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A LABORATORY STUDY ON REPLACEMENT OF
CONVENTIONAL PILES BY MICROPILES

Ashim Kanti Dey and Dinesh Jamatia
Professor Ex PG student
Civil Engineering Department
National Institute of Technology Silchar
Silchar, Assam — 788010

Abstract :

Soft clayey soil is abundantly available in many parts of India like Tripura, Assam,
West Bengal, Bihar, Orissa, Uttar Pradesh, etc. The main problem with the soft clay is
that this soil is highly susceptible to large settlement and possesses a very low
bearing capacity. As such soft clay is not an accepted construction material. The best
way to use this material is to construct piles for transferring the load to the hard strata
below or to improve the ground. In case, the soft stratum is very thick the length of the
piles becomes very large involving a high cost. Any ground improvement technique
applicable to the soft clay is time consuming. Hence soft clay is described as a
problematic soil to civil engineers. In the present study an attempt has been made to
explore the possibility of use of micropiles to transfer the superimposed load to the
soft soil itself. This will reduce the cost and time of construction. It is observed that a
group of 4 conventional piles can effectively be replaced by 13 number of micropiles
with the same loaded area and for equal settlement. Some parameters, such as loaded
area of the pile group, number of piles in a group, area ratio and consistency of the
soil have been found to be the major factors affecting the load carrying capacity of
micropiles.

Introduction situ replacement pile, which is built in
a drilled bore hole with reinforcement
and grout. The principle is initialized in

Micropile is a small diameter Italy (Lizzi, 1978) in the 1950s to meet

(typically less than 300 mm), cast in the necessity of retrofitting the old
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historical building and monuments.
Micropiles can withstand axial and/or
lateral loads, and may be considered a
substitute for conventional piles or as
one component in a composite soil/pile
mass, depending upon the design
concept employed as suggested by
FHWA (2006).Reticulated micropiles
were used for land stabilisation,
reinforcement of quay walls,
protection of buried structures, ground
application techniques, etc. Research
by Pearlman et. al. (1992) and Palmer-
ton (1984) suggest that group of
inclined micropiles serve to stabilise
the sliding mass and thus can be used in
slope protection work. Fondedile
introduced the use of micropiles in
North America in 1973 through a
number of underpinning applications
(FHWA, 2005). Use of micropiles did
not grow rapidly in United States till
1980s when successful applications of
micropiles were published. A proper
use of micropiles can eliminate the
demerits of conventional piles like
negative drag force, large length, huge
diameter and large project -cost.
Micropiles have also been used for
improvement of bearing capacity of an

existing footing. A ten-storeyed

building, originally in a precarious
condition  due to differential
settlement, was restored to safety using
micropiles (Sridharan and Murthy,
1993). Perforated micropiles were
used for retrofitting the foundations
under dynamic loads (Shafigh and
Seyrafian, 2011). 100 mm diameter
and 4 m long micropiles were used to
improve the bearing capacity of
foundation soil and in the
rehabilitation of the total building
foundation system (Shivakumar Babu,
et. al., 2004). Researchers (Tsukada, et.
al.,1999) conducted a series of model
tests on load carrying capacity of
footings reinforced with micropiles
installed in sand. They can be installed
in access-restrictive environments and
in all soil types and ground conditions.
Design concept of micropiles is
described in the report of Federal
Highway Administration (FHWA,
2000). However,
conventional piles by micropiles in

replacement  of

soft clayey soil is a new proposition in
India. Very little ( almost no) work has
been done on the subject area in India,
In the present study model tests are
carried out in soft clayey soil to study
the load settlement behaviour of
conventional piles vis-a-vis behaviour
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of micropiles having the same loaded
area. Effects of various parameters,

such as loaded area, number of
micropiles, area ratio and consistency

of the soil are studied.

Details of Model TestsA total of 10
number of model tests are conducted as
per the details shown in Table. 1. The
model tests are conducted in a
rectangular steel tank of size 1500 mm
x 600 mm x 900 mm height. The tank is
filled with soft clayey soil of 700 mm
depth. The clay lumps are dried,
grinded, mixed with a required
quantity of water and is allowed to
undergo consolidation under its own
weight for about 30 days. Out of ten
tests five are conducted at water
content more than the liquid limit of
the soil and the remaining five are
conducted at water content between
the plastic and liquid limits of the soil.
Two model tests are conducted with
conventional piles, each of diameter 20
mm and the remaining tests are
conducted with micropiles, each of
diameter 6 mm. The length of both
types of piles is kept as 150 mm. The
thickness of pile cap is maintained as
20 mm and the cap is placed 20 mm
above the soil surface so that the effect
of pile cap on load transfer is

eliminated. Detailed layout of the piles
is shown in Fig. 1 and Fig. 2.

The soil in which model tests are
conducted has the properties listed in
Table. 2. The properties of the soil are
found out by conducting
Unconsolidated Undrained Triaxial
test (UU) with pore water pressure
measurement. The gradation curve of
the soil is shown in Fig. 3 and is
obtained by conducting wet sieve
analysis and hydrometer analysis. The
properties of micropiles are also
shown in the table.

Fig. 1 Soil block loaded with 16
Micropiles.
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Fig. 2 Pile group arrangements (a) 16 micropiles (b) 13 micropiles (c) 4 conventional
piles (d) 25 micropiles and (e) 9 micropiles.

Test no.* | Dia. of pile, d | Nos. of piles, Loaded area, A ** (mm?)
(mm)
1 6 16 66x66
2 6 13 66x66
3 20 4 66x66
4 6 25 86x86
5 6 9 46x46

** A = out to out dimension of piles
*Each test is conducted twice, one with water content more than liquid limit and the other
with water content in between liquid limit and plastic limit
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Fig 3 Particle size distribution of the soil.

Table 2 Properties of the materials used.

Soils

Cohesion 22 kPa
Angle of internal friction 0°
Modulus of elasticity, E g 630 kPa
Poisson’s ratio 0.4

Piles

Micropiles (MP)

Conventional piles (CP)

Modulus of elasticity (Emp and Ecp )

Bending stiffness (EI)

14.1GPa

0.897 N-m?

13.5 GPa

106.02 N-m?

The modulus of elasticity of the soil is
calculated as the slope of the stress-
strain curve upto 1/2 tol/3 of the peak
stress obtained from the UU test. The
Poisson's ratio is taken from the
literature available (Arora, 2009).

The model micropiles are made up of
neat cement paste with centrally placed
string rod of 1.5 mm diameter. The neat
cement paste is prepared by using

water-cement ratio of 0.5 as suggested
by FHWA (2000) on account of
pumpability and groutability.
Whereas, the model conventional piles
are made up of 1 (cement) : 2 (sand)
with water/cement ratio of 0.65.

Similitude Ratio
Similitude ratio is the ratio of any
linear dimension of the model to the
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corresponding  dimension of the
prototype (Shahu and Reddy, 2011). To
reduce the total test duration, a
minimum possible similitude ratio is
desirable because of low permeability
of the soil. A typical prototype
micropile diameter varies from 0.1 to
0.3 m and length from 4-30 m. In the
present model test, micropile of 6 mm
diameter and 150 mm length is used
which gives rise to a similitude ratio
between 0.02 and 0.06. Generally,
length to diameter (1/d) ratio in the
prototype micropile varies between 13
and 100, based on which the 1/d ratio in
the model is adopted as 25. Typically a
prototype conventional pile diameter
varies from 0.3 to 6 m. In this study,
model conventional pile of 20 mm
diameter is used which gives rise to a
similitude ratio between 0.003 and
0.067 with 1/d ratio of 7.5.(length of
pile being 150 mm).

Test Procedure

The micropiles are installed by a
replacement method. A bore hole is
made with an auger of diameter 6mm
for micropiles and 20 mm for
conventional piles. Cement slurry is
injected into the hole followed by
insertion of a 1.5 mm string rod at the
centre. Three days after installation of
micropiles, top soil layer of depth 25

mm is scooped out for the provision of

20 mm clearance between the
micropile cap and the soil surface, the
piles are inserted into the cap for a
depth of 5 mm. The cap is constructed
with proper shuttering and formwork.
One week after the installation of the
micropiles, the load tests are started in
which the loads are applied on the
micropile cap by placing dead weights.
Equal loading increments are applied
on the micropile cap and the
corresponding settlements ~ are
recorded with the help of two dial
gauges provided at opposite corners.
Next load increment is given when the
settlement of the pile group is less than
0.01 mm/hour. The

conventional piles are constructed by

model

drilling a hole of 20 mm diameter with
the help of an auger into the soil. A
casing of 20 mm diameter is inserted
and then the cement mortar is poured
into the hole. Casings are particularly
required when the water content of the
soil 1s more than the liquid limit. As the
cement mortar reaches approximately
1/3" height of the hole, reinforcement
cage is inserted into the bore hole. The
casing is gradually withdrawn as the
pouring of cement mortar continues;
the up down movement of the casing
imparts compaction of the cement
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mortar. Construction of pile cap and
the loading sequence are similar to
those applied for model micropiles.

Model Test Results And Discussions
Vertical loads on the micropiles are
applied uniformly by placing specific
weights (i.e. 2 kg, 4 kg, etc.) on the top
of the pile cap. The load settlement
curves are obtained. Other major
parameters which influence the load
settlement curve like influence area
(A) of the group, modulus of elasticity
of the soil (E), modulus of elasticity of
the piles (E,, and E ), area ratio (A),
number of micropiles (N) have been
studied discussed below.

Load-settlement behaviour of model
micropile and conventional pile
group

The settlements of different model
micropile groups and conventional
pile groups are observed under vertical
loads. One set of test is done with water
content above the liquid limit and the
other set at water content within the
plasticity index. Results are compared
between pile groups having same
loaded area and between pile groups of
different The load
settlement curves are shown in Fig. 4

loaded area.

and Fig. 5. It is observed that for the
same loaded area 16 micropile group
takes more load than either 13
micropile group or 4 conventional pile
group. Fig. 4(b) and Fig. 5(b) explain

that more the loaded area more is the

bearing

capacity of the group

irrespective of the consistency of the

soil.

cltlement (mny

@
MP : micropile

CP : conventional pile

7

(b)
Fig.4 Load vs. settlement curve (a)
same loaded area (b) different loaded
area
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Fig. 5 Load vs. settlement curve (a) same loaded area (b)

Table 3 shows the ultimate bearing

different loaded area.

required for the construction of the pile
groups. It is observed that except steel

capacity of the pile groups obtained by
double tangent method
(Venkatramaiah, 2006). From the table
it is clear that 4 conventional pile group
can effectively be replaced by 16
micropiles or 13 micropiles group.

Table 4 shows the quantity of materials

reinforcement, consumption  of
materials is far less in micropile
construction. This shows an
encouraging result for replacement of

conventional piles by micropiles.

Table 3 Ultimate load carrying capacity of the pile groups (Q).

Pile group Ultimate load carrying capacity, Q , (kg)
At w>L.L At PL<w<L.L
16 Micropiles 8.2 14
13 Micropiles 5.8 13
25 Micropiles 16 24.5
9 Micropiles 4.5 6.8
4 Conventional piles 4.6 11.5
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Table 4 Quantity of materials required.

Pile group Cement & Sand String rod
(mm?) (mm?)
16 Micropiles 63618 4240
13 Micropiles 51689 3445
25 Micropiles 99404 6625
9 Micropiles 35785 2385
4 Conventional piles 61772 3180

Effect of loaded area in load

carrying capacity

Figure 6 shows the variation of load
carrying capacity against the loaded

area at any settlement. As expected, the
load carrying capacity increases with
increase in loaded area. The load

carrying capacity of the conventional

Fig. 6 Variation of load carrying capacity and loaded area (a) at 5 mm settlement
(b) at 15 mm settlement .

fed area. mm-

(b)

pile group is also shown in the figure. It
is further concluded that for the same
loaded area, the load carrying capacity
of micropiles is more than that of
conventional pile group. The load
carrying capacity of the micropile
group increases almost linearly with
increase in loaded area.
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Effect of area ratio in load carrying
capacity

Area ratio (A) is defined as the ratio of
the total cross-sectional area of the
piles within the loaded area to the total
loaded area of the pile group.

A=

T

Fig. 7 shows that the load carrying
capacity of the pile group increases
with the increase in its area ratio till it
reaches the optimum value and then
decreases with further increase in the
area ratio. This tendency is applicable
at any given settlement.

