposed technique must be further investigated, combined with environmental
impact assessments regarding the potential environmental pollution hazards from the use of the
particular waste material.
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Appendix A. Full Analytical Results

Appendix A.1. Unreinforced (Test 3-4)

Figures Al and A2 show the collapsed sand embankment for a flow rate of 5L/s and 3L/s
respectively after a period of 3 minutes (Tests 3-4).

Figure A2. Photos of the collapsed embankment at 3L/s.

Figure A3 Illustrates the cross-sectional variation under the flow rates of 5L/s and 3L/s. At5L/s,
the dissipated volume was 2614.1 cm3, whereas at 3 L/s, it was 1241.3 ¢m?. This further demonstrates
that 11.6% of the embankment's total volume was eroded at a flow rate of 5 L/s, while 3 L/s resulted
in 5.5% erosion of the embankment's total volume.
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Embankment height variation across the cross-sectional width
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Figure A3. Cross-sectional variation of the collapsed embankment at 5 L/s and 3 L/s.

Appendix A.2. Reinforced (Test 8)

For this section, tests were carried out only with 3 L/s and not for 5 L/s. The experimental
apparatus experienced technical issues and for health and safety reasons, the flume was made
unavailable.

Figure A4 shows pictures of the collapsed embankment with reinforcement for a flow rate of 3
L/s (Test 8).

Figure A4. Photos of the reinforced collapsed reinforced embankment at 3L/s.

Figure A5 shows the plot for 3 L/s and a comparison with 7L/s. From volume analysis obtained
from the graph, quantifies that 3 L/s has 817.8 ¢m?® of sand that has been displaced from the original
embankment shape. Therefore, the percentage of sand volume displaced is 3.6% of the total volume
of the embankment (volume of sand and volume of reinforcement).
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Embankment height variation across the cross-sectional width
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Figure A5. Cross-sectional variation of the collapsed reinforced embankment at 3 L/s and 7 L/s.

Appendix B. Volume Calculation Scheme

Figure A6 illustrates the graph of the average cross-sectional variation of the collapsed
embankment for 9 L/s. The red outlined area represents the area lost. The green outlined shape
represents the bigger triangle (i) and the blue highlighted shape represents the smaller triangle (ii).
The dashed green and blue lines are to represent the coordinates of the triangles. The area of sediment
lost from the embankment is outlined in red. To calculate and estimate the area lost, two triangles
have been drawn:

i) Triangle highlighted and outlined in green, ii) Triangle highlighted in blue. The volume
dissipated is the difference between the triangles.
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Figure A6. Volume Calculation from the graph for Test 1 and 5 with 9L/s.
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