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ABSTRACT: Earth Embankments are utilized as protective structures along river, coastal banks and may be thus exposed 
to steady or transient seepage induced by tides. In the Indian part of Sunderban region, the tidal head variation is 4- 6 
metres in cycle time of 12 hrs. A model has been developed in F.E.M based software GeoStudio to study the effect of 
transient seepage in such an embankment. The response to tidal head was found to be limited to a certain zone within the 
embankment. The cyclic pore-water pressure distribution was seen to differ in various regions in this zone. Also, even 
though the cyclic F.O.S against stability was adequate yet serviceability check indicate chances of failure near toe region. 
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1 INTRODUCTION 

Earth embankments are used  as efficient and economic 
forms of protective structures along rivers and coasts. 
These are exposed to hydrostatic and hydrodynamic 
forces as per location, topography, weather conditions, 
etc. The common hydrostatic element affecting the 
design life of such structure is seepage, which may be 
steady and/ or transient in nature. Water retaining 
structures along rivers and coasts are exposed to tidal 
heads which may induce transient seepage, 
characterized by river water head which is a function of 
tidal cycle time. A single tidal cycle usually consists of 
the phenomenon of rise-up, or ascent of river water 
from Low Tide Level (LTL) to High Tide Level (HTL) 
and further draw-down, or descent of the same from 
High Tide Level back to the Low Tide Level. The time 
period of rise-up and draw-down half cycles are termed 
as Rise-up half cycle time and Draw-down half cycle 
time, respectively.  

2 STUDY AREA 

The Sunderban delta is formed at the confluence of the 
rivers Ganga, Bramhaputra and their distributaries. 
This region is shared by South 24 Pgs, West Bengal 
(India) and Khulna division (Bangladesh) with the 
latter having a share of about sixty percent. Network of 
creeks and channels divide the entire area into several 
small and large islands. The Ground level of most of 
the islands is above the Low Tide Level (LTL) but 
below the High Tide Level (HTL)  hence there is  
requirement of embankments in order to protect the  
islands from tidal water inundation. The construction 

of these embankments (shown in Figure-1) dates back 
to the 18th century, when human settlement started to 
flourish here, and  is said to have been done mainly 
using locally available top soil, which is predominantly 
silty clay/ clayey silt. This study is based on the Indian 
part of Sunderban where the total length of existing 
earth embankments is approximately 3520 km. The 
water head difference due to diurnal tidal cycle is about 
4 to 6 meters, across various sites of the Sunderban. 
The time period for a single cycle is about 12 hours, 
comprising 6 hours of Rise-up and Draw-down half 
cycle time respectively. Table-1 shows the soil 
properties from a bore-log in Patharpratima site 
 
Table-1: Soil properties from Pathapratima ,W.B 

Soil Description & type Grey Clayey Silt, CI 

Volume compressibility, mV (per kPa) 0.048 

Bulk Density (kN/m3) 18.2 

Saturated Porosity (m3/m3) 0.465 

D60 (mm) 0.034 

Percentage of Sand (%) 10 

Percentage of Silt (%) 62 

Percentage of Clay (%) 28 

Liquid Limit (%) 47 

Saturated Conductivity (Ksat) (m/s) 10-8 

Residual water content 0.18 

Effective Cohesion, c’ (kN/sqm) 5 

Effective Angle of Internal Friction, Ф’ (ᴼ) 25 

Modulus of Elasticity (with ν =0.3) (kPa) 2083 
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Fig.1 Typical Sunderban embankment at Sonakhali 

3 NUMERICAL ANALYSIS 

A model was developed in the popular finite element 
based software, GeoStudio. The soil properties were 
taken as per Table-1. The volumetric water content 
(VWC) function, shown in Figure-2, has been  
developed as per  Aubertin etal (2003) using grain size 
distribution, liquid limit, porosity, co-efficient of 
volume compressibility. The hydraulic conductivity 
function , shown in Figure-3, has been estimated from 
the volumetric water content function using the Van 
Genuchten methodology (1980), with saturated 
permeability and residual water content as the  input. 
The air entrant value and residual water content have 
been obtained from the volumetric water content curve. 
The landside groundwater table was taken at the 
existing ground level. The steady state condition was 
established between the groundwater table and the Low 
Tide Level on the riverside. The tidal effect was 
simulated on the basis of hydraulic boundary 
conditions as a function of tidal cycle time. The 
difference between Low Tide Level and High Tide 
Level was taken as 4 metres and the full cycle time was 
taken as 12 hours, consisting of 6 hours each of Rise-
up and Draw-down, respectively. 

 
Fig.2 VWC function for Sunderban clayey silt   

 Fig.3 Conductivity function for Sunderban clayey silt   

The finite element model with 489 nodes and 473 
elements has been shown in Figure-4. The shape of 
mesh was triangles and quadrilaterals with unstructured 
origin and individual element size of 0.5 m in the 
embankment and 1 m in other parts. A linear time 
stepping was applied for the transient stage analysis. 
 

 Fig.4 F.E.M model of Embankment in GeoStudio  
4 RESULTS AND DISCUSSIONS 

4.1 Dynamics of the Phreatic Surface 

The dynamics of the phreatic surface during rise-up 
and draw-down of single tidal cycle has been shown in 
Figure-5, 6 respectively. It was observed that during 
Rise-up (t= 1-6 hrs), the phreatic surface slowly 
developed along the lower slope, berm and upper 
slope, till High Tide Level at t = 6 hrs. The developed 
phreatic surface started to recede during draw-down 
phase (t = 6-12 hrs). However, at the end of a single 
tidal cycle, a cumulative effect in phreatic surface was 
seen as can be seen from Figure-6, where the phreatic 
surface has moved up slightly encompassing more area 
above the berm region, compared to initial condition at 
t = 0 hr. 

