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Introduction

Coastline erosion is a significant problem along the shoreline due to the breaking of
ocean waves, change in water levels, climate change, etc., and it is the major reason
for the failure of onshore structures [1]. Conventional structures like breakwaters,
seawalls, revetments, and groins are generally used to reduce shoreline erosion. These
structures require a large amount of natural rocks or concrete blocks which are more
expensive, and it is difficult to transport [2]. Due to the shortage of natural materials,
it is suggested that it can be replaced by materials like slags, geosynthetics, gabions,
etc.

Geotubes

Geosystems are the new construction systems made of geotextiles in the form of
geomatresses, geotubes, geocontainers, and geocurtains for shoreline protection [2—
4]. Geotextiles are typically made of synthetic fabrics made from polymeric materials
like poly-ester (PET), poly-propylene (PP), poly-ethylene (PE), and poly-amide (PA).
It can perform three major functions such as, (a) filtration (permeable, but soil tight),
(b) reinforcement for soil against sliding, and (c¢) prevention of erosion of subsoil.
Geotextile tubes (geotubes) are long cylindrical tubes that are placed in the
required position and filled by locally available dredged materials in the form of slurry
using hydraulic pumps. While filling the tubes, the excess water will drain out from
the tube, and it causes the decrease of tube height from initial, so that the geotubes
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are needed to be filled more than once till the required height is attained [5]. If the
required height is not sufficient by using the single tube, then tubes can be arranged
in a stacked manner [1]. The general failure mechanisms of geotube embankment
are sliding and overturning of geotubes, instability of ocean floor, scouring of the
toe, and failure of geotextile material [1, 6]. Several studies have been made for
the sliding and overturning failures of geotubes from physical model tests and case
studies. This study mainly focuses on the failure of geotubes due to the instability of
the ocean floor in terms of wave-induced liquefaction.

Liquefaction

Wave-induced liquefaction is categorized into two types: (i) due to earthquake effects
and (ii) due to water pressure generated by the wave propagation. The effect of the
second type of liquefaction is that, when wave propagation takes place which is a
dynamic pressure acting on the soil, it results in the development of excess pore
pressure and effective stresses in the soil mass. The reason is that ocean waves cause
rearrangement of solid particles resulting in the reduction of volume of voids [7].
When the excess pore pressure gets exceeded the critical value, the soil liquefy leading
to instability of coastal structures. Even the structure gets sunk into the liquefied
soil depending upon the depth of liquefiable soils [8—10]. Hence, determination of
effective stress, distribution of pore pressure, interaction between soil, and waves
and the geometry of the structure are very important in the study of hydrodynamic
analysis. Studies showed that, longer wave periods and waves rising to greater heights
will generate pore pressure of higher magnitude on the seaward side of a breakwater
and there is a decrease in pore pressure was observed in the core of the breakwater
[11].

On comparing the wave-induced liquefaction with that of seismically induced
liquefaction, there exists two major differences, (i) ocean wave periods are longer
than earthquake shaking and (ii) ocean wave loadings are imposed at the surface of
the seafloor, whereas earthquakes impose loads which are below the sea floor. Hence,
wave-induced liquefaction analysis can be made by making suitable modification in
the earthquake-induced liquefaction analysis.

Considering pore pressure development, the rate and amount of pore pressure
build-up rely on three factors such as (i) storm characteristics, (ii) cyclic loading
characteristics, and (iii) drainage and compressibility characteristics of soil profile
[9, 12].

The liquefied zone is different from the shear failure zone as shear failure zone is
likely to occur at both toes of breakwater, whereas in the liquefied zone, the failure
will occur around the wave trough with highest upward seepage force [10, 11].

Hence the objectives of the study are to create a numerical model of a coastline
having severe erosion, to analyse the factors of failures with respect to different sizes
of geotube embankment and different levels of groundwater and finally to analyse
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Table 18',1 . Soil Characteristics Mandaikadu
characteristics of the study
area Type of soil (texture) Sandy
Colour Yellowish-brown
Sand % 87.5
Gravel % 5.5
Silt and clay % 7

the wave-induced liquefaction from the change in void ratio and effective stress with
respect to depth.

