2.1 Dyke Design
The dyke forms the integral part of the Kalpasar project. Not only does it retain the fresh water in the reservoir but also protects the reservoir from the nature’s forces. The dyke design is inclusive of the embankment part that supports the transportation corridor and the breakwater that protects the reservoir from wave action and overtopping during normal and extreme natural conditions. 

2.1.1 Case Studies

This section discusses about the case studies of the projects that are similar to the Kalpasar dam which help in understanding the complexity of the project. These studies contribute in formulating the design and the construction methodology of the Kalpasar dam and also provide insights to the challenges to be faced during the construction in the Gulf of Khambhat. The following are the projects that are identified as relevant to the Kalpasar dyke and studied as part of the literature review: 
1. Saemangeum sea dike, South Korea
2. Breakwater at LNG terminal, Dahej, India.
3. Seabird Karwar Breakwater, Karnataka, India and
4. Breakwater at Ennore port, Tamil Nadu, India
5. Eastern Scheldt, Netherlands

(a) Saemangeum Sea Dyke, South Korea


2.1.1 Design Criteria:
The structure is expected to have a life period of more than 100 years and therefore the design criteria for it to sustain over its life period becomes great necessity. The design criteria adopted for the dyke is explained below:

(a) Geometrical criteria: 
The shape and dimensions of the structure needs to be arrived at to meet both the serviceability requirements and the safety requirements. 
1) Embankment: 
The geometry of the dyke is based on the Slope Stability, Strength, Settlement and Seepage analyses. It is also designed in such a way as to seamlessly integrate with the breakwater component of the dyke. 
2) Breakwater: 
The shape and dimensioning of the breakwater is based on the desk and wave flume studies carried out. They are designed in such a way as to prevent overtopping and to dissipate the wave energy on the dyke. 

(b) Loading criteria:

(1) Dead Load (DL): 
The entire weight of the embankment and the breakwater due to gravity acts on the foundation soil. The approximate values of loading intensity exerted on the subsoil due to the self-weight of both breakwater and embankment for various seabed levels are shown in Table 2.1.1. 

Table 2.1.1 Loading intensity for static loading for different heights of the Dyke
	Loading intensity (kPa)

	Height of the Dyke (m)
	Below breakwater
	Below embankment

	7.5
	150
	80

	16
	320
	180

	24
	480
	280

	29
	580
	380

	34
	680
	480

	39
	780
	580

	44
	880
	680

	49
	980
	780



(b) Water Load
Based on the expert committee the water levels and tidal ranges are considered for the post-construction of the dyke scenario. Hence in the present analysis, High astronomical tide level (+6.2 m w.r.t MSL) and Lowest Low Water Line (-5.3 m w.r.t. MSL) on the seaside and Maximum water level (+5m w.r.t. MSL) and Full reservoir level (+3 m w.r.t MSL) are considered on the reservoir side for the application of hydrostatic loading on the dyke structure. The design water levels adopted for the design is given below.
	Full Reservoir level (FRL) 
	=
	EL (+) 3.0 
	m

	High Flood level (HFL)
	=
	EL (+) 5.0 
	m

	Lowest Low Tide Level (LLTL)
	=
	EL (-) 5.3
	m

	Highest High Tide Level (HHTL)
	=
	EL (+) 6.2
	m

	Storm Surge
	=
	EL (+) 8.1
	m



(c) Imposed load
	The location of loading on the top of pavement from different imposed loads is considered based on the studies related to traffic assessment provided. The calculation of loading intensity from these vehicles over the pavement top is discussed below.
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Figure 15.6 Cross section showing Road and Rail corridor

(3) Earthquake Load (EL):
The seismic settlement analysis is carried out by applying an acceleration time history at the base of the dyke. The site-specific seismic studies carried out by NGRI reported a peak ground acceleration of 0.36g and 0.225g considering the return period of 975 and 250 years, respectively. Hence, the acceleration time histories corresponding to the PGAs are considered for present analyses, as shown in Figure 15.7. Also, equivalent static loads corresponding to the PGAs of 0.225g and 0.36g are considered for stability analysis.