 Fig.5 Phreatic surface dynamics during Rise-Up  

 Fig.6 Phreatic surface dynamics during Draw-down 
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4.2 Distribution of Equipotential Contour 

The equipotential total head contour due to transient 
seepage  during a single tidal cycle has been shown in 
Figure-7, 8, 9, 10, 11. A zone is seen to develop along 
the river- embankment interface, through the rise-up 
stage. The equipotential total head is observed to 
slowly increase in this zone with Rise-up half cycle 
time. This zone is termed as “Zone of Influence of 
Rise-up” (ZIR). During draw-down, this zone 
dissipates slowly till the end of a single tide cycle. 
However, cumulative effect is observed at the end of a 
single cycle (t = 12 hrs). It is seen that the zone has 
dissipated along lower slope, berm portion yet still 
persists in parts of the upper slope, as the river water 
prepares for the next tidal cycle. This indicates that 
during a single tidal cycle, the excess head induced due 
to transient seepage during rise-up doesn’t fully 
dissipate at the end of draw-down stage, for certain 
regions within this zone. No change in total head 
induced during tidal cycle is observed in the interior 
part of the embankment which are regions outside the 
zone of influence of rise-up 

 Fig.7 Total Head Contour during Rise-up, t = 1 hr  
 

 Fig.8 Total Head Contour during Rise-up, t = 3 hrs 
 

 Fig.9 Total Head Contour at HTL, t = 6 hrs  
 

 Fig.10 Total Head Contour during Draw-down, t = 9 hrs  

 Fig.11 Total Head Contour at end of one cycle, t = 12 hrs 
4.3 Pore Water Pressure Distribution for 

Various Zones within the Embankment 

The excess pore water pressure (PWP) distribution in 
Lower Slope, Berm, Upper Slope (shown in Figure-4) 
for  five tidal cycles have been shown in Figure- 12, 
13, 14 respectively. The parts of these regions that lie 
within the Zone of Influence of Rise-up  have shown 
changes in PWP due to cyclic tidal behaviour. It is seen 
that there is gradual build up of excess PWP during 
rise-up half cycle, followed by release of the same 
during draw-down half cycle. Similar pattern is 
observed for multiple cycles, however with a 
cumulative effect. It is seen that the maximum 
variation in excess PWP is observed for the lower slope 
followed by berm and upper slope region. The pattern 
varies as per region and is dependant on area of 
unsaturation, difference in level between HTL and LTL 
and tidal cycle time. Negligible variation in PWP was 
observed for points lying in the interior of the 
embankment as they lie outside the zone of influence 
of rise-up.  

 Fig.12 Excess PWP distribution in Lower Slope region 
 

 Fig.13 Excess PWP distribution in Berm region 

Development of ZIR starts 
from Lower Slope 

Progression of  ZIR  

Dissipation of  ZIR starts  

Progression of  ZIR 
along Upper Slope  

Maximum Dissipation of 
ZIR along Lower Slope,  
Berm  
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 Fig.14 Excess PWP distribution in Upper Slope region 

4.4 Stability Factor 

A slope stability analysis using  Spencer methodology 
was performed using SLOPE/W. The minimum factor 
of safety plotted against number of tidal cycles is 
shown in Figure-15. The Cyclic Factor of Safety Ratio 
(C.F.O.S) is the ratio of the transient F.O.S (during 
tidal cycle) to the initial F.O.S, i.e. during steady state. 
The same was seen to increase during Rise-up half 
cycle time and decrease during Draw-down half cycle 
time. It was observed that the F.O.S remained constant 
more or less at the end of each cycle compared to 
initial conditions.  

 Fig.15 Variation of C.F.O.S with multiple tidal cycle 

4.5 Serviceability  

Additionally, a deformation analysis was performed 
using SIGMA/W. It was observed that even though the 
stability factor of safety is adequate for the typical 
Sunderban embankment during tidal cycles, the 
deformation of the toe region of the lower slope 
showed significant vertical settlement during rise-up 
and elastic rebound during draw-down, with an 
cumulative effect over multiple cycles. This has been 
shown in Figure-16.  This may be attributed to the 
highly plastic nature of the soil used in construction of 
the embankment. This may lead to deformation based 
failure, instances of which have been reported from 
sites like Patharpratima, Gosaba, Sonakhali and other 
sites of Sunderban region. A typical lower slope failure 
in Sunderban embankment is shown in Figure-1. 

 Fig.16 Deformation pattern in Toe of Lower Slope 

4.6 Comparison with Other Studies 

The result patterns observed were in good agreement 
with similar type of study carried out by Desrosiers etal 
(2013) for a tidal front embankment in Boston, U.K. 

5 CONCLUSIONS 

(i) Changes in location of phreatic surface, variation in 
pore water pressure due to transient seepage  induced 
by tidal behaviour is observed within the Zone of 
Influence of Rise-up only. The variations are 
influenced by the initial conditions, tidal head 
difference between LTL & HTL, tidal cycle time. 
Regions lying outside the ZIR show negligible 
response to the tide induced transient seepage. 
 
(ii) The excess pore water pressure variation pattern is 
different across regions within the ZIR, as observed for 
a typical Sunderban embankment with maximum 
variation in lower slope region during full tidal cycle. 
 
(iii) Even though the  stability factor of safety may be 
adequate for an embankment exposed to tidal 
behaviour, it is important to check for deformation at 
critical areas. For the Sunderban embankment, the toe 
region appears to be most susceptible to serviceability 
failure.    
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