Improvement Factor

A term called Improvement factor (I.F)
can be defined from the present study
as the ratio of the load taken up by the
micropile group to the load taken up by
the conventional pile group with the
same loaded area for a specified
amount of settlement. Thus the
improvement factor can be directly
correlated with the improvement in the
bearing capacity of the micropile
group. Thus for a given loaded area and
for a given settlement, the
Improvement factor is defined as

LF=

(b)
Fig. 7 Variation of load carrying

capacity against area ratio (a) at water
content, w >LL, (b) PL<w<LL.

Fig. 8 shows the variation of the
improvement factor against settlement
for 16 micropile group and 13
micropile group. It is observed that
although the improvement factor is
more than one, the improvement factor
shows an increasing trend with the
increase in settlement for water
content less than the liquid limit and
shows a decreasing trend for water
content above the liquid limit
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(b)

Fig. 8 Settlement vs. Improvement factor,
(a) at PL<w<L.L, (b) at w>L.L.

Conclusions

Following conclusions are drawn from
the present study:

1. The major parameters that
influence the settlement behaviour of
the micropile groups are applied
vertical stress on the top of the
micropile cap (Q), loaded area (A) of
the group, modulus of elasticity of soil
(E), number of micropiles (N) and area

ratio (A).

2. The more the number of piles
in a group more is the load carrying
capacity  irrespective of their
arrangements and consistency of the

soil.

3. Four conventional piles group
can effectively be replaced by using 16
micropiles or 13 micropiles group
from the ultimate bearing capacity
point of view irrespective of the
consistency of the soil. It is also found
that the conventional piles can be
economically replaced by 16 micropile
group or 13 micropile group.

4. Instead of using bulky, large
diametered inconvenient conventional
piles, few number of small diameter
piles (i.e., micropiles) can be
effectively used to support a given
vertical load.
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Abstract

Drastic variation in urban micro-climate pattern in recent years advances the
occurrence of high intensity rainfall and as a result flood like situation has been
observed in urban areas. The urban floods results in both direct and indirect losses to
the people, infrastructure, animals, industries and other assets of the city. Remote
sensing and GIS plays a prominent role especially in urban flood vulnerability
analysis, risk assessment, risk management issues, hazard mapping and damage
assessment issues, etc. Dehradun is a capital city and getting urbanized at a gigantic
growth rate, in this process the existing inhabited areaas well as pervious surfaces
are becoming impervious surfaces and disallowing the excess rainfall to percolate
into the soil. Also the present city's drainage network is very old and in a rundown
condition which results in water logging during high rainfall events. In the present
research, an attempt is made to estimate the urban flood vulnerability index and
quantify it at a ward level for Dehradun city using geospatial techniques. Geospatial
data set from multiple sources with unique characteristics have been used in the
study, which includes elevation data and satellite images of multi date and
resolution. Multi criteria decision making technique was used for calculating the
urban flood vulnerability index. Based on the vulnerability index the municipal
wards of the city are classified as high, medium and low vulnerability zones.

Keywords:Urban flood, Multi criteria analysis,vulnerability index
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1. Introduction

Floods in the urban area primarily
results due to improper planning of the
drainage system.The changes in land
use land cover (LULC) increases
impervious ground  surfaces
consequently decreasing infiltration
rate and increasing runoff rate. The
driving factors of urban flood risk
includes increase in vulnerability
associated with population growth,
economic development, urbanization,
poverty . Also there is a significant
difference in urban flooding as
compared to rural flooding.

Remote sensing (RS) and GIS plays a
prominent role especially in urban
flood vulnerability analysis, risk
assessment, risk management issues,
hazard mapping and damage
assessment issues, etc.  Another
advantage of RS images is its temporal
nature and spatial variability which
can be exploited for successful
hydrological analysis, prediction and
validation. RS images can be used to
detect the changes in the land use
caused due to either natural or human
activities. Hydrological modelling is
extensively practiced in the planning
and development of integrated
approach for the management of water
resources by the research hydrologist
and practicing water resources
engineers. concluded that the runoff
response to rainfall inputs can be
accurately determined for describing

watershed  characteristics with
available spatial data and existing
computational power. Geographic
information system (GIS) and remote
sensing  techniques  facilitates
hydrological modelling process and
makes hydrological  catchments
models near to physical process .

One of the studies carried out by
focused on flooding events of four
rapidly expanding mega cities of India
viz. Delhi, Kolkata, Mumbai and
Chennai. The study used daily rainfall
data two station in each city (1970-
2006) apart from it the data from
disastrous weather events published by
India Meteorological Department have
also been used. studied the Chennai
Metropolitan Areas for urban flooding
impacts, they observed that in spite of
negative trend in average rainfall over
the period of last 20 years, there is a
contrast record of increasing floods in
Chennai. carried out a case study in
Noida city to quantify the factors
causing of urban flooding. They
observed that rapid urbanization has
resulted in losses of farmland, forest
and shrub since 1995 as more than 36%
of the forest and 22% of the shrub areas
were transformed into farmlands and
settlements. Another study carried out
for the city of Gorakhpur in Indiaby
performed spatial risk analysis using
past sample flood events using MODIS
data. The study was carried out to
quantify spatial extent of flood-
affected areas for the years 1998 and
2007.
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Dehradun is a capital city and getting
urbanized at a gigantic growth rate, in
this process the existing inhabited area
as well as pervious surfaces are
becoming impervious surfaces and
disallowing the excess rainfall to
percolate into the soil. Also the present
city's drainage network is very old and
in a rundown condition which results
in water logging during high rainfall
events. In the present research, an
attempt is made to estimate the urban
flood vulnerability index and quantify
it at a ward level for Dehradun city
using  geospatial techniques.
Geospatial data set from multiple
sources with unique characteristics
have been used in the study, which
includes elevation data and satellite

images of multi resolution. Multi
criteria decision making technique has
been used for calculating the flood
vulnerability index. Based on the
vulnerability index the municipal
wards of the city are classified as high,
medium and low vulnerability zones.

2. Study area

Dehradun, the capital city of
Uttarakhand is situated in south central
part of Dehradun district, Uttarakhand,
India and it is shown in figure 1.
Dehradun is divided into 60 wards with
an area of 64.88 sq. km which is
located between 77°59'5" west, 78°6'
4"east longitudes and 30°16'10” south,
30°24' 19" north latitude.

Figure 1: Study area map of Dehradun
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3. Data used

To analyze the hydrologic process of
watersheds in Dehradun both primary
and secondary data was used. The
secondary includes data collected from
various organizations like Climate
Forecast System Reanalysis (CFSR),
Dehradun nagar nigam, Census of
India, NBSS&LUPand variousother
government bodies. The primary data

includes field visits and locating the
water logged areas through GPS
device. Remote sensing data used in
the research is shown in table 1. Also
ASTER DEM acquired from USGS
was used for terrain modelling and
hydrologic elements generations.
ASTER DEM has a horizontal spatial
resolution of 30 meters.

Table 1: Data sets used in the research

Satellite Sensor Date of acquisition Spatial resolution
1. IRS-P6 LISS-IV | e  28"March2010 | 5.6 m

e 7" March 2013
2. Landsat 8 | OLI e 17" April2015 [30m

4. Methodology

The remote sensing data was
preprocessed before subjecting it to
analysis process. Arc Hydro Tools was
used for pre-processing ASTER-DEM
(The Advanced Space borne Thermal
Emission and Reflection Radiometer —
Digital elevation model) and a
depression-less DEM was created.
Entire geoprocessing tasks were
carried out in raster format at a spatial
resolution of 30 meters. Land use land
cover map was generated by hybrid
classification method from LISS-IV
data and master plan of Dehradun city.
Location of rain gage stations were
interpolated  to get the spatial
distribution of rainfall, and to know
which part of the study area is covered

by which rain gauge station. Soil map
was generated using maps obtained
from National Bureau of Soil Survey
and validated by overlaying it over
geo-referenced IRS P6 LISS-IV
satellite image. The soil map thus
generated was reclassified  into
hydrological soil group map which is
useful in hydrological analysis of
watersheds. Dehradun is falling under
only two hydrological soil groups “A”
and “D”.

Rainfall curve number (CN) is defined
as a coefficient that diminishes total
precipitation into runoff potential,
after losses, so higher CN value
represents higher runoff potential and
vice versa. A CN look up table was
created with the columns A, B, C, D
which store curve numbers for
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corresponding soil groups for each
land use category. These curve
numbers were obtained from SCS
TR55(Cronshey, 1986). Land use land

cover and Hydrological Soil Group

map (HSG) were generated to
calculate Curve Number and for the
preparation of rainfall-runoff model by
the mean of HEC-HMS.

ey

CURVE NUMBER GRID MAP
OF DEHRADUN

LEGEND

Curve number (CN) grid
e

SCALE
] 1 2 4 €§_
e — | ®
]

KT

DATA SOURCES USED
SOML, LULC
NBES & LUP

whny

Figure 2: CN grid map of Dehradun

SCS Curve number grid was generated
by combining LULC and soil map with
CN look wuptable (Fan et al.,
2013)which  is used by many
hydrologic models to extract the curve
number for watershedsas shown in the
figure 2. Stream network was
generated from the processed DEM by
defining a threshold of 0.15 for area

field in square kilometers. The
generated streams were segmented as
either a head segment or a segment
between two segment junctions.
Watersheds were also delineated from
the processed DEM by running a series
of geo processing tasks such as flow
accumulation, Flow direction, Stream
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definition, Stream Segmentation,

Catchment Grid Delineation,
Catchment Polygon, Drainage line,
Adjoint Catchment processing and
Drainage point processing. A
geometric network was established to
create a relationship between all the
elements of a watershed with water
flow direction.The watersheds of the
study area are shown in the
figure3.HEC-Geo HMS was used in
creating HEC — HMS model for all the
watersheds—(Martin et al., 2012). It is
mainly helpful in creating the inputs
required by HEC — HMS model such as
average slope value, river length, basin
area, curve number and CN lag time for
rainfall runoff model. The HEC-HMS
model of the water shed 1 is HEC-
HMS model was designed to simulate
the precipitation-runoff processes of
watershed systems to identify drainage
and overland flow and forecasting
based on the resulted hydrograph.
Dehradun

watersheds.

is coming under five
These watersheds are
again sub divided into sub — basins for
detailed analysis of rainfall runoff
simulations. There are four main
components namely Basin model
manager, Metrologic model manager,

Control specification manager and

Time — series data manager in HEC-
HMS(U.S. Army Corps of Engineers
(USACE), 1964) that were used to
define characteristics of elements in a
hydrologic  network. Physically
watershed was represented by a basin
model where hydrologic elements
(source, reach, sub-basin, junction,
reservoir, diversion, and sink) are
connected in a dendritic network to
simulate rainfall runoff processes.
Precipitation data was input through
the time series data manager. Manually
each sub basin must assign to a rainfall
gage by its spatial coverage i.e.
thiessen polygons and daily rainfall
data from 01.01.1979 to 31.07.2014
was used for simulation. In control
specification manager the time period
from 01.01.2000 to

To calculate

was set

31.07.2014.
discharge SCS Curve Number Loss
method, SCS unit
transform method and CN lag time was

peak

hydrograph

used. After simulating the rainfall,
runoff and peak discharge values are
obtained for each sub basin. All five
water sheds are to be modelled in the
same manner to get peak discharge
value of all sub basins in the study area.
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Figure 4: HEC-HMS model of the water shed 1
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4.1 Weighted overlay analysis:

A total of six criterias namely peak
discharge, hospitals, institutions,
Normalized difference built up index
(NDBI), population density and roads
were considered in defining ward wise
flood vulnerability map of Dehradun.
All criterias were reclassified to a
common scale for performing the

weighted overlay analysis. The sub
criterias of hospitals, institutions,
roads were reclassified on 2 — 10 scale
by manual classification, NDBI and
population density were reclassified
by natural jerks classification. The
weightages are shown in table 2.
Finally a ward wise flood vulnerability
map was generated.