[image: D:\Neeraj\Kalpasar\5 m 14-02-2022 updatedmaterialprop tidal variation\Intertidal\Analysis\September\Gulf\All lodings\Figs\Staged construction\0.225g.tif]
a)
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b)
Figure 15.7 Acceleration time histories having PGA a)0.225g b)0.36g

(c) Design criteria: 

The design criteria is derived wherever standard codal provisions are available. The analytical safety against liquefaction is carried out as per IS 1893 (Part 1). The permissible settlement for the embankment is as per EM-1110-1-1904
	Methods of Analysis
	Loading conditions

	
	DL
	DL+IL
	DL+IL+EL

	Slope stability (FoS)
	> 1.5
	>1.5
	>1.1

	Strength
	Stress generated in foundation soil < Safe Bearing capacity of soil

	Settlement 
	< 500 mm for the embankment and < 50 mm for crest 

	Seepage
	Percentage of seawater seepage to reservoir < 0.5 of total reservoir volume

	Liquefaction (FoS)
	> 1



2.1.2 Dyke Alignment and Configuration
The first scope of the study involved idealising the cross section of the dyke from past studies. The combined observations from past studies along with inputs from various stakeholders brought about an idealised configuration. Preliminary analyses of the idealised cross-sections helped identify the key issues to be addressed. The procedure is explained in detail.

(a) Initial configurations:
Various configurations have been proposed at different stages of the study for Kalpasar dyke from early 2000s. A summary of the study is provided below.
 
1) Royal Haskoning Pre-feasibility Report (1998):	
Royal Haskoning carried out feasibility study for the Kalpasar project in 1998. The dyke was envisaged to have two headlands on either side of gulf with caisson incorporated into the dam body. The description of the sections presented by Royal Haskoning report is presented below.
The dyke body of the headlands on either side of the Gulf comprises of two rock fill toes inner slopes of 1:2 and outer slopes of 1:3. The outer dyke slope has a slope of 1:5 above the mean sea level to reduce wave run up. On the basin side of the dyke a berm of 35 m was conceived to accommodate a road. The outer dyke slope is protected against wave attack by a geotextile and a double layer of rock up to a level of GTS +9m. The outer dyke above a level of GTS + 9m as well as the inner dyke slope from the berm upwards are protected against wave attack and erosion by a layer of asphalt. The embankment core comprises of sand. A geotextile in between the embankment and the rock fill toes keeps the sand from washing out. The bottom protection consists of a geotextile covered with 0.5 m of rock in the shallow areas or block mats covered by a layer of 1.0 m rockfill in the deep areas (depths larger than 10 m). The dyke body of the closure gap resembles the dyke body of the headlands. The bottom protection consists of a mattress with a thickness of 1.0 m.
The caissons envisaged will be 108 m long, 36 m wide and 30 m heigh. The caissons will have six discharge openings each with a width of approximately 18 m. The caissons will be constructed in the dry in construction pits located on either side of the Khambhat Gulf Closure dyke. The construction pits will be flooded after finalization of the construction of the caissons. The caissons will then be floated to their proper location and sunk on the sills already constructed by controlled placement. The caissons will be in place during closure of the rockfill closure gap. 
[image: ]
[bookmark: _Ref90906415]Fig.1 Cross section of Headlands (Intertidal region) by Royal Haskoning
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[bookmark: _Ref90906423]Fig.2 Representative Cross section of dyke in Gulf Region without caissons by Royal Haskoning
[image: ]
[bookmark: _Ref90906426]Fig.3 Representative Cross section of dyke in Gulf Region with caissons incorporated into dyke by Royal Haskoning

The tidal currents will be able to flow freely through the open caissons throughout the execution of the rockfill closure. All caissons are closed simultaneously by means of lowering large gates in the discharge openings after finalization of the construction of the rockfill closure. The caissons are incorporated in the dyke body after closure is completed. The different sections described are presented as Figures in Fig XXX, Fig. XXX and Fig. XXX. 