Location and Topography of Study Area

In this study, the coastline of Mandaikadu has been chosen for the analysis. The
coastline of Mandaikadu, Kalkulam Taluk, Kanyakumari District is one of the most
prone zones of beach erosion which has a fishing harbour, beach sand mining, and
thick fishermen habituation along the shoreline, and it is located between 8° 10’ 30.9”
to 8° 09’ 44.1” N Latitude and 77° 15" 35.5” to 77° 16 58.8” E Longitude along the
western coast of the Arabian Sea. Wind, wave, and coastal disturbances such as storm
surges, sea-level rise, and other natural processes are the main causes of erosion in
the studied region. The observed predominant wind directions of the study area were
SW, SSW, and N with a 0.78% calm period. The SW monsoon is severe along the
coast creating heavy erosion resulting in loss of valuable lands, roads, worship places,
and houses. The soil characteristics of the study area are given in Table 18.1. Along
the shore side, an elevation of (+) 6.00 m was observed at about 50 m behind the
shoreline. The sea bed slope up to a water depth of (—) 10.00 m is 0.0455. The
foreshore slope up to a water depth of about (—) 10.00 m is 0.0455. The bed slope
up to (—) 3.00 mis 0.060 indicating that the profile has a steeper slope in the shallow
depth compared to deep water. This can result in a run-up of wave height ranging
from 1 to 3 m and break close to the shore. Figure 18.1 shows the cross-shore profile
of the study area. The details of location and topography of the study area discussed
above and Tables 18.1 and 18.3 and Figs. 18.1 and 18.2 were referred from the
Environmental Impact Assessment (EIA) study report by Anti Sea Erosion Division
of Public Works Department, Government of Tamil Nadu [13].

Numerical Modelling of Coastline

In this study, the modelling software PLAXIS 3D (2013) is used to evaluate the
performance of coastline and geotubes for various conditions. PLAXIS is a finite
element package intended for the two-dimensional and three-dimensional analysis
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Fig. 18.2 Location of boreholes

of deformation and stability characteristics of geotechnical engineering structures.
Laboratory experiments are not effective to simulate the nonlinear, time-dependent,
and anisotropic behaviour of soils and/or rocks and dealing with hydrostatic and non-
hydrostatic pore pressures in the soil. In the field, studies on soil and its behaviour
itself is a cumbersome process in the case of tunnel projects, structures subjected to
vibration and wave loading, numerical modelling simplifies the difficulties mentioned
above with less cost and time. The soil properties and wave characteristics collected
for the study area from various resources are given in Tables 18.2 and 18.3, respec-
tively. Based on the data collected, a numerical model of the coastline was created
having dimensions x = 40 m (length), y = 10 m (width), z = 50 m (depth), and the soil
layers were created as per borehole data of the study area as shown in Figs. 18.2 and
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18.3. Based on the cross-shore profile (Fig. 18.1) of the study area, an embankment
was created on the onshore side.

The Mohr—Coulomb model was chosen to find the behaviour of soil. It is a linear
elastic and perfectly plastic model and is generally used to find the first approximation
of soil behaviour [14]. Numerical modelling of geotube was carried out using poly-
curve option in structures mode then the shape of the curve was extruded as a tube.
Totally three geotube models were created with different dimensions as shown in

Table 18.2 Properties of soil

Soil type Yunsat (kN/m3) | ysae (,N/m3) | k (m/day) | E (kPa) |v C (kPa) | @ (deg)
Geotube fill | 16.5 17.5 0.34 18,000 (04 |5 30
Topsoil 16 18 0.34 20,000 (04 |9 30
Sandy flay |15 17.5 0.86 6000 04 |5 25
Sand 16.5 18 0.86 30,000 (035 |0 35
Kankar 19 20 0.04 360,000 (0.3 |35 32
Sand stone | 18 19 0.34 60,000 [0.32 |22 30
Source Kim et al. [2]
Table 18.3 Wave characteristics of the study area
Month Jan |Feb |Mar |Apr |May |June |July |Aug |Sept
Height of wave (m) | 0.5 |0.6 0.5 0.5 1.56 | 156 141 |156 |1.25
Time (s) 10 12 13 12 10 6 7 8 10