Table 2: Weightages given to the main criterias

Criterias

Weightages

Peak discharge

35

Hospitals

10

Institutions

10

NDBI

15

Population density

10

Sl Bl el ] fan

Roads

20

5. Results and conclusions

The peak rainfall discharge map
obtained from the rainfall runoff
simulation is shown in the figure 5. The
results obtained from weighted
overlay analysis shows that core area
of the city is at higher risk and it is
shown in the figure 6. The areas that
are spatially located outwards of the
city are at medium and low risk, the
main reasons for this phenomenon is
that urbanization process has geared
uptremendously in last 10 years after
Dehradun was declared as the capital
city of newly formed Uttarakhand
state.There aresome gaps in the
resultant map which aredue to non-
coverage of water sheds throughout
the study area. This can be further
improved by considering the water

sheds at greater spatial extent so that
the entire city is covered. Ward wise
flood vulnerability map was obtained
by taking different weights of number
of pixels of three classes namely low,
medium and high vulnerabilities. The
results may deviate from the true
scenario for the wards 2, 31, 46, 47, 48,
51, 60 because of gaps present in the
final vulnerability map. For each ward
a weightages of 3, 6, and 9 are
multiplied with low, medium and high
flood vulnerability classes and
averaged it by dividing the sum of
number of pixels of all the classes. The
resultant map was reclassified into five
classes such as very low, low, medium,
high, very high to show the variability
of flood vulnerability and it is shown in
the figure 7.
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Flood vulnerability

Figure 6: Flood vulnerability map of the study area
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Woards wise Mood vulnerability

Figure 7: Ward wise flood vulnerability map
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Abstract

The present study estimates ice thickness distribution over the Gangotri group of
glaciers using modelling techniques. The modelling techniques follows the flow law
of ice and empirical relation between the slope and height relation found for glacier
system over the world. Surface velocity was calculated using multi-temporal PAN
data from Landsat 7/8 (15m) and Indian Remote Sensing Satellite IRS-1C/1D (5m)
data over the years 1998 to 2014. This study uses for the first time IRS-1C/1D for
Gangotri glacier velocity estimation. Sub-pixel correlation of the images were done
using COSI-Corr software. The study was able to successfully conclude the
measured velocity to that of 0.02m/day for the duration of 1998-2014 over the whole
glacier. Velocity over accumulation zone was found to be 0.041m/day. Also the
modelled ice depth was analyzed and found to be in range of 58 to 450 m for the entire
glacier. Few small area in middle and upper part of glacier showed values between
450-650m. The ice depth found at snout varied from 58 m to 67 m. Finally the
modelled depth was correlated to the Terrestrial Laser Scanner (TLS) field
measurements and was found to be in having a correlation of R=0.799. The
estimated ice depth matches well with earlier reported studies for Gangotri glacier.

Keywords: Glacier Velocity, Landsat, IRS 1C/1D, Ice flow model, Glacier Depth,
TLS, Glacier dynamics

Journal of Geotechnical and Geo Computational Engineering Page No. 25/ Vol. 13 / Issue-2



1. Introduction

The Himalayan—Karakoram (HK)
region has the largest glacier coverage
outside the Polar Regions but
knowledge of the dimensions of these
glaciers and their behavior in response
to climate change is still limited, due to
their remoteness, the harsh
topography, the complex political
situation, and the associated difficult
physical access (Bolch et al., 2012).
Glaciers influence the runoff regime of
major river systems affecting millions
of people down river (Immerzeel et al.,
2010; Kaser et al., 2010). Of these
glaciers, the Gangotri group of glacier
is a prominent system of glaciers as it is
the first source of water in the Ganga
Basin affecting large part of north
India. Furthermore, applications of
modern methodologies, such as
measurements  of gravity field
anomalies (Jacob et al., 2012) or laser
altimetry (Ké&éb et al., 2012), and
combinations of them with field data
(Gardner et al., 2013) lead to deviating
findings, underlining the difficulty of
measuring complex processes in such
a large region.Two of the major
parameters used to characterize glacier
dynamics are surface velocity and ice
thickness (Gantayat et al., 2014). In
this work, therefore, we estimate the
ice thickness distribution  over
Gangotri  Glacier. The surface

velocities were estimated using feature
tracking based techniques using
medium to high resolution ortho-
rectified and co-registered remote-
sensing data (Leprince et al., 2007).
Here, we also focus on determining the
ice depth for the Gangotri group of
glacier, which is a basic parameter
required for glacier melt projections
(Huss et al., 2008; Gabbi et al., 2012),
and estimates of future sea-level rise
contributions due to glacier melt.

To estimate glacier volumes various
methods have been proposed over
time, such as volume-area (V-A)
relations (e.g., Chen and Ohmura,
1990; Bahr et al.,, 1997), slope-
dependent ice thickness estimations
(Haeberli and Hoelzle, 1995), and
more recently spatially distributed ice-
thickness models (Linsbauer et al.,
2009; Cuffey and Patterson, 2010;
Huss and Farinotti, 2012; Li et al.,
2012; Clarke et al. 2013). Power-law
relationships for volume/area,
volume/length and volume/area/length
have been derived from the abundant
information available regarding area
and length (Chen and Ohmura, 1990;
Bahr et al., 1997; Radi¢ et al., 2010).
First estimate of the ice thickness
distribution of all glaciers around the
globe was presented by Huss and
Farinotti (2012). Artificial neural
network methods have also been
employed, using calculations based on
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a digital elevation model (DEM) and a
mask of present-day ice cover in the
Mount Waddington area in British
Columbia and Yukon, Canada (Clarke
and others, 2009). These networks are
trained by substituting the known
topography  of ice-free regions,
adjacent to the ice-covered regions of
interest in case of non-availability of
data providing maximum relative
uncertainty in volume estimates at
45%. Ice volume was calculated for
Columbia Glacier, Alaska, USA, by
estimating ice fluxes wusing the
equation of continuity between
adjacent flowlines (McNabb and
others, 2012).

In that investigation surface velocities
and mass balance were used to
estimate mean ice flux. Farinotti and
others (2009a) developed another
approach, using apparent mass balance
to estimate ice thickness. From a
distribution of apparent mass balance,
ice flux was computed over selected
ice flowlines and was then converted to
ice thickness using Glen's flow law
(Glen, 1955). Using this method, the
ice-thickness distribution and volumes
were estimated for glaciers in the
Swiss Alps and elsewhere (Farinotti
and others, 2009b; Huss and Farinotti,
2012). Mass-balance distribution data
over large glaciers in the Himalaya are
not easily available and are inaccurate
in some cases (Bolch et. al.,2012).

ice volume

Here, we present

estimations for the Gangotri group of
glacier using three different V-A
relations, a slope-dependent ice
thickness estimation method, an ice-
thickness distribution model and a
model using surface velocities, slope
and the flow law of ice. These methods
are applied to the same base data,
comprising the 90 m digital elevation
model (DEM) from the Shuttle Radar
Topography Mission (SRTM). Results
from the different approaches are then
correlated at snout using the Terrestrial
laser Scanner (TLS) based ground
survey during 15-17 Sep. 2014.

1.1 Study region and data

The study area consists of the Gangotri
group of glacier in the Gharwal
Himalayas of India. The Gangotri
glacier is one of the largest glaciers in
the Himalayas, being approximately
30 km long with a width varying
between 0.5 and 2.5 km. It has a height
varying between 4000 and 7000
m.a.s.l.  (Jain, S.K., 2008). The
Gangotri glacier is a valley type
glacier, flowing into the NW direction.
Of the Gangotri glacier, approximately
29% of the total area is affected by
debris. The three main tributaries are
Raktvarn (15.90 km), Chaturangi
(22.45 km) and Kirti (11.05 km)
(Figure 1) and five other tributaries
contribute to the Gangotri glacier. The
present land forms are the result of
erosion and deposition processes of
glacial-periglacial features.
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Figure 1Location map and FCC image ofGangotri Group of Glacier

2. Experimental program

In the following section, the different
ice volume estimation approaches
applied in this study are described.
Methodologies  description  are
restricted to short summaries and
background information can be
studied from the given reference of the
study.

2.1 Area-related thickness
estimations

The most frequently used approach for
ice volume estimations so far is V-A
scaling method. As large glaciers
generally tend to be thicker ice volume

is calculated as a function of its surface

area. Area-related scaling techniques
have been extensively applied as their
application is simple, fast and area data
had been measured and compiled long
before digital terrain information
became available, hence a long term
data is available. V-A scaling relation
is generally represented as:

V=cAY

Where, V represents the glacier
volume, A the glacier area, y and ¢ are
two scaling parameters.

In order to facilitate comparisons with
results from other methods and ice
thickness measurements, Eq. (1) can
be translated into the thickness—area
relation as:
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Where, H represents the ice thickness
and B =1v-1.
Here we use three sets of scaling

parameters, applied in (Frey et al.,
2014): (1) Chen and Ohmura (1990),

(i1) Bahr et al. (1997), and (iii) LIGG et
al. (1988). These parameters have been
applied for the whole H-K range but a
local study is the parameters and its
accuracy 1s tested.The applied scaling
parameters used in this study are given

in Table 1.

Table 1 Parameter of the applied V-A relations

Source C k%
Chen and Ohmura (1990) 0.2055 1.36
Bahr et al. (1997) 0.191 1.375
LIGG et al., (1988) 0.8433 1.3

Figure 2 Comparative listing of results of the Study Note: Axis-y the in figure represents
numerical value for both average ice thickness (denoted by m) and average total volume

calculated from the relation (denoted by k).

A comparative list of the methods
employed for ice depth is shown in
Figure 2. As is clearly seen in the graph
both GlabTop and slope dependent
method are nearer to each other as
expected. But other models using the

old V-A (Volume-Area) scaling
technique are  constantly
overestimating the mean glacier depth.
When compared to velocity dependent
Laminar flow based model, the mean
depth drops to more than 20m at 92m.
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Hence a corrective constant for
Gangotri Glacier is suggested which
are more in line to the results from
other models. New factors based on
studying the depth in this study are
suggested for Gangotri group of
glaciers for further V-A analysis in
future is suggested as c=0.193 and y =
1.35.
2.28lope-dependent thickness
estimations and GlabTop

Haeberli and Hoelzle(1995) presented

h_centre= t/fogsina 3)

a way to estimate glacier volume using
average surface slope and vertical
glacier relief. This parameterization
scheme has been used over Himalayan
range in recent studies (Frey et al.,
2014). Therefore, an application of this
approach can be used for depth
estimation over the study area.Here the
equation governing the depth at center
flow line of the glacier can be written
as:

The shape factor, f, is determined from (Cuffey and Paterson, 2010)

Table.2 Shape Factor for different glacier geometries

W F
Parabola Semi-ellipse Rectangle
1 0.445 0.5 0.558
2 0.646 0.709 0.789
3 0.746 0.799 0.884
4 0.806 0.849
8 1 1 1
Which is typically chose at 0.8 for The change in basal stress in

valley glaciers. To interpolate the value
at centre flow line over the whole of
glacier taking the edges of the glacier
to be at 0 ice depth, a multiplication of
n/4 1s applied.

h(; =hcentre (4)

accordance with elevation range is
based on reconstructed latePleistocene
glaciers of European Alps(Paul and
Linsbauer, 2012). Where,

)
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When applied over remotely sensed
data, these parameters need to be
considered for accurate determination.
Hence AH (difference in height from
snout to peak of glacier involved) and

glacier length |is used to determine
slope of the glacier using the equation:

ofarctan(AH/I) (6)

This is then used to calculate the stress
for the main glacier branch and
consecutively centre flow line depth.
This flow line depth is then
interpolated to the glacier boundary
which is fixed at zero depth using
equation (4).

Paul and Linsbauer (2012)used an
hybrid approach using inputs
fromClarke et al., (2009) and Li et al.,
(2011), which considers just the flow
dynamics and enables the bed
estimation to be computationally very
fast. The GlabTop model approach
uses hydrological correct approach of
digitizing flow-lines and takes into
consideration the changes in t every
500m, whereas slope dependant model
does not consider variable T but takes
mean value for full glacier.

The DEM used for the study is
converted into a contour line with 50 m
elevation difference. This is then
converted into slope map and equation
(5) 1s applied to calculate the value of t.
This is then used to calculate the ice
depth distribution along the flow lines

which are digitized earlier following
the contour lines. The TopoToRaster
tool is used from the ArcGIS to
interpolate the values of the ice depth
over the entire glacier from the flow
line to the entire glacier.

2.3Ice Thickness
measurement

from velocity

2.3.1 Velocity Measurement

Surface velocities of the glacier were
calculated using sub-pixel correlation
of the acquired multi temporal images,
using the ENVI module Co-
registration of Optically Sensed
Images and Correlation (COSI-Corr),
which is downloadable at http://
www.tectonics.caltech.edu/. The
algorithm uses two images to
iteratively cross-correlate in the phase
plane on sliding windows, to find the
best possible correlation. A detailed
description of the algorithm is given by
(Leprince et al., 2007). The setup
provides alteration of the window size,
window movement, signal to noise
ratio threshold and gridded output
options. The setting of these depend on
the expected movement of the glacier
and the pixel resolution of the image.
Table 2. Provides us with the setting
used in the velocities measurements.
All pixels that have SNR < 0.9 and
displacements >85m are discarded. A
vector field is generated from the two
displacement images and is then
overlaid on the image to check the
accuracy of the measurement. The
difference in the time of acquisition

Journal of Geotechnical and Geo Computational Engineering Page No. 31/ Vol. 13 / Issue-2



between the two images is used to
estimate the velocity field.