(2) Ethics Advisory Group, Kalpasar
Based on the previous studies and preliminary studies carried out for the new alignment, taking into consideration the minimal overtopping required and the ability of the dyke to withstand extreme natural events, the section was further revised with an addition of Floor Regulator structure to drain off excess water due to flooding on the reservoir side. A representative cross-section of -5m and -30m MSL sections are indicated in Fig.4 and Figure 5.
The -30m cross-section is explained as an indicative of the structure proposed. The section consists of an embankment fill on the reservoir side and a rock fill on the seaside. The seaside has a slope of 1:2 while that of embankment is 1:2.5. The top level is fixed at +14.5m MSL with a crest slab 18m wide on top.  Seaside consists of rock core with three different armour layers that decrease in size from top to the bottom of the dyke. Xbloc had been considered as armour units in the design. The weight of the armour units is 48t, 12t and 8t, respectively. There are two additional berms provided on the seaside for additional stability. The underlayer consists of 5t, 2t and 0.7t rocks with the thickness as 2.4m, 1.8m and 1.3m. A riprap is provided on the embankment side to hold the embankment in place over which a 80m wide transportation corridor was proposed. 

[image: ]
[bookmark: _Ref90906496]Figure.4 Cross Section of the dyke at -5m MSL as per EAG
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[bookmark: _Ref90906499]Figure.5 Cross Section of the dyke at -30m MSL as per EAG


(b) Final Configuration:

The total length of the dyke including the intertidal regions is about 60.13 km. The total length of dyke is divided into three zones based on the bathymetry and soil profile in the project area. The three zones are (i) Intertidal zone at Bhavnagar, (ii) Gulf region and (iii) Intertidal zone at Dahej. The length of the intertidal zone at Bhavnagar is 19.83 km and the sea bed level in this zone is around +4.0 m to 4.5m MSL. The gulf region is about 26.7 km with a maximum depth of -27 m below MSL consisting predominantly of silty sand. The length of intertidal zone at Dahej is 13.60 km and the sea bed level in this region is +3.0 to +5.0 m MSL. 

The sea water level post-construction of dyke is estimated to be +6.2m MSL corresponding to Highest Astronomical Tide (HAT) and -5.3 m MSL corresponding to Lowest Low Tide Level (LLTL). The significant wave height in the location is estimated to be 8.1m and the design water level is estimated to be 8.1m w.r.t. MSL. The dyke section on seaside is designed as breakwater using desk and wave flume studies. 

The crest level of the breakwater is designed based on the allowable overtopping rate for safety and structural design as per the guidelines provided in Coastal Engineering Manual (CEM) and finalized by wave flume studies. The overall design is based on the desk and wave flume studies carried out by CWPRS. The typical cross section of the dyke is given Figure 13. 6.
[image: ]
[bookmark: _Ref99260943]Figure 13. 6: Cross section of the Dyke
The crest level for sections at seabed levels of - 5.0 m seabed and below is +19.0 m MSL. The crest levels in the shallow regions with seabed bed level at 0 m, +2.0 m and +5.0 m are +16.5 m, +15.0 m and +12.0 m respectively. The crest levels of the breakwater in intertidal zones will be gradually reduced to connect the existing roads at Bhavnagar and Dahej, which is at +10.0 m level.  The breakwater consists of armour layer (primary layer), secondary layer, core and toe berm as shown in Figure13.7. 

The placement of the transportation corridor on the dyke is based on the storm surge and Seiches study carried out by IIT Delhi. The results indicate that there will be an increase in water level by 2.5m during a hypothetical cyclone track. Therefore, the transportation corridor is located on the crest of sand fill embankment on the reservoir side at an elevation of +9.0 m MSL elevation (4m above MWL). The sand fill embankment on the reservoir side is protected by providing the riprap protection and filter layer. 