Source Shoreline Protection Structures, Mandaikadu, Kanyakumari District, PWD/Anti Sea Erosion
Division, Govt. of Tamil Nadu

Fig. 18.3 Soil profile of om GL
study area
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Fig. 18.4 Geotube models e
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Fig. 18.4, and the geotubes are assigned as a linear elastic geogrid element having
axial stiffness of 600 kN/m.

Interface elements were used to simulate the exact behaviour of soil and geotube
interaction. Interfaces were created for each of the geotubes and for the soil layer
where the bottom of geotubes were placed. The roughness of interaction was
modelled by using strength reduction factor (Rj,,) in the material properties menu,
and the values of Ry Was taken as 0.7 for both geotube fill and top soil [2].

For this present study, four different cases have been considered, namely

Coastline without geotube.

Coastline protected with geotube of diameterl.15 m.
Coastline protected with geotube of diameter 2.4 m.
Coastline protected with geotube of diameter 3.8 m.

bl

In each case, analysis has been carried out for three different groundwater levels
(GWL), i.e., at the ground surface, at 5 m below ground surface, at 15 m below
ground surface. This is to include the variations of seepage along the shoreline. The
depth of water above ground level is taken as 2 m for all the cases, and it was assigned
as a harmonic flow function to simulate the ocean wave. The properties of the wave
used in the analysis is given in Table 18.3.

Here, ocean wave is the dynamic load acting on the geotube embankment, and it
was modelled by creating a surface water level of 2 m head and assigned as a harmonic
function. For dynamic analysis, the water surface was assigned as a surface load of
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Fig. 18.5 Numerical model of the coastline

20 kN/m? and applied in both x and z directions as a dynamic load and activated
during the dynamic analysis. After the completion of models for each case, the mesh
has been generated using mesh mode. Figure 18.5 shows the numerical model of
embankment along with geotubes.

Staged Construction

Staged construction is a feature to enable realistic simulation of construction, loading,
and excavation processes. Starting with the initial phase, all the soil layers were
activated, and KO procedure is used for the analysis. On further phases, embankment
soil, geotubes, and geotube fills were activated one by one.

Fully coupled flow deformation analysis is required when it is necessary to analyse
the time-dependent development of deformations and pore pressures in saturated
and partially saturated soils like drawdown of dams, dams subjected to tidal waves,
dewatering of building sites, etc. [14].

Results and Discussion

From the hydrodynamic analysis, the deformed shapes of the model, total displace-
ment of the geotube arrangement, and the global safety factors were found out for all
the cases of study. Figures 18.6, 18.7 and 18.8 show the deformed shape of the model
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at the end of dynamic analysis, and Figs. 18.9, 18.10 and 18.11 show the displace-
ments of geotubes and the change in displacements. Similarly, Figs. 18.12 and 18.13
show the variation of total displacement and global safety factor respectively for
different diameters of geotube.

It can be observed that, the bottom most layer of geotubes are the most unstable
tubes in all the cases which attains the maximum displacement. There observed a
lowering of ocean floor as noted from Figs. 18.6, 18.7 and 18.8 that proves that the
reason for the maximum displacement of bottom most layer of geotube is due to the
instability of ocean floor, and it lowers the total geotube arrangement.