(7

Where, D represent the translation
movement detected, E-S represent the
movement values for the E-S direction
and N-S represent the movement
values for the N-S direction. Although
care has to be taken to disregard all
pixel having SNR less than 0.9, hence
leaving patches of area with no
movement values. This is then

rectified by interpolating nearby
values. Velocity calculation is then a
simple matter of movement divided by
the time interval between the two
scenes. This is done using vector
addition of the two fields of movement
with the angle between them always at
90° This is used to get the magnitude of
the movement of the feature over the
search window. Also local averaging is
done to filter out rouge pixel showing
movement values very high which are
obviously termed as noise.

Table 3 COSI-Corr Settings used in the study

Window Size Resolution (m) Step Robustness Iteration Mask Threshold
Initial Final
64 32 15 4 0.9
128 64 15 4 0.9
256 64 5 4 0.9
256 128 5 4 0.9
512 256 5 4 0.9

2.3.2Estimation of Depth

Ice thickness calculation are done
using velocity values derived from the
COSI-CORR software. The basic
premise behind the model for
thickness estimation follows the logic
of Basal Shear stress and Velocities in
“Laminar flow” as described in
(Cuftey and Patterson, 2010). Here the
model of a glacier is a parallel-sided
slab of ice of thickness H on a rough
plane of slope a. No sliding of the slab
is assumed on the plane and the

thickness of the slab is much less than
its length and width. The slab is
perpendicular to the plane and of unit
cross section. The weight of the slab is
pgH. Where p is density of ice, g is
acceleration due to gravity and H is the
height of the slab. The weight of the
slab along the surface will be
countered by basal stress which will be
equal to:

@®)
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This is a very simple model for glacier
movement when the layers of ice do
not move over each other. But in real
world scenarios, ice moves over each
layer and hence velocity varies with

depth. This is shown in Figure 1. Here a
block of ice is taken with unit length at
all sides. This give rise to the premise
that these blocks of ice move over each
other hence producing sliding motion.

Figure 3 Forces acting on a block of ice

Let u be the x component of the
velocity. Assuming the slab deforms in
a simple shear, the flow lines are
parallel to surface. This is Laminar
flow of ice. It follows that the z
component of the velocity is zero and
so shear strain rate is 2(du/dz).

— = Aty )

Where, A is a creep parameter (which
depends on temperature,fabric, grain
size and impurity content and has a
value 0f3.24*10™ Pa’ s for temperate
glaciers (Cuffey and Paterson,
2010).Using equation (8) and adding a
scale/shape factor, f, for temperate
glaciers we get

(10)

Integrating equation (9) into (8) we get

(11)

This equation can then be used to
determine the depth/height of the ice
over any glacier where our assumption
holds true. Changing the equation into
the final form by replacing (h-z) with H
we get.

(12)

Rearranging to get depth information
of a particular velocity pair, we get:
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Where, f'is a scale factor, i.e. the

(13)

ratiobetween the driving stress and
basal stress along a glacier, and has a

range of [0.8, 1] for temperate glaciers.
This study has used f = 0.8 (Haeberli
and Hoelzle, 1995), p is the ice density,
assigned a constant value 0f900 kgm
(Farinotti and others, 2009a), g is
accelerationdue to gravity (9.8ms )
and Slope,

Table 4 Slope Dependent Model Parameters and Results

Length Ice depth Area Covered

Name AH(km) Slope (rad) T
(km) (m) (km?)
Gangotri 30 32 0.10626 150 200.42 87.87
Raktvarn 10.27 2 0.19233 150 111.21 47.88
Chaturangi 15.18 1.2 0.07888 129.62 233.10 64.89
Swachand 6.81 1.15 0.16729 126.7413 107.87 16.11
Malandi 4.26 0.85 0.19694 104.9013 75.97 4.58
Meru 8.53 1.45 0.16837 140.7513 119.03 5.57
Kirti 9.01 2 0.21843 150 98.10 31.60
Ghanohim 4.03 0.6 0.14779 80.72 77.68 11.83

The Ice depth is the most in the main
trunk and Chaturangi glacier at

222.10m and 233.10m respectively.
These are also some of the largest
spanning glaciers in the group. This
supports the hypothesis that states the
depth as directly proportional to its

area. All other glacier branches are
medium in depth (75.97m to 119.03m)
with the average depth and volume
calculated to be 172.88m and
46.7376km’for the whole glacier.

Table 5Slope Dependent Model Parameters and Results

Length AH Ice depth Area Covered
Name a(rad) T 2
(km) (km) (m) (km?)
Gangotri 30 32 0.10626 150 200.42 68.4
Raktvarn 10.27 2 0.19233 150 111.21 47.88
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Swachand 15.18 1.2 0.07888 129.62 233.10 64.89
Swachand 6.81 1.15 0.16729 126.7413 107.87 16.11
Malandi 4.26 0.85 0.19694 104.9013 75.97 4.58
Meru 8.53 1.45 0.16837 140.7513 119.03 5.57
Kirti 9.01 2 0.21843 150 98.10 31.60
Ghanohim 4.03 0.6 0.14779 80.72 77.68 11.83
Gangotri2 4.7 1 0.20963 116.8 79.54 19.47

GlabTop model (Paul and Linsbauer,
2012) uses the same technique as
defined for slope dependent approach
but depth calculation are done for
height intervals. This means that the
branch lines digitized are more
intensive  and conform to the
hydrological structure of the glacier
bed. Hence 1, basal sheer stress, is
calculated for height interval of 500m
each. This allows for more flexibility

in calculating ice depth or bed
topography of complex glacier system
like Gangotri.

Table 6 provide velocity measurement
from the COSI-Corr parameterization
used in the Table 3 for all the image
pairs used in the study. This includes
both medium and high resolution
images.

Table 6 Velocity measurement from COSI-Corr for related image pairs

Window Size i Movement Time Veloci

Satellite Date Pair . " Z Resolution v SNR 2!

Initial | Final (m) E-W N-S Interval | (m/day)
9Sep98-

Landsat 7 220199 64 32 15 9.974 6.22 0.9 408 0.0288
80ct00-

Landsat 7 200ct01 64 32 15 8.89 6.812 0.9 377 0.0297
220c¢t99-

Landsat 7 80ct00 64 32 15 4.893 3.59 0.9 352 0.0172

Landsat 7 200ct01 - 64 32 15 6.172 7.04 0.9 231 0.0405

8Jun02

220c¢t99-

Landsat 7 200ct01 128 64 15 14.183 | 10.188 | 0.9 729 0.0239
80ct00-

Landsat 7 28Aug02 128 64 15 8.511 | 10.638 | 0.9 689 0.0197
9Sep98-

Landsat 7 80ct00 128 64 15 10.389 8.46 0.9 760 0.0176

Landsatg | 20Ave13-1 64 | 35 15 5396 | 6509 | 09 | 391 | 0.0216
21Sepl4
220c¢t00-

IRS 08Jul02 256 64 5 6.889 | 7.323 | 0.9 624 0.0161
220c¢t00-

IRS 050ct03 256 64 5 7.554 | 8.215 0.9 1078 0.0103
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8Jul02-

IRS 200¢t05 256 64 5 5968 | 5.609 | 0.9 1200 0.0068
8Jul02-

IRS 500103 128 32 5 7.902 | 7.281 0.9 454 0.0236
50ct03-

IRS 2006105 256 64 5 5.553 | 5.491 0.9 746 0.0104

The average velocity for the period of
observation from 9 September 1998 to
21 September 2014 was calculated to
be 0.02 m day'for whole glacier. This
observation when limited to upper
areas of the observation yielded an
average movement of 0.041 m day

' This observation when limited to
upper areas of the observation yielded
an average movement of 0.041 m day-
1. Velocity from earlier reported
papers varies from 0.038-0.233 m
day—1 in the accumulation region to
0.055-0.0821 m day—1 near the snout
(Gantayat et al., 2014). Kumar et. al.,
(2008) reported Gangotri glacier

Figure 4 Velocity Vectors over
Gangotri Glacier

retreat using rapid static and kinematic
GPS survey to be in range of 0.033-
0.0376 mday-1 (during 2004-2005).
Saraswat et al. (2013) showed that
Gangotri glacier snout has receded at a
rate of 21.3 = 3 myear—1 (0.058 mday-
1) over a period of 6 years
(2004-2010). Further, the average
glacier surface velocity in the northern
(lower) portions (28.1 + 2.3 m year—1
or 0.077 mday-1) is observed to be
significantly lower than in the southern
(higher) portions (48.1 + 2.3 m year—1
or 0.13 mday-1) of the Gangotri
glacier.

| ice Thickness
| et
| -

8001130

8 3 4 e .
- ——

Figure 5Mean Ice Depth Profile of
Gangotri Glacier from time of analysis
(1998-2014).
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A-A' B-B'

E-E' F-F'

Figure 6 Profile cross-Section for different ratio of basal velocity(in terms of percentage of
surface velocity) Note: (A-F) x-axis represent the profile length (100m interval) from x-x';
y-axis represents ice thickness calculated from the model.

The major conclusion of the profile was found to be ~60 m and the
analysis have shown that the variation maximum depth was found at
in Lamiar flow model is very huge accuumulation zone at ~650 m.

where variation from 20m to 400m is Uncertainty  analysis  procedure
easily visible. Also the depth at snout wassimilar to as reported in (Gantayat
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et al., 2014). In present study, velocity
uncertaintyon snow free ground for
IRS 1C/1D is in range of 0 to 0.351 m
and a maximum of 1.5 m. Values for
uncertainty of surface velocity was
fixed at 3.5 m annum’ based on
observed values by (Swaroop et. al.,
2003). Scaling factor uncertainty was
set at 0.1 (Gantayat et al., 2014). Creep
factor uncertainty was set at 8.24*10”
(Farinotti et al., 2009a). Uncertainty
over ice density accuracy is taken at 90
kgm” i.e. 10% of the defined density
used in the study. Uncertainty in the
slope estimation using SRTM DEM is
calculated to be at 0.001. All the
reported uncertainty are then added for
uncertainty in the volume estimation
of the Glacier which is reported to be
11.4% for the current study. A marked
decrease of uncertainty by 7% from
earlier reported study (Gantayatet. al.,
2014). This is possible due to use of
high resolution imagery (5 to 15m as
compared to 30 m) (Farinottiet. al.,
2009) used for velocity estimation and
better vertical relative accuracy

achieved from STRM DEM (£ 10 m)
as compared to ASTER GDEM(= 20

m).
4 Validation and discussions

Ice thickness was validated by TLS
measurement at snout for 9 Points.
These were kept at a distance of 30 m to
100 m apart from each other. The scan
of the area was taken and overlaid over
the model output. This is then used to
measure the thickness of the ice from a
stone visible in the scan and detached
from the main glacier, lying in the river
bed. This stone was used as reference
for the thickness measurement which
varied from 58 m to 67 m at snout
validating the model estimation of ice
thickness at ~60 m.Gantayatet. al.,
(2014) reported the maximum ice
thickness as 540 m to 50-60 m as
minimum at snout. This is slightly
different from present study, where
minimum ice thickness at snout is
estimated as 60 — 67 m and 650 m as
maximum ice thickness. This
difference can be attributed to different
data source with high resolution data
such as IRS 1C/1D Pan Data and 90 m
SRTM DEM based slope.

Figure 7Correlation between TLS ground Measurements and Laminar Flow Model at snout
and the Actual Scan of the snout during field visit (15-17 September 2014)

Journal of Geotechnical and Geo Computational Engineering Page No. 38 / Vol. 13 / Issue-2



Frey et al., 2014 has reported an
average ice depth as 145 m for
GlabTop2 Model and 91 m for
Slopedependent thickness estimate.
The study concludes the average
thickness of the Gangotri Glacier to be
92.25 m which is close to the reported
value by (Frey et al., 2014). Future
work can include use of Ground
Penetrating Radar (GPR) for depth
measurement and validation of the ice
thickness for whole glacier. Field
survey using DGPS can be done to
validate surface velocity of the glacier.
Parameterization of the laminar flow
model for density, scaling factor, creep
factor, and basal velocity can be further
studied for better results.
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Abstract:

The recurring failure of earthen/ brick pitched embankments especially during
monsoon at some islands of Sundarban resulting the inundation and saline water
intrusion to the agriculture field. Addressing to this problem needs a holistic
approach including geotechnical investigation, embankment stability analysis, river
hydrodynamic analysis, tidal hydraulic study, coastal dynamics study and sediment
budgeting. A preliminary study has been attempted considering embankment

stability, seepage and drawdown.