The cross sections for the dam are idealised based on the cross sections from previous studies. The initial cross section had a slope of 1:2 on the reservoir side and a transportation corridor of 100m width with different configurations of protection works on either sides.
	[image: ]

	Figure 2.1 Idealized cross section of the dam for -25 m sea bed level


A safety analysis to assess the stability of the dam is carried out on the above-mentioned cross section considering live load and pseudo static load. Based on the factor of safety obtained from the safety analysis, the modifications for the recommended cross sections are made. A factor of safety value of less than one was observed for pseudo-static case with peak ground acceleration (PGA) 0.26 g. Also, the horizontal displacements were more on the reservoir side slope of the sandfill. Based on the stability analyses (0.36g PGA) for the 49 m high Dyke cross section, a slope more than 1:2 was necessary. Based on these observations, a slope of 1:4 (Figure 2.4) is adopted on the reservoir side for the sandfill. The slope of the rockfill on the reservoir side was slightly modified to 1:1.1 slope, in order to reduce the rock fill material used in the dam. The dredged fill used as the base for the entire stretch for the heavy vehicles and trains was also replaced with 1 m thick rock fill at the base of the pavement for proper distribution of load onto the embankment, as shown in Figure 2.4.  Analysis for all the cross sections of the dam is carried out based on the design cross section shown in Figure 2.4 and the results of the analysis are discussed in detail in the section pertaining to results and discussions.
	[image: D:\Neeraj\Kalpasar\Presentations\RL 30 m image.png]


Figure 2.4 Final cross section of the dyke 


2.1.3 Geotechnical Design:

All the present analyses are performed based on the Borehole data and corresponding cross sections shown in Table 15.3. The plastic stress-strain analysis, stability/safety, strength, and dynamic and seepage analyses are carried out for eight different cross sections of the dam in the gulf and intertidal region. The dyke sections are 7 m, 16.5 m, 24 m, 29 m, 34 m, 39 m, 44 m, and 49 m high, and the corresponding reduced levels of the sea bed are +5 m, 0 m, -5 m, -10 m, -15 m, -20 m, -25 m, and -30 m. An initial analysis considering the gravity load and steady state seepage condition is carried out. During the initial phase, the soil stratum is activated along with water of RL +8.76 m (Design water level on the sea side). Secondly, a plastic stress-strain analysis is carried out for the dam to compute the displacements. The dam is constructed in stages of 5 m and the displacements happening at every stage of construction and factor of safety values are discussed in detail. Thirdly, plastic stress-strain analysis is carried out by activating the live load of the vehicles to calculate compression within the embankment. 
[bookmark: _Hlk121736431]Table 15.3 Zones along the Dyke alignment and corresponding Dyke cross sections
	Zone
	BH no.
	Corresponding Dyke cross section w.r.t MSL

	Gulf
	GT/SPT 7
	-5 m, -10 m, -15 m, -20 m, -25 m, -30 m

	Bhavnagar
	GT/SPT 2
	-5 m, 0 m, +5

	
	GT/SPT 3
	

	Dahej
	GT/SPT 12
	

	
	GT/SPT 13
	


In the fourth stage, a safety analysis is carried out considering the hydraulic conditions as in the previous stage, by strength reduction method. Then a coupled flow analysis is carried out by considering MSL on the seaside to estimate the seepage quantity. In the next stage, an equivalent-static analysis is carried out to determine the factor of safety under seismic conditions. Finally, a dynamic analysis is performed by applying an acceleration time history at the base of the model to determine the seismic settlement.

[bookmark: _Hlk121736478]Table 15.4 Material parameters of the dam elements used in FE modelling 
	Parameter
	Dredged sand
	Gabion mat
	Accropode

	Material model
	Mohr-Coulomb
	Linear Elastic

	Drainage type
	Drained

	Unsaturated unit weight,  (kN/m3)
	16
	18
	20

	Saturated unit weight,  (kN/m3)
	20
	21
	20

	 (MPa)
	32
	1000
	100

	
	0.33
	0.2
	0.2

	 (kN/m2)
	1
	1
	

	 (degrees)
	35
	45
	

	 (degrees)
	0
	15
	

	 (m/day)
	13
	86 x 103
	86 x 103



Table 15.5 Material parameters of various stones used in FE modelling
	Parameter
	10-500 kg
	300-500 kg
	500-1000 kg
	2-4 T
	8-10 T
	Riprap