DFFORMED MYAH

CLOUNDWATER LLIVEL AT GROISD LLVEL

Fig. 18.7 Deformed coastline—GWL at 5 m
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Fig. 18.8 Deformed coastline—GWL at 15 m
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Fig. 18.9 Displacement of geotube of size 1.15 m

The smaller sizes of geotube arrangement like 1.15 and 2.4 m were found to be
stable at the end of dynamic analysis but bigger size geotube arrangement, i.e., 3.8 m
gets collapsed. It demonstrates that, lower geotube sizes may be densely packed
towards the end of dynamic loading, resulting in a stable embankment. It is clear
from Fig. 18.13 that, a higher safety factor for lower sizes of geotubes, and also it
proved that the lowering of GWL increases the safety factor. Total displacement of
geotubes showed that, the presence of geotubes reduces the total displacement when
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Fig. 18.10 Displacement of geotube of size 2.4 m
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Fig. 18.11 Displacement of geotube of size 3.8 m



18 A Numerical Study on Hydrodynamic and Liquefaction Analysis ... 203

700
600 = 0m == 5m 15m
g
£ 500
=
Q
g 400
2
S 300
2
= 200
o
= ‘\A ™ —
100 e e
0
without 1.15m 2.4m 3.8m

geotube
Geotube diameter, m

Fig. 18.12 Variation of total displacement w.r.t different diameters of geotube

compared to that of coastline without geotube as depicted in Fig. 18.12, but it shows
higher displacement on lowering of GWL.

However, when GWL is much lower, the safety factor values are considerably
greater, thus the geotube embankment will remain stable even if the load is increased
or the strength characteristics of the bottom soil decreases.

To analyse the ocean floor instability, a comparative study was carried out for the
variation of void ratio and effective stress with respect to depth for different diameters
of geotubes and also with varying GWL. From the results obtained, the critical depth
for liquefaction was found out. The analysis was carried out for the plane of soil at
the bottom of geotube having coordinates x = 16-21 m, y = 5 m (midpoint of the
width), and z = 0-10 m (depth of soil).

4.5
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0.5

Safety factor

—4— without geotube —i=1.15m 2.4m ==>¢=3.8m

oM 5M 15M
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Fig. 18.13 Variation of global safety factor w.r.t depth of GWL
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For each groundwater level, a relationship between the changes in void ratio vs.
depth as shown in Figs. 18.14, 18.15 and 18.16 was observed and studied. In all the
cases of GWL, up to a depth of 1.5 m, there is reduction in void ratio from 0.86 to
0.84 but when the GWL is nearer to the ground surface, there is more fluctuation in
void ratio within the values 0.86 and 0.84.

While analysing the effective stress of the same plane of soil, the effective stress
decreases on an average between 50 and 40 kN/m? within a depth of 0.5 m when
geotube protection is not provided and thereafter it increases slowly with respect to
depth. Due to the loss of effective stress, it is easy for the soil to be liquefied since the
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Fig. 18.14 Variation of void ratio w.r.t depth of soil when GWL 0 m
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Fig. 18.15 Variation of void ratio w.r.t depth of soil when GWL 5 m
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Fig. 18.16 Variation of void ratio w.r.t depth of soil when GWL 15 m

loss is within a shallow depth of 0.5 m. When there is geotube protection, the average
reduction of effective stress is between 30 and 35 kN/m? up to a depth of 1-1.2 m.
Hence, the presence of geotube increases the depth of loss of effective stress that can
reduce the possibility of liquefaction of bottom soil.

Conclusions

A numerical analysis using PLAXIS 3D is performed to simulate and understand the
effects of various sizes of geotube embankment with varying GWL under the action
of wave loading. From the study, the following conclusions are drawn:

1.

The size of the geotube has a significant effect on the stability of the geotube
embankment. The smaller size of geotubes arranged in a stacked manner gives
better resistance against displacement.

The fluctuations in groundwater level also influence the stability of geotubes.
Lowering of GWL increases the total displacement of the geotube. But the safety
factor values are much higher when GWL is at 15 m so the geotube embankment
will be stable even on further increase of load or decrease of strength parameters
of bottom soil.

When ocean waves propagate over a seabed, a reduction of voids ratio was
observed, due to the rearrangement of the soil grains, and it decreases the effective
stresses within 0.5 m and increases the possibility of liquefaction.

The presence of geotube embankment reduces the loss of effective stress and
makes the depth of maximum loss at 1.2 m. Since the wave-induced liquefaction
will occur mostly on top of the seabed, the presence of geotubes acts like a cut-off
to the liquefaction.
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