Background

A total length of 3520km marginal
embankment  exists all around
Sundarban on either side of the
existing creeks in the estuarine system.
Since these embankments were not
constructed in a scientific  or
engineered manner, failure of the same
became a routine in this area. As
revealed from the history of failure, it

occurs especially during monsoon and

storm surges. Out of the total length,
about 434 km stretch of embankment

appears to be vulnerable.

Geological and geomorphologic
setup of the study area

The Sundarban island system is
geologically very recent. The Delta
outbuilding of Ganga-Brahmaputra
system though initiated at the end of
Miocene, could have reached the
present location of Sundarban delta,
not more than 10,000 years back
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(Pleistocene to Recent). The
geological formation covering the
island system belongs to the 'Bengal
Alluvium'.

During the recent times the
Bengal delta acquired a typical tide
dominated lobate form with a tidal
range of 3.7 to Sm. The estuarine
mouth of Hoogly and its numerous
distributaries like Saptamukhi, Jamira
etc. acquired a typical seaward flaring
funnel shaped pattern. Due to
progressive upliftment of channel bed,
the height of tidal bore became
maximum 6.4m and further inland this
increased to 7.17m as obtained Tide
Table of Hoogly River, published by
Kolkata Port Trust, 1984 (the then
Calcutta Port Trust). The flood and ebb
tides have a semi-diurnal nature (12.5
hours interval) and occur twice daily.
Within this cycle floodwater flows for
2-3 hours duration. At the remaining 8-
9 hours, the estuary is covered by ebb
tide flow of lesser velocity.

Physical setup of the study area
Sunderban is complicated delta
formation consists of a network of a
number of creeks and which divide the
entire area into large number of

islands, under the area of Hooghly-

Matla These
channels and creeks meet to the Bay of

estuarine  system.

Bengal through the entire estuarine
system.

Topography: The general topography
of Sunderban is the immature fertile
islands, which were built by the
alluvial silt carried by Ganga and other
rivers.

River System: The whole of the
Sunderban is comprised of intricate
network of criss-cross channels and
which divide the entire area into a large
number of islands, these channels and
creeks ultimately find their way to the
Bay of Bengal through some principal
estuaries. These rivers are Hoogly,
Muriganga, Saptamukhi, Thakuran,
Matla, Gosba,

Raimangal.

Haribhanga and

Role of Tide: Tides used to play a vital
role, before construction of
embankment, in deltaic building
process in the Sundarban. Due to
continuous effect of flood tide and ebb
tide twice a day, the silt carried down
by the river get deposited in layers,
after construction of embankments, at
the confluence of rivers, which in tern

rise the bed level and reduce the
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navigability. The tidal variation in this

region is about 4m and above.

Sometimes the higher tides generate

the tidal surge on the embankments.

Problems At Study Area

It is said that entire area of Sunderban
was under forest before British rule.
Some private entrepreneurs, being
attracted by fertility of land and
considering the proximity of Kolkata,
started premature reclamation of the
north-west area of Sunderban in and
around 1770, under the patronage of

the East India Company, by
denudation of forest and putting
marginal embankment along the

periphery of a large number of islands
to protect the low laying area from tidal
inundation. The evil effect of such
unfair and unwise human interference
in Sundarban started from that very
day, and subsequently such premature
reclamation spreaded over the entire
Sunderban and continued upto 1909,
when the British Government enforced
further
of new areas. The

an act on controlling
reclamation
construction of marginal embankment
around the island created the problem
of drainage of the related area during

monsoon and cuts in the embankment

were resorted for effective drainage,

such cuts often led to breach in the
embankment during spring tide or tidal
surges. The construction of
embankments also results the problem
related to silt deposition, which was
carried by the rivers, especially during
flood tide. Earlier, before construction
of marginal embankment, the low
laying islands were usually flooded
with the seawater/
containing high silt, during flood tide,
which was the driving factor to mature
the islands of Sundarban. But after
construction

mixed water

of marginal
embankments it was just stopped and
the silt was being started to deposit on
the riverbed itself,
reduction of navigability

resulting the
of the
channels/ creeks and the tidal flood
around Sundarban. This fact might
have accelerated the disaster of breach
out of embankments around this area.

General Condition of Existing

Embankments

As revealed from the available reports,
a part of the total length is purely
earthen embankments, while the others
are either brick pitched or boulder
pitched. The vulnerable stretches may
be seen at the brick/ boulder pitched
embankments (Plate 1a), as well as
only earthen embankments (Plate 1b).
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Plate 1: Distressed (a) Brick Pitched (L) and (b) Earthen Embankment (R)

These embankments are experiencing
different hydrodynamic condition at
different places. The hydrodynamic
condition may be direct coastal
dynamics, different tidal dynamics or
meandering dynamics. Out of the total
length, only 12% is vulnerable as
reported elsewhere, but the area under
this portion get inundated during
monsoon, which causes the saline
water intrusion in the agriculture field
and habitable area causing disaster to
the local people.

The several field visits reveal
that the geometrical parameters, such
as height and slope, of the
embankments were varying, that might
be as per the local site condition
including hydraulic condition, while
the soil properties of the embankment
body do not varying much.

Formulation Of The Present Study

The marginal embankments, which
were constructed around Sundarban
estuarine system at premature stage of
the island system, are facing severe
problem of erosion. The construction
was carried out using locally available
soil with different arbitrary profiles,
detailed of the

engineering properties of the soil used

without study
and the stability analysis of the slopes
of the embankments. The erosion or
breach out of embankments is
occurring regularly specially during
monsoon or storm surges.

The fluctuation of water level
in the creeks due to tidal cycle,
including diurnal changes, may
develop the pore pressure in the
embankment body. During the extreme

events of storm surges, the water
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column might be observed as in the
order of 5-6m height, which hits the
embankment, and causes the spill over
of the same.

The present study was
formulated, in the light of the earlier
discussion in previous paragraphs, to
carry out the slope stability analysis of
embankments,  considering  the
existing subsoil and embankments soil
properties and seepage, also the
horizontal sliding stability of the
embankments for tidal wvariation,
considering the draw down condition
and seepage. The analysis incorporates
(Das and Bhandari, 2005) different
of the

embankments and hydraulic forces at

geometrical  dimension
the existing soil condition. The height
of the embankments considered in the
study 2.0m to 4.0m with the increment
of 0.5m, while the slopes were taken
1:1,1:1.5, 1:2 and 1:2.5 (H:V). The
variation of hydraulic condition was
considered through freeboard ranges
between 0.0m to 1.00m with an
increment of 0.25m in case of
horizontal sliding analysis, while the
values of pore pressure coefficient
were taken 0.3, 0.4 and 0.5 for slope
stability analysis in consideration with
the existing soil condition as clayey

silt.

Geotechnical Investigation

Since the subsoil properties could not
be made available, the subsoil
investigation for stability analysis of
the existing embankments was
essential for the present study. Three
different locations were selected for

this purpose.

Subsoil exploration

A subsoil investigation of the study
area was essential for understanding
the engineering properties of subsoil
and embankment soil, which was for
the stability analysis of existing
embankments. Three boreholes were
advanced at three locations of

Sundarban, where the existing
embankments are in distressed
condition. Out of the three boreholes,
two of them were advanced upto 10m
each below ground level, while 6.5m

could be advanced for the third one.

Choice of site

A large number of locations may be
available in Sundarban, where the
existing  embankments are in
distressed condition. A detailed soil
investigation of all the vulnerable

Journal of Geotechnical and Geo Computational Engineering Page No. 47 / Vol. 13 / Issue-2



stretches 1is necessary for proper
understanding of the problem. But to
get access to those places are either
difficult or prohibitive; hence the
mobilisation of soil investigation
equipments is very difficult. In the
present study to initiate the work, three
locations; Sonakhali (N2212'31.5”,
E88 °42'27.6”), Napitkhali
(N2213.33'33”, [E8844'43.7”) and
Choravidya (N22 °19'25.97,
E8848'27.3”) were selected (Figure

1). The selected places are well
connected to Kolkata by road transport
and the existing embankments at these

Choravidya __
Napitkhali ol
Sonakhali -+

Diamond
Harbour

places are in distressed condition as
well. Two boreholes of 10m depth
below ground level each was advanced
at Sonakhali and Napitkhali, one at
each location, while at Choravidya the
borehole was advanced only upto 6.5m
due to non accessibility of the site.
More number of sites, where
embankments are in
has to be

existing
vulnerable condition,
selected for detailed work on this
problem for proper understanding of

the soil properties of Sundarban area.

Figure 1: Map of Sundarban and Borehole Locations
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Methodology of subsoil exploration
In the present study two methods;
augur boring and wash boring was
adopted for advancement of three
boreholes at three different locations.
In each case the borehole depth upto
6.5 below ground level was advanced
by augur boring method using 300mm
dia augur. The remaining depth upto
10m below ground level was advanced
by wash boring technique, for all the
cases. Precautions were taken to get
the proper undisturbed soil samples. In
wash boring no bentonite slurry was
used. Undisturbed

collected, where the changes in strata

samples were

were found through standard
penetration tests during augur boring
and/ or colour and silt content in case
of wash boring. Standard penetration
tests were conducted at an interval of
1.5m. However, the same could not be
at the depth where

undisturbed samples were collected.

conducted

Undisturbed soil samples were
also collected from embankment body
at each of the three locations. At the
three locations two undisturbed soil
samples from each site were collected.

Total six numbers undisturbed soil

samples were collected from the
embankment body to determine the
engineering properties and the stability
analysis.

Stratigraphy of subsoil

The stratification of subsoil of the
selected area of Sundarban is almost
similar as revealed from the subsoil
investigation  of three different
locations. The general stratigraphy of
the selected area is of three layers. The
average stratigraphy as obtained has
been presented in Figure 2. The top
layer ranges between 0 and 1.5m depth
below ground level has been obtained
as brownish  silty clay with
decomposed wood, the second layer
ranges between 1.5m and 6.0m depth
below ground level has been obtained
as gray silty clay, while the third layer
ranges between 6.0m and 10.0m depth
below ground level has been obtained
as stiff gray silty clay, with traces of

mica.
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Figure 2: Bore Log Data Sheets of Sonakhali, Napitkhali and Choravidya

obtained as brownish silty clay with
decomposed wood, the second layer
ranges between 1.5m and 6.0m depth
below ground level has been obtained
as gray silty clay, while the third layer
ranges between 6.0m and 10.0m depth
below ground level has been obtained
as stiff gray silty clay, with traces of
mica.

Engineering properties of subsoil and
embankment soil

Disturbed

samples  were

and undisturbed soil
collected from

distressed embankment body and the

subsoil.

The laboratory test has been
carried out for the collected disturbed
and undisturbed soil samples, to find
out the engineering properties,
specially the shear strength and
permeability, of subsoil and the
existing embankment soil prevailing at
the selected sites. The average value of
geotechnical data at different depth of
the subsoil and embankment soil has
been presented in Table 1, which was

also considered for the analysis.

Subsoil
Depth (m) Shear Strength Parameters Bulk density (y)
From To C (t/m?) d C’ (t/m?) Y (t/m®)
0.0 1.5 2.30 10.50 2.01 13.00 1.87
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1.5 6.0 1.89 10.80 1.70 13.60 1.99

6.0 10 2.12 9.83 1.83 12.54 1.88
Embankment Soil

- - 1.90 6.50 1.97 9.63 1.87

Table 1: Geotechnical Data Adopted in the Stability Analysis

Method of Analysis
The stability
embankments has been carried out in

of Sundarban

the present study primarily in two
methods, which cover: (1) slope
stability analysis in total stress

condition and effective  stress
condition with different pore pressure
coefficient, and (2) horizontal shear
stability analysis at upstream and
downstream side due to sudden
drawdown and seepage respectively,
different

condition. Seepage analysis has been

assuming freeboard
carried out in the light of available
theories suggested by Dvinhoff, and
Harr (1971); Desai, and Sherman
(1971); Desai (1972).