	Material model
	Mohr-Coulomb

	Drainage Type
	Drained

	Unsaturated unit weight,  (kN/m3)
	18
	18
	18
	18
	18
	18

	Saturated unit weight,  (kN/m3)
	21
	21
	21
	21
	21
	21

	 (MPa)
	1000
	1000
	1000
	1000
	1000
	1000

	
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2

	 (kN/m2)
	1
	1
	1
	1
	1
	1

	 (degree)
	45
	45
	45
	45
	45
	45

	 (degree)
	15
	15
	15
	15
	15
	15

	 (m/day)
	43 x 103

	70 x 103
	70 x 103
	86 x 103
	86 x 103
	43 x 103



The improved subsoil parameters for the top 6 m shown in Table 15.13 are considered in all the present analyses for the gulf region, and parameters in Table 15.15 are considered for the intertidal zone. The geotechnical properties of the different dam elements and the material model used for various elements are presented in Table 15.4 and Table 15.5. As the material properties and flow parameters are not available for the dam, the values are assumed based on the multidisciplinary project report on breakwater engineering by Delft University of Technology, 2015, Durban Dig-Out Port Research.

Numerical modelling
The numerical modelling was carried out using a Finite Element tool to study the stability, strength, seepage and settlement. The model studies have been carried out with PLAXIS 2D with relevant modules. The module corresponding to various studies and relevant boundary conditions has been tabulated in Table 15.3 Mesh and boundary convergence study was carried out.  Global coarseness is used to define the element size of the mesh based on the model dimensions. To avoid inaccuracy due to poor quality mesh, size of an element is reduced in the areas where 1. stress concentrations are expected to be more 2. Elements with sharp angles, as shown in Figure 15.9. The boundary condition was placed far away from areas of interest.
[image: D:\Neeraj\Kalpasar\Presentations\mesh.png]
Figure 15.9 Cross section showing mesh coarseness at different locations
Table 15.3: Boundary conditions for different methods of analyses
	Stability

	
	xmin
	xmax
	ymin
	ymax

	Deformations
	Normally fixed
	Normally fixed
	Fully fixed
	Free

	Ground water flow
	Open
	Open
	Closed
	Open

	                                                             Settlement
	
	

	Deformations
	Normally fixed
	Normally fixed
	Fully fixed
	Free

	Ground water flow
	Open
	Open
	Closed
	Open

	Seepage

	Ground water flow
	Open
	Open
	Closed
	Open

	Dynamic

	Deformation
	Normally fixed
	Normally fixed
	Fully fixed
	Free

	Dynamics
	Free – Field
	Free – Field
	Compliant base
	None

	Ground water flow
	Open
	Open
	Closed
	Open



Constitutive modelling
The PLAXIS utilises various material model to model the soil behaviour. The modelling for Kalpasar project utilises two material models as explained below.
Linear Elastic:
	It is based on Hooke's law of isotropic elasticity, which requires two parameters [E, µ]. It is generally preferred to model the stiff soil, concrete, and rock because the applied stresses are well within the linear regime. In this study, the components such as Accropode and RCC are modelled using the linear elastic constitutive model.
Mohr-coulomb:
Mohr-coulomb model is considered for material modelling as it requires five parameters [E, µ, c, ϕ, ψ, σt] which are very familiar and can be derived from basic tests on soil. It consists of linear elastic perfectly plastic parts in which the first part is based on Hooke's law and the second one is based on Mohr-coulomb criteria. Yield condition (7) is used to check whether or not the transition between two parts is reached. 
f = 0.5(σ1 - σ 3) + 0.5(σ1 – σ3) sin(ϕ) – c cos(ϕ) = 0 			(7)
One more intermediate stress (σ2) results in a total of six yield functions and corresponding conditions in turn resulting in a hexagonal cone in principal stress space. Plasticity theory states that plastic strain is proportional to the derivative of yield function w.r.t stress, which is known as the associated plasticity rule. This rule, however, tends to overestimate the dilatancy behaviour and hence the plastic potential function 'g' is introduced.      		
The condition f ≠ g is called the non-associated plasticity rule.
The material properties for different components of the dyke and corresponding constitutive model are tabulated in Table 15.5.
Stability Design
a) Static
	The Safety calculation type is an option available in PLAXIS 3D to compute global safety factors. In the safety approach, the shear strength parameters are successively reduced until failure of the structure occurs. When soil is on the verge of failure, the factor of safety can be defined as
	