A computer programme has
been developed in the present study.
The programme used in the slope
stability
handling any slope geometry. It can

analysis 1s capable of
cater any number of soil layers,
considers the effect of ground water
table or phreatic line that may be

present. Moreover, the programme can
tackle four cases namely total stress
analysis, effective stress analysis, total
stress earthquake analysis and
effective stress earthquake analysis
respectively; though the earthquake
analysis has not been considered in the
present study due to low heights of the
embankments. The programme also
considers the effect any surcharge
load, if present in the site. The
programme uses the term the pore
water pressure ratio, while considering
the effect of water table and phreatic
line and calculates the weights of the
slices accordingly. The convergence
rate, while doing the iterative
calculations is rapid. The final value of
the factor of safety is determined when
it differs from the previously

calculated value by mere 0.001.

Slope stability analysis
of the

assumptions in the different methods

Regardless different
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(Taylor, 1948; Janbu, 1954; Bishop,
1955; Lowe and Karafiath, 1960;
Bishop and Morgenstern, 1960;
Morgenstern, 1963; Spencer, 1967)
available for the analysis of stability of
a slope, give values of the safety factor
that differ by no more than 5%. Even
though it does not satisfy all conditions
of global equilibrium; Bishop (1955)
simplified method also gives very
similar results. Partly because of the
good results and partly because of its
simplicity, the slice method of limit
equilibrium analysis proposed by
Bishop (1955) has been used widely
for predicting slope stability under
both drained and untrained loading
conditions. Therefore the present study
on analysis of slope has been carried
out using Bishop's simplified method
(1955).

Choice of critical circle: As per the
Fellenius (1927, 1933) method the trial
of location of centre was started and
then an area could be identified where
the possible centre of the critical circle
might be located. A number of
probable locations of centre were

considered in the form of a matrix to

identify the critical circle. Different
radii were chosen against the pre-
defined matrix of locations of centres
of the slip circles. The minimum factor
of safety has been taken as the critical
factor of safety and the corresponding

circle has been taken as critical circle.

Horizontal shear stability analysis

In case of the stability analysis of
earthen dams the seepage of water is an
important factor and the same has to be
considered in a proper manner. A
horizontal shear may be developed due
to seepage and the failure may occur on
the downstream side of the
embankment. On the other hand, the
sudden draw down as in case of the
existing embankment at Sundarban a
horizontal shear force may be
developed on the upstream end of the
embankment.  The approximate
analysis of the stability against the
horizontal shear force developed due
to seepage and sudden draw down has
been carried out as suggested by

Creager, et al, (1956).
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Shear resistance (R,,)

Eu

Figure 3: Development of Horizontal Shear at U/s due to Sudden Draw Down

Upstream slope of the embankment

during sudden drawdown: The
mechanism of failure on upstream side
of the embankment due to sudden draw
down has been explained in Figure 3. It
is based on the simple principle that a
horizontal shear force (P) is exerted by
the saturated soil. The resistance to this
force (R),is provided by the shear
resistance developed at the base of the
soil mass, contained within the up
steam triangular shoulder.

Considering a unit length of the
embankment, the horizontal force P, is

given by equation 1.

| S — tan’ (45-/2) +y,h’2
2

Where ,is the weighted density at the

center of triangular shoulder up steam
and given by equation 2.

Y subh1+ dry(h-h)

SO @)

Shear resistance (R),of the up stem
slope portion of the embankment
developed at the base is given by
equation 3. In other way the R may be
expressed as the equation 4.

R= C +Wtano (3)

Where W =the weight of the up steam
triangular shoulder of the embankment

and C=the total cohesive force
developed at base.
RFC(B*1)* ( ..,"0.5"Bh) )

Now P and R are known, the factor
safety against sliding can be
calculated, using the expression:
Factor of safety, F = R/P,
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Upstream Side

Figure 4: Development of Horizontal Shear at D/s due to Seepage

Downstream slope of the embankment
under seepage: The mechanism of
failure on downstream side of the
embankment due to seepage has been
explained in Figure 4. It is based on the
simple principle that a horizontal shear
force (P) is exerted by the saturated
soil. The resistance to this force (R) is
provided by the shear resistance
developed at the base of the soil mass,
contained within the down steam
triangular shoulder.

Consider a unit length of the
embankment, the horizontal force p,is
given by equation 5.

J" 2
o J— * tan’(45-12) +h /12 5
2

Where ,is the weighted density at the
center of triangular shoulder up steam

and given by equation 6.

subhj» dry(h-h)

, (6)
h

Shear resistance (R),of the up stem
slope portion of the embankment
developed at the base is given by the
following equation 7. In other way the
R, may be expressed as the equation 8.

R C+Wtan ¢ (7

Where, W =the weight of the up steam
triangular shoulder of the embankment
and C=the total cohesive force
developed at base.

Rd:CB—t ( dryAI—i_ subA) tan (8)

Now P and R are known, the
factor safety against sliding can be
calculated,
Factor of safety, F =R/P,

using the expression:
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Results And Discussion
The existing embankments  at
Sundarban are experiencing different
hydrodynamics condition spatially and
temporally. The prevailing

hydrodynamic conditions are (a)
coastal hydro-dynamics experiencing
wave dynamics, and tidal surge and
storm surge, (b) macro tidal effect
experiencing the unsteady draw down
and tidal surge, (c) meso tidal effect
experiencing the unsteady draw down,
and (d) effect of meandering of creek,
experiencing the river current at the toe
or face of the embankments. In the
light of the different tidal environment,
different of the

embankments and average soil

geometry

condition, the slope stability and the
stability against horizontal shear have
been considered in the present study.
The different tidal conditions have
been considered in terms of freeboard
or pore water pressure, while the
geometry has been considered through

height and slope of the embankments.

Slope Stability Analysis
The slope stability analysis has been
carried out for total stress and effective

stress condition; however, the effect of
earthquake has not been considered in
the analysis because of the low height
(2.0m to 4.0m) of the embankments.
The different geometry (height and
slope) of the embankments and
different pore water pressure has also
been considered in the analysis as
parametric study.
The results of the slope
stability ~ analysis  have been
enumerated below in Table 2.
The values of Factor of Safety (FoS)
has been noted separately (bold and
italic) if it become less than 1.5 in case
of total stress analysis, while 1.3 in
case of effective stress analysis. The
noted values are indicating the failure
cases in slope stability analysis.
Failure occurred in 19 cases at
different embankment geometry and
pore pressure coefficient.
As revealed from the results of the
slope stability analysis (Table 2) that
the factor of safety was decreasing
gradually in both total stress and
effective stress method, as the slope
was increasing from 1:1 to 1:2.5 and
the factor of safety also decreasing

with the increase in pore water

Journal of Geotechnical and Geo Computational Engineering Page No. 55/ Vol. 13 / Issue-2



pressure (R) ranging between 0.3 to agreement of the slope stability

0.5, where the height was kept analysis.
constant. This follows the general
Embankment Factor of Safety Obtained from Slope Stability Analysis
Geometry
Height Slope Total Stress Effective Stress Method

(m) (1:X) Method R, =0.3 R, =04 R, =05
1.0 3.92 3.45 3.33 3.20

2.0 1.5 3.29 2.76 2.61 2.53
2.0 2.99 2.54 2.49 2.44
2.5 2.40 2.00 1.95 1.90
1.0 3.05 2.50 2.40 2.35

25 1.5 2.35 2.03 1.97 1.91
2.0 2.05 1.67 1.61 1.55
2.5 1.78 1.50 1.45 1.38
1.0 2.37 1.92 1.87 1.82

3.0 1.5 1.93 1.57 1.51 1.46
2.0 1.67 1.35 1.32 1.28
2.5 1.59 1.29 1.27 1.11
1.0 1.96 1.61 1.57 1.53

35 1.5 1.75 1.42 1.36 1.31
2.0 1.52 1.28 1.18 1.14
2.5 1.37 1.15 1.10 1.01
1.0 1.72 1.42 1.34 1.27

4.0 1.5 1.58 1.32 1.21 1.13
2.0 1.43 1.21 1.10 1.00
2.5 1.29 1.08 1.00 0.92
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Figure 5: Effect of Geometric and Hydraulic Conditions on Factor of Safety in
Slope Stability for Specific Height of Embankment 2.0m
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Figure 5 shows that the rate of decrease
in factor of safety was low upto the
slope 1:2 and then the rate was higher
upto 1:2.5, both for total and effective
stress method of analysis. The change
in factor of safety due to change in pore
water pressure was not significant. The
failure did not occur for the
embankment height of 2.0m. The
maximum factor of safety was
obtained 3.92 in case of total stress
method and minimum was 1.9 in case
of effective stress (R=().5) method.
However, in case of embankment
height 4.0m as shown in Figure 6, the

2
[N
Y—
(40
w
Y
o
o
]
o
(w]
(T

rate of decrease in factor of safety was
although almost linear, except very
few cases. The change in factor of
safety due to change in pore water
pressure was significant. The change
in factor of safety 0.1 was observed due
to change in pore pressure coefficient
0.1. The maximum factor of safety was
obtained 1.72 in case of total stress
method, while minimum was 0.92 in
(R=0.5)
method. The Figures 5 and 6 represent

case of effective stress

the two extreme heights for slope
stability analysis.

Embankment Slope |H:‘-.-'»‘ﬁ- B

Figure 6: Effect of Geometric and Hydraulic Conditions on Factor of Safety
in Slope Stability for Specific Height of Embankment 4.0m
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The Figures 7 and 8 indicate that the 4.0m, and the factor of safety was also

factor of safety was decreasing almost decreasing with the increase in pore
in parabolic nature both in case of total water pressure (R) ranging between
stress and effective stress method, as 0.3 to 0.5, where the slope of the
the height was increasing from 2.0m to embankment kept constant.

P
@
L
[y
W
Y—
o .
o
8
[&]
[yv]
5

Embankment Height (m)

Figure 7: Effect of Geometric and Hydraulic Conditions on Factor of Safety in
Slope Stability for Specific Slope of Embankment 1:1

The difference in factor of safety due to ranged between 3.0 and 4.0m for

increase in pore water pressure was effective stress, this included 4.0m
increasing as the slope of the height for total stress method also
embankment was increasing. The only (Figure 8).

case of failure occurred in case of the

embankment slope 1:1 was at the pore
pressure coefficient 0.5 and the height
4.0m (Figure 7); while in case of

embankment slope 1:2.5 and the height
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Embankment Height (m)

Figure 8: Effect of Geometric and Hydraulic Conditions on Factor of Safety
in Slope Stability for Specific Slope of Embankment 1:2.5

The Figures 5 through 8 have been
presented herein as typical results of
slope stability analysis for extreme
geometry of the embankment.

Horizontal shear stability analysis
This analysis has been carried out in
consideration with the variation of
embankment  height and slope
considered as in the earlier case of
slope failure, but the freeboard was
considered as third parameter. The free
board shows a strong influence on
stability of embankment against
horizontal shear, as revealed from the
of the

sudden

study.Upstream slope

embankment during

drawdown. Due to sudden draw down
of a horizontal shear force developed
at the base of the embankment, which is
normally responsible for failure at
upstream end. The variation height of
the embankment as considered in the
present study was 2.0m to 4.0m and
slope 1:1to 1:2.5. Free board, the
important  influencing  factor for
stability against horizontal shear force
has been considered to be varied 0.0m
to 1.0m, at an increment of 0.25m. The
results of this analysis have been

enumerated below in Table 3.
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Freeboard Height Factor of Safety Obtained from Horizontal Shear Analysis
(m) (m) due to Drawdown (Upstream)
Slope

1:1 1:1.5 1:2 1:2.5

0.00 2.0 1.18 0.78 0.60 0.44

2.5 0.97 0.64 0.48 0.37

3.0 0.83 0.54 0.40 0.31

3.5 0.72 0.45 0.35 0.27

4.0 0.64 0.42 0.32 0.25

0.25 2.0 1.45 0.93 0.75 0.62

2.5 1.13 0.78 0.60 0.48

3.0 0.93 0.67 0.49 0.37

3.5 0.78 0.58 0.41 0.30

4.0 0.71 0.50 0.37 0.27

0.50 2.0 1.55 1.12 0.90 0.74

2.5 1.24 0.94 0.72 0.58

3.0 1.01 0.78 0.58 0.45

3.5 0.85 0.65 0.47 0.36

4.0 0.78 0.56 0.41 0.33

0.75 2.0 1.89 1.25 1.02 0.76

2.5 1.47 1.00 0.83 0.62

3.0 1.18 0.83 0.67 0.49

3.5 0.96 0.71 0.55 0.41

4.0 0.87 0.62 0.46 0.37

1.00 2.0 2.26 1.43 1.26 1.03

2.5 1.69 1.16 0.97 0.76

3.0 1.34 0.97 0.77 0.57

3.5 1.07 0.79 0.63 0.45

4.0 0.96 0.69 0.50 0.41

Table 3: Critical Factor of Safety at Upstream Face of Embankments against
Horizontal Shear Stability due to Drawdown for Different Geometrical
and Hydraulic Conditions

The factor of safety varies in
hyperbolic manner with the height of
the embankment, when the slope of the
embankment and free board kept as
constant; however, this pattern of
change in factor of safety could be seen
in almost all the cases of different
slopes (Table 3). It has also been
revealed from the table 3 that the factor
of safety was increased with the

increase in free board. Occurrence of
failure of embankment noted in all the
cases of geometry of embankment and
hydraulic condition considered in this
analysis, except four cases. Hence, the
horizontal shear force due to sudden
drawdown may be identified as one of
the major reason of distressed
condition of Sundarban embankments.
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Table 3: Critical Factor of Safety at Upstream Face of Embankments against Horizontal
Shear Stability due to Drawdown for Different Geometrical and Hydraulic Conditions

For visual sensation of change in
Factor of Safety, Figure 9 has been
presented as a typical figure
considering the varying geometry of
the embankment and free board 0.00m.
In case of the varying height and 1:1
slope of the embankment for free board
0.00m the factor of safety was slightly
higher, than the other cases such as
slope 1:1.5 to 1:2.5 of same free board,
though all the cases was obtained as

failure cases for free board 0.00m.
Downstream slope of the embankment
under seepage: The stability analysis
of the downstream end of earthen

embankments considering the
horizontal force at base developed due
to seepage has been carried, which
includes the different height with
different
parameters
different

parameters.

slopes as geometrical
of embankments and

freeboard as hydraulic

The results of the downstream
stability analysis due to horizontal
force developed due to seepage has
been presented in Table 4, which
shows that the major occurrence
critical condition for slope 1:2 and
1:2.5.
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Freeboard Height Factor of Safety Obtained from Horizontal Shear Analysis
(m) (m) due to Seepage (Downstream)
Slope

1:1 1:1.5 1:2 1:2.5

0.00 2.0 2.17 1.65 1.22 0.76

2.5 1.83 1.34 0.98 0.68

3.0 1.51 1.10 0.82 0.59

3.5 1.30 0.98 0.73 0.51

4.0 1.14 0.90 0.65 0.46

0.25 2.0 2.55 1.87 1.43 0.87

2.5 1.92 1.51 1.09 0.76

3.0 1.55 1.21 0.90 0.68

3.5 1.34 1.06 0.82 0.61

4.0 1.22 0.98 0.82 0.60

0.50 2.0 3.00 2.20 1.70 1.11

2.5 2.22 1.72 1.26 0.94

3.0 1.76 1.37 1.03 0.79

3.5 1.50 1.19 0.88 0.68

4.0 1.39 1.16 0.87 0.62

0.75 2.0 3.00 2.35 1.84 0.95

2.5 249 1.86 1.40 0.79

3.0 2.03 1.53 1.10 0.70

3.5 1.69 1.31 0.96 0.66

4.0 1.50 1.20 0.87 0.66

1.00 2.0 4.00 2.60 2.00 1.11

2.5 2.88 2.00 1.52 0.93

3.0 2.20 1.62 1.22 0.82

3.5 1.79 1.44 1.06 0.71

4.0 1.60 1.31 1.03 0.65

Table 4: Critical Factor of Safety at Downstream Face of Embankments against
Horizontal Shear Stability Analysis due to Seepage for Different Geometrical and
Hydraulic Conditions

Embankment Height (m)

Figure 10: Effect of Geometry of Embankment on Factor of Safety in Horizontal
Shear Stability for Specific Freeboard 1.00m and Seepage
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The pattern of the curves as presented
in Figure 10 may be noted as
hyperbolic to linear for different slopes
of the embankment, when height has
been kept as variable in X axis. The
Figure 10 has been presented herein as
a typical case for a constant freeboard
1.00m, the other values of freeboard
have also been considered for analysis
but the pattern of the curve was almost
similar. It may also be noted that the
pattern of the curves were obtain
almost similar to the upstream
analysis, as presented in Figure 9.

The study reveled that the
existing embankments of Sundarban is
probably not becoming distressed due
to slope failure, but may be due
drawdown effect of the tidal water in
the creeks.

Conclusion

The shear strength value of the subsoil
and embankment soil of the study area
was low. The failure of the
embankments in the Sundarban deltaic
system may have different causes, but
in the present study it was found that
the embankments were mostly safe in
slope stability, except few cases
especially when reservoir is full (i.e.
high tide). But the same was found
unsafe in the base shear (up steam and
down steam) in most of the cases. In

case of horizontal shear stability
analysis the factor of safety became
much less value than the allowable
factor of safety. However, more
analysis is required to identify the
possible causes of failure of existing
embankments of the study area. The
following conclusions may be drawn
from the present study:

1) The existing embankments are
safe against slope stability except few
cases. Factor of safety is on the higher
side, however the same may be in
critical state for higher heights and
steeper slope such as 3.0m to 4.0m
height and slope 1:2 and 1:2.5

2) In cease of the stability
analysis due to horizontal shear force,
the upstream embankment shows the
critical condition in almost all the cases
except few, indicates the probable
causes of failure of existing
embankments at the study area.

3) In case of downstream stability
analysis due to horizontal force
developed due to seepage the critical
condition occurred for slope 1:2 and
1:2.5 and the other slopes were found
to be safe for heights upto 4.0m, and
even 0.0m freeboard.
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Abstract

Soft clay is normally avoided during construction due to its low bearing capacity and
high susceptibility of consolidation. The safe bearing capacity of soft clay is
considerably increased with insertion of geocells at a suitable depth from the
foundation level. Although it is known that geocell reinforced soft clay behaves
differently in confined and unconfined conditions, but a detailed study is not reported
yet. Moreover, the behavior of geocell reinforced soft clay under dynamic loading is
also not properly studied. Extent of increase in bearing capacity of soft clay due to
insertion of geocells is also not known. Present research is intended to carry out a
series of static and cyclic triaxial tests in confined and unconfined conditions and to
understand the effect of geocells on modification of strength parameters and
dynamic properties of soft clay. It is observed that under unconfined conditions, the
geocells will compress resulting in increase in strain, whereas, under confined
condition, the geocells will stiffen the soil resulting in increase in stress. It is also
observed that maximum improvement in axial stress is achieved when the geocells
are placed at a depth of one fourth of the loading diameter. However, position of
geocells does not have a significant effect on stress strain curve in unconfined
condition. The stress strain curve of geocell reinforced clay shows an early rise in
stress. It is observed that the shear modulus increases and the damping ratio

decreases due to insertion of geocells in soft clay.




1. Introduction

During the last three decades
geosynthetics are being extensively
used to improve the properties of poor
soil, like to increase the drainage
property, to reduce the compressibility,
to improve the shear strength, etc. In
order to increase the bearing capacity
of soft clay, use of geocells is also
being extensively used [Bush et al.,
1990], [Cowland and Wong, 1993],
[Hendricker et al., 1998], [Dash, et.al.,
2001], [Leshchinsky and Ling, 2013],
[Fakher and Jones, 1996], [Madhavi
and Vidya, 2007], [Selig and McKee,
1961], and so on. Dash et al. (2003)
reported that provision of geocell
reinforcement improves the load
carrying capacity of foundation soil.
Normally a geocell is a three-
dimensional,
made of geosynthetics

interconnected by joints. Geogrids are

honey-comb  like
structure

normally used to make the cage and
geotextiles or geomembranes are put
inside the cage for retaining the filling
material like sand, gravel or boulder.
The geocells may be triangular, square,
rectangular or hexagonal in plan
depending upon the nature of utility.
Geocells have been found to be useful
for base reinforcement of

embankments and subgrade soil,

reinforcement below  shallow
foundations and steep slopes and in
other applications where the soil
should withstand high tensile stresses.
Flexural rigidity of the geocells plays
an important role in increasing the
strength of soil against bending. In the
present study, effects of geocells in
modifying the shear strength of soft
clay under static and dynamic loading
have been undertaken. A series of
triaxial compression tests have been
carried out on 75 mm diameter clayey
soil samples reinforced with four
interconnected geocells placed at
different depths from the top of the
sample. Cyclic triaxial tests have also
been conducted on the samples to find
out the improvement on dynamic
properties of soft clay, due to insertion
of geocells.
improvement in the static and dynamic

properties has been observed.

A considerable

2. Materials Used For Testing

Locally available silty clayey soil
which has 60% fines finer than 75
micron was used for the present study.
Fig. 1 shows the particle size
distribution of this soil. The liquid
limit, plastic limit and specific gravity
of the soil were found to be 52%, 27%
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and 2.54 respectively. As per Unified
Soil Classification System (USCS),
the soil is classified as inorganic clay
with high compressibility (CH). The
undrained in-situ shear strength of the
soil obtained through vane shear test
was found to be 6.5 kPa at a density of
20.73 kN/m’and water content 40.2%.
All the laboratory  tests
performed on remolded

were
samples
prepared through four steps. The steps
were to dry the clay lumps, grind the
lumps into fine powder, add requisite
quantity of water and finally
consolidate the sample into the desired
density. Water content was tried to

keep around 40%. The size of each soil
sample was kept as 75 mm diameter x
150 mm height. Four interconnected
geocells, each of size 20 x 20 x 20 mm
were prepared with geo-grid. A layer of
available

geomembrane  (locally

plastic sheet, 0.09 mm thick) was put

inside the geogrid. Coarse sand was
poured into each cell. Fig. 2 shows the
picture of the geocells used in the
present study. The geocells were
placed at different depths inside the
soil sample as shown in Figs. 3 and 4.
Table 1 shows the properties of the
georid. Gradation curve of the coarse
sand which was used to fill the geocells
is also shown in Fig. 1. The sand has a
uniformity coefficient (C) of 2.28,
coefficient of curvature (C) of 1.11
and specific gravity of 2.6. The soil is
classified as poorly graded sand with
nomenclature SP according to the
USCS soil classification system. For
all the tests the sand was compacted to
a density of around 16 kN/m (i.e. 70%
relative density) for filling the
geocells. Direct shear tests of this
density show that the angle of shearing

resistance is 39.

Figure 1 Particle size distribution of the clay and sand used in the study
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Figure 2 Four interconnected geocells used in the present study

D=75mm
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Figure 3 Placement of geocell inside the soil sample
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Soil sample

20 mm x 20 mm x 20 mm
interconnected geocells filled
with course sand

7

4— Membrane (75 mm dia)

Figure 4 Cross section through soil sample with geocells

Peak tensile strength (MD*XMD)
Yield point strain (MD*XMD)

Parameter Value
Polymer Polypropylene
Aperture size (MD*XMD) 6mm*5Smm

4.8 kKN/m*5.5kN/m
23%*20%

Aperture opening shape

MD: machine direction, XMD: cross-
machine direction.

Fig. 5 shows the stress - strain curve of
the four geocells containing
geomembrane encapsulated sand as
shown in figure 2. It is observed that
the geocells filled with sand get
compressed under a compressive load,
follow an elastic path upto around 30%
strain, pass through plastic state upto

62% strain and then fail by rupturing.

Rectangle

The result suggests the possible use of
present form of geocells as an elastic

material upto 20% strain.
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Figure 5 Stress- strain behavior of geocell

3. Test Programme

It was decided to conduct both static
and cyclic triaxial tests on 75 mm
diameter soil samples. In one set of
tests a confining pressure of 100 kPa
was applied, whereas in other set of
tests no confining pressure was applied
for obtaining the unconfined
compressive strength. In order to
obtain the degradation of strength due

to cyclic loading, 30 cycles were given
to each sample under displacement
control mode, with displacement
amplitude = 1 mm and frequency of
loading 1 Hz. Soon after the cyclic
loading, the sample was sheared under
unconsolidated undrained condition to
find the degraded shear strength. The
position of geocell was varied for
different  tests. The total
programme is shown in Fig. 6.

test

Total test

Unconfinec

u

1. Without geocell
2. With geocell at
D/6, D/4, D/2,

2D/3,C

1. Without geocell
2. With geocell at
D/6, D/4, D/2

1. Without geocell
2. With geocell at
D/6, D/4, D/2,

2D/3,C

Unconfinec

1. Without geocell
2. With geocell at
D/6,D/4,D/2

Note : D is defined in Fig. 3.