	8


By using Mohr-Coulomb failure criteria, the  can be written as
	
	9


where,  and  are the input shear strength parameters and  is the actual normal stress component. The parameters  and  are reduced strength parameters that are just large enough to maintain equilibrium. As mentioned above, in safety analysis  and  are reduced in the same proportion.
	
	10


 where,  is the total multiplier that controls the reduction of strength parameter. This parameter is increased step-by-step procedure until failure occurs. The factor of safety is the value of  at failure, provided that at failure, a more or less constant value is obtained for a number of successive load steps.
In present analyses, stability analyses are carried out for all the cross sections of the dyke in both the gulf and intertidal region, considering all the loading conditions.

The stability analysis is carried out for all cross sections in the gulf region and intertidal zone considering three loading conditions 1. End of breakwater construction 2. End of embankment construction 3. Live loads. Details about the location of the failure pattern of slopes and the factor of safety values are discussed in this section. 

(1) Gulf region: Analyses for GT/SPT7 
	Dyke is constructed in stages of 5 m, initially starting with the breakwater on the seaside, followed by the embankment on the reservoir side and stability analysis is carried out for each phase of construction. It can be seen from the Table 2.1 that the factor of safety value reduces during the construction of the breakwater till crest level and again increases after the complete construction of both breakwater and embankment. There is no trend in the factor of safety values at the end of cross sections because of the provision of berms on the seaside slope for deeper seabed level cross sections.

Table 2.1 Factor of safety values during staged construction for various cross sections
	Breakwater

	
Stages
	Height of the Dyke

	
	49 m
	44 m
	39 m
	34 m
	29 m
	24 m

	Stage 1 – 4 m
	1.7
	1.7
	1.8
	1.7
	1.7
	1.6

	Stage 2 – 9m
	1.4
	1.4
	1.4
	1.4
	1.4
	1.4

	Stage 3 – 24 m
	1.3
	1.3
	1.3
	1.3
	1.3
	1.3

	Stage 4 – 29 m
	1.2
	1.3
	1.2
	1.2
	1.3
	


*

	Stage 5 - 34 m
	1.2
	1.2
	1.2
	1.2
	

*
	

	Stage 6 - 39 m
	1.2
	1.2
	1.2
	
*
	
	

	Stage 7 – 44 m
	1.2
	1.2
	
*
	
	
	

	Stage 8 - 49 m
	1.2
	*
	
	
	
	

	Breakwater + Embankment

	Stage 9 – 4 m
	1.2
	1.2
	1.2
	1.2
	1.3
	1.4

	Stage 10 – 9 m
	1.2
	1.2
	1.2
	1.3
	1.4
	1.9

	Stage 11 – 14 m
	1.2
	1.2
	1.2
	1.5
	1.9
	1.9

	Stage 12 – 19 m
	1.2
	1.2
	1.3
	1.8
	1.9
	


*

	Stage 13 - 24 m
	1.3
	1.3
	1.4
	1.8
	

*
	

	Stage 14 - 29 m
	1.4
	1.4
	1.8
	
*
	
	

	Stage 15 – 34 m
	1.7
	1.7
	
*
	
	
	

	Stage 16 – 39 m
	2
	*
	
	
	
	


*  End of construction
Figure 2.5 shows the incremental displacement and failure pattern for the dyke of all cross sections at the gulf region at the end of breakwater construction. It can be seen that the plastic strains developed along the reservoir side of the breakwater slope during strength reduction technique. This is due to the provision of a steep slope (1:1.1) along the interface between the breakwater and embankment, considering the material quantity optimisation. However, the failure mechanism shifted to the other side of the breakwater (Figure 2.6) after complete construction due to the resistance involvement from the embankment. It is to be noted that all the figures in the stability analysis are intended to show the failure pattern. But, the displacements for different cross sections are not comparable in strength reduction technique.
(2) Intertidal zone: Analyses at Bhavnagar and Dahej regions
Figure 2.7 shows the incremental displacement and failure pattern for the dyke of all cross sections after breakwater construction in the intertidal zone (GT/SPT2). It can be seen from the Figure 2.7 that the plastic strains developed along the reservoir side slope of the breakwater and the failure pattern shifted to the seaside of the breakwater after embankment construction (Figure 2.8). 
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Figure 2.5 Incremental Displacement and failure pattern of the dyke of (a) 24 m (RL -5 m), (b) 29 m (RL -10 m), (c) 34 m (RL -15 m), (d) 39 m (RL -20 m), (e) 44 m (RL -25 m), and (f) 49 m (RL -30 m) after Breakwater construction
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Figure 2.6 Incremental Displacement and failure pattern of the dyke of (a) 24 m (RL -5 m), (b) 29 m (RL -10 m), (c) 34 m (RL -15 m), (d) 39 m (RL -20 m), (e) 44 m (RL -25 m), and (f) 49 m (RL -30 m) after complete construction
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Figure 2.7 Incremental Displacement and failure pattern of the dyke of (a)7 m (RL +5 m), (b) 16.5 m (RL 0 m), (c) 24 m (RL -5 m) height at the end of breakwater construction.
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Figure 2.8 Incremental Displacement and failure pattern of the dyke of (a)7 m (RL +5 m), (b) 16.5 m (RL 0 m), (c) 24 m (RL -5 m) height after complete construction.
(b) Equivalent Static
Equivalent static analysis is a simplified way of approximating earthquake induced loads as equivalent body forces. The existing force in each element of the mesh is added by the inertial force, which is proportional to the input acceleration coefficients as shown below.The force is a product of the mass and the acceleration coefficients. This equivalent static force is applied to all the elements of the mesh, and hence large shear stresses develop at the boundaries. Hence, lateral boundaries should be placed sufficiently far away from the zone of interest to avoid interference failure interference between the boundary and structure.
Equivalent static method is carried out to assess the performance of the dyke cross sections under two earthquake loading conditions having PGA of 0.225g and 0.36g. The details about the location of failure pattern of slopes and factor of safety values for both gulf and intertidal zone are discussed in this subsection.
()1 Intertidal zone: Analyses at Bhavnagar and Dahej regions
Figure 2.10 shows the incremental displacement and failure pattern for the dyke of all cross sections in the intertidal zone under equivalent static loading 0.36g PGA. It can be seen that displacements increase towards the reservoir side, and deep seated pattern is observed for all the cross sections corresponding to the borehole GT/SPT2.
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	Figure 2.10 Incremental Displacement and failure pattern of the dyke of (a)7 m (RL +5 m), (b) 16.5 m (RL 0 m), (c) 24 m (RL -5 m) height under equivalent static loading of 0.36g acceleration (GT/SPT 2).



	[image: ]
	[image: ]

	(a)
	

	[image: ]
	

	(b)
	

	[image: ]
	

	(c)
	

	[image: ]
	

	(d)
	

	[image: ]
	

	(e)
	

	[image: ]
	

	(f)
	