After 30

cycle

After 30 cycle

Triaxial UU test for
each sample

Triaxial UU test for
each sample

Fig. 6 Test programme.
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4. Results And Discussion

4.1. Static Triaxial Test

Typical stress-strain curves from the
static triaxial UU tests with and
without confining pressures are shown
in Figs. 7 (a) and (b) respectively. The
position of geocell from the top of the
sample is also shown in the figure. For
a comparison purpose, the stress strain
curve for the normal soil sample
without any geocell is superimposed
on the figure. It can be seen that for
geocell reinforced soil no failure stress
is achieved. However, in this study, a
stress corresponding to 20% strain is
considered to be the failure stress. In
addition to the increase in the strength
of soil, there was a corresponding
increase in the stiffness of the soil,

— —withont ceogs

at L

at h=2

which is indicated by steeper stress
strain curves as in Figs. 7(a) and (b).
Rajagopal et. al. 1999 also reported an
increase in stiffness of geocell
reinforced sand samples. Their results
also showed that failure does not occur
even at 20% strain. As obvious, the
maximum failure stress for geocell
reinforced clay is more than that for
unreinforced clay. This increase in
strength  is due to enhanced
confinement effect [Bathurst and
Karpurapu, 1993]. In the present study
maximum increase in deviator stress is
observed when the geocell is placed at
a depth of D/4 from the top of the
sample. This may be compared with
the results obtained by Dash et. al 2001
who obtained the optimum depth of

geocell as 0.1B for sandy soil.

——without zeocell
ellat h=D 2
ell at h=1» 4
wellat h=D o

160
ol stram 7o)
iy

Figure 7 (a) Deviator stress-strain for soil samples with and without geocell with confining pressure =

100 kPa.

(b) Unconfined compressive strength against strain for soil samples with and without geocell
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A term, known as Improvement Factor
is defined as a ratio of deviator stress of
geocell reinforced soil to that of
unreinforced soil corresponding to
20% strain. The variation  of
improvement factor for the confined
and unconfined tests is shown in Figs.

8 (a) and (b) respectively. It is observed
that the improvement factor increases
with strain for confined tests implying

cell at b
ath

Il ath

1l at h

it h

that a properly confined geocell will
take a higher load. An unconfined soil
on the other hand takes a high load at
low strain upto 2 to 3%. At large strain
the improvement factor for unconfined
soil is around 1.5 irrespective of
position of geocells. This indicates that
a geocell reinforced clayey soil takes a
higher load either in confined or
unconfined condition.

Strat Yol
18]

Figure 8 Improvement factor against strain: (a) with confining pressure 100 kPa.

(b) Without confining pressure

4.2 Cyclic Triaxial Test

Cyclic triaxial tests were conducted on
geocell reinforced soil samples with
and without confining pressures. 30
load cycles at 1 Hz frequency were

applied under displacement control

mode with amplitude + 1 mm. Typical
stress strain loops of clayey soil are
shown in Figs. 9 and 10 with and
without geocells respectively. Seed
and Idriss, 1971 gave a concept of
equivalent number of uniform load

cycles to represent an earthquake;
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using their concept, 30 number of
uniform load cycles indicate an
earthquake magnitude of 8. Static
triaxial UU tests were conducted on
each sample after application of 30
cycles to observe the variation of
residual strength due to installation of
geocell reinforced soft clay. Variation
of deviator stress against strain under

static tests is shown in Fig. 11 (a) with

confining pressure and variation of

unconfined compressive strength
against strain in Fig. 11 (b). It is also
observed that after cyclic loading, the
failure deviator stress is more for
geocell reinforced soil than that for
unreinforced clay. Maximum increase
in deviator stress is observed when the

geocell is placed at a depth of D/4 from

the top of the sample.

ceocell at h=D 4

Shear stram (2 o

Figure 9 Shear stress - shear strain loop of geocell reinforced clay with confining

pressure = 100 kPa.

V(5 oth Cyvele

slhear =tram (Y o)

Figure 10 Shear stress - shear strain loop of unreinforced clay with confining pressure = 100 kPa.

Journal of Geotechnical and Geo Computational Engineering Page No. 73 / Vol. 13 / Issue-2



—Oo—without zeoce
Il at I
at I
at h
at h

ell at h
ell at hh
cocell at h

streny

MLPLEsSIve

)
=

Axtalstrom (")
Ld} i

Figure 11 (a) Deviator stress against strain after 30 cycles of loading with confining
pressure 100 kPa (b) Unconfined compressive strength against Strain after 30 cycles of loading.

A comparison of failure deviatoric except for the case where geocell was
stress before and after dynamic placed just below the loading plunger
loading is also made to find the degree (h=D/6), degradation for this position
of degradation, which is defined as is around 5%. For unconfined
reduction in deviator stress due to condition, geocell reinforced soft clay
cyclic loading to the deviator stress has a high degradation value, around
without cyclic loading. It is observed 15 -20%. Thus the geocells are not

that cyclic loading has degraded the effective in reduction of degradation of
strength of geocell reinforced soil. soft clayey soil under cyclic loading. In
Table 2 shows the % degradation of unconfined condition the degradation
axial stress for confined and due to installation of geocells are even
unconfined tests. It is observed that more than the normal soil. This
degradation of normal soft clay is indicates a limitation of applications of
around 4% whereas for geocell geocells under unconfined condition
reinforced soft clay the degradation is and placing just below the foundation.

around 2-3% under confined condition
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Table 2 Percentage degradation of deviator stress and unconfined compressive strength
due to cyclic loading corresponding to 20% strain.

Position of Confined Unconfined
geocell,h (cm)
Deviator Deviator Stress | % of | Unconfined Unconfined % of
Stress (kPa) degradati | compressive compressive degradation
(kPa) at 20% strain on strength (kPa) | strength (kPa)
at  20% | after 30 loading at 20% strain | at 20% strain
strain cycles after 30 loading
cycles
h=D/6=1.25 18.64 17.66 526 19.13 15.7 17.93
h=D/4=1.875 [20.5 20.1 1.95 21.58 16.19 24.98
h=D/2=3.75 17.66 17.17 277 17.67 14.72 16.70
h=2D/3=5.00 | 16.87 16.68 1.13
h=D=7.50 15.67 152 3.00
Without geocell | 12.75 12.26 3.84 12.75 10.79 15.37
Variations of failure deviatoric stress with geocells at D/4 and then decreases
against location of geocell for all the with increase in placement depth. It is
above triaxial tests are shown in Fig 12 thus concluded that the maximum
From the figure it is observed that the deviatoric stress is obtained when the
failure deviatoric stress increases with geocells are placed at D/4 even after a
increase in placement depth of geocell certain number of loading cycles

from the top; attains a maximum value

1contme:
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4.3 Dynamic Test Results And
Discussions

When a soil is subjected to a cyclic
loading, the stress strain curve forms a
loop called a hysteresis loop, the area
of the loop shows the energy dissipated
during a cycle. The loop can be
described by two parameters, namely,
inclination to the strain axis and width
of the loop. The inclination of the
hysteresis loop depends upon the
stiffness of the soil, and is defined by a
term called secant shear modulus, G,
which

intercepted by a line joining two

is tangent of the angle

vertices of the loop with the strain axis.

without confiningpressure.

Figs. 13 (a) and (b) show the changes
of secant shear modulus with the
variation of no. of cycles for confined
and unconfined cyclic triaxial
compression tests. From the graphs it
may be clearly seen that when the
geocell is at D/4 from the top, the value
of secant shear modulus is the highest
of all the values. Variation of secant
shear modulus against number of
cycles for unreinforced soil is also
shown in the figures. It can be seen that
the secant shear modulus of
unreinforced soil is always the lowest
for both confined and unconfined

conditions.

—O— sencell ath

—3—ceocell ath

—&r—zeocell ath

=—O—without

Fig. 13 Secant shear modulus against number of cycles: (a) with confining pressure 100 kPa (b)
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Considering the changes in the value of
shear modulus due to placement of
geocells, a term named as
'Modification factor' is defined as the
ratio of a geocell reinforced soil
property  to the

unreinforced soil property. Variation of

corresponding

modification factor of secant shear
modulus with number of loading
cycles for different positions of geocell
is shown in Figs. 14 (a) and (b) with
and without confining pressures. It is
observed that wunder confined
condition, the modification factor does
not follow a definite trend for different

positions of geocells, whereas under

unconfined condition the modification
factor shows an increasing trend with
number of cycles. This indicates that
stiffness of geocell reinforced soft clay
increases with increase in number of
loading cycles — the maximum
increase occurs when the geocell is
placed at D/4. The main reason for this
increase is due to the fact that under
cyclic loading the soft soil compresses
under unconfined condition. Although
some trend is observed for the
modification factor when the geocells
are placed at D/4, however, no definite
conclusion can be drawn with these

few tests.

Figure 14 Modification factor for secant shear modulus against number of cycles: (a)
with confining pressure 100 kPa (b) without confining pressure.
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Normally, the damping ratio is defined
as the ratio of damping coefficient (c)
to the critical damping coefficient (c),
however, it can also be defined as the
ratio of the area of the loop (A toop)
AEFGHA to the area of the triangle
(A inee) ABC through the following

equation:

triangle

Damping ratio () = Aloop
4*m* Atriangle

The definition is further explained in
Fig. 9. Variation of damping ratio with
number of loading cycles is shown in
Figs. 15 (a) and (b) for confined and
unconfined tests. From the figures it is
clearly seen that under a confining
pressure of 100 kPa the damping ratio
of unreinforced clay lies between 5 to
6.5% up to 25 numbers of loading
cycles; whereas, with geocell
reinforcement, the damping ratio

reduces to 2 to 4% for the same number

of loading cycles. However, a high
damping ratio is observed for
unconfined and unreinforced soil
sample. Fig. 15 (b) shows that the
damping ratio of unreinforced soft clay
increases to 20% after 25 numbers of
loading cycles under unconfined
conditions. This implies that although
soft clay has a property of amplifying
the vibration amplitude, but with
increase in loading cycles, the
damping property of soft clay

increases. This property of soft clay
can be utilized in reducing the
vibration amplitude by adopting soft
clay dampers below the foundation
[Singh and Dey, 2013].

=
= 4

Dampmg ratt

Fig.15 Damping ratio against number
of cycle: (a) with confining pressure
100 kPa (b) without confining
pressure.
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In order to obtain the effect of geocells,
modification factor of damping ratio is
also calculated. From Figs. 16 (a) and
(b) it is noted that with increase in
number

of cycles, geocell

reinforcement reduces the
modification factor under confined
condition, but increases the

modification factor under unconfined

condition. Decrease in modification
factor with number of cycles indicates
that geocell reinforcement decreases
the damping ratio with number of
loading cycles. For unconfined
condition the modification factor for
damping ratio is around 0.8 after 25

numbers of loading cycles.

Figure 16 Modification factor for damping ratio against number of cycles: (a)
with confining pressure 100 kPa (b) without confining pressure.

5. Summary And Conclusions

This paper has investigated the
influence of geocell confinement on
the strength and dynamic behaviours
of soft clay. The deviatoric strength
parameters were determined from the
triaxial compression tests. The
dynamic behaviours like damping
ratio and secant shear modulus were

determined from cyclic triaxial tests.

Effect of number of loading cycles and
positions of geocell on degradation of
deviatoric stress has been studied. The
water content of the soft clay was tried
to be maintained at 40%, near to the
liquid limit of the soil. The following
conclusions are drawn from the results
of this investigation.

1. The
excessive strength depends on the

induced apparent
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position of the geocells from the top of
the sample. It is observed that when the
geocells are placed at one fourth of the
diameter /width of the loading area,
maximum benefit in strength is
achieved.

2. Geocells reinforced soil does
not show any failure stress under
unconfined condition.

3. Position of geocells plays an
important role on modification of
properties of soft clay. Position of
geocells under unconfined condition
does not have any effect on gain in
strength after a number of loading
cycles.

4. There is a degradation of
strength of soil after some loading
cycles, however, the degradation is
marginally less once geocells are
inserted into the soil provided the
geocells are not provided very close to
the footing.

5. Lesser damping ratio and
higher secant shear modulus are
obtained if the soil is reinforced with
geocells.

6. The secant shear modulus
shows a maximum increase in its value
under confined condition when
geocells are placed at one-fourth of the

loading diameter.

7. The improvement factor of
deviatoric stress does not depend on
the location of the geocells for
unconfined conditions.

8. Under a confining pressure of
100 kPa the
unreinforced clay lies between 5 to

damping ratio of
6.5% upto 25 number of loading

cycles; whereas, with geocell

reinforcement, the damping ratio
reduces to 2 to 4%. However, a high

damping ratio of 20% is observed for
unconfined and unreinforced soil

samples.
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