Figure 2.9 Incremental Displacement and failure pattern of the dyke of (a) 24 m, (b) 29 m, (c) 34 m, (d) 39 m, (e) 44 m, and (f) 49 m under equivalent static (0.36g PGA)
(2) Gulf region: Analyses for GT/SPT7
Plastic stress strain analysis is carried out with equivalent static load of 0.225g and 0.36g. The developed pore water pressures are used in stability analysis to find the factor of safety. Figure 2.9 shows the incremental displacement and failure pattern for the dyke of all cross sections under all four loading conditions. The plastic strains developed can be seen in stability analysis on the reservoir side slope due to equivalent static load of 0.36g PGA. 
(c) Summary
The factor of safety for all the sections under static and equivalent static condition with steady state seepage is presented in Table 2.2. All the sections considered in the present study are found to achieve adequate factor of safety for all the loading conditions. 
Table 2.2 Summary of factor of safety values corresponding to heights of the dyke
	Gulf region (GT/SPT 7) – Factor of safety

	
Height of the dyke (m)
	At the end of
Breakwater construction
	At the end of       embankment construction
	Live Load
	Equivalent static

	
	
	
	
	0.225g
	0.36g

	24
	1.3
	1.9
	1.9
	1.2
	1.1

	29
	1.3
	1.9
	1.9
	1.4
	1.1

	34
	1.2
	1.8
	1.8
	1.4
	1.1

	39
	1.1
	1.8
	1.8
	1.4
	1.1

	44
	1.2
	2
	2
	1.4
	1.1

	49
	1.2
	2
	2
	1.3
	1.1

	Bhavnagar region (GT/SPT 2) 

	7.5
	2.3
	2.9
	2.9
	2
	1.5

	16
	1.4
	1.8
	1.7
	1.5
	1.2

	24
	1.4
	1.6
	1.6
	1.4
	1

	Bhavnagar region (GT/SPT 3) 

	7.5
	1.6
	2
	2
	1.5
	1.3

	16
	1.3
	1.8
	1.8
	1.3
	1.1

	24
	1.2
	1.7
	1.7
	1.3
	1

	Dahej region (GT/SPT 12) 

	7.5
	1.5
	2.1
	2.1
	1.5
	1.3

	16
	1.3
	1.9
	1.9
	1.3
	1.1

	24
	1.2
	1.7
	1.7
	1.3
	1

	Dahej region (GT/SPT 13) 

	7.5
	1.5
	2
	2
	1.6
	1.2

	16
	1.3
	1.9
	1.9
	1.3
	1.1

	24
	1.2
	1.7
	1.7
	1.4
	1


15.2.4 Strength Design
a) Static
The plastic stress-strain analysis is carried out for all cross sections in the gulf region and intertidal zone. In all the analyses, deviatoric stresses in the top layer of the subsoil are recorded for various loading conditions and compared with the bearing capacity values of the top foundation soil. Details about the deviatoric stress variation for different dyke cross sections under various loading conditions are discussed in this section.
(1) Intertidal zone: Analyses at Bhavnagar and Dahej regions
There are certain top layers of weak soil strata available in the intertidal zone having inadequate Bearing capacity. Ground improvement using Stone Columns is proposed, and improved properties (Table 2.9) are used to find the soil bearing capacity. Figure 2.12 shows the Deviatoric stress variation for all cross sections in the intertidal zone under two loading conditions (Dead Load + Imposed Load).
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Figure 2.12 Deviatoric stress variation corresponding to various cross sections of dyke of (a)7 m (RL +5 m), (b) 16.5 m (RL 0 m), (c) 24 m (RL -5 m) height 

(2) Gulf region: Analyses for GT/SPT7
In gulf region, bearing capacity of soil is high as the soil is predominantly silty sand in nature. However, certain layers are found to be potentially liquefiable, and vibro compaction technique is proposed for mitigation. Figure 2.11 shows the deviatoric stress variation for different heights of the dyke considering two loading conditions (Dead Load + Imposed Load). The stresses in the foundation soil are recorded and compared with the Bearing capacity values. 
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	Figure 2.11 Deviatoric stress variation corresponding to various cross sections of a) 24 m (RL -5 m), (b) 29 m (RL -10 m), (c) 34 m (RL -15 m), (d) 39 m (RL -20 m), (e) 44 m (RL -25 m), and (f) 49 m (RL -30 m) height 



(b) Equivalent static

(1) Intertidal zone: Analyses at Bhavnagar and Dahej regions
After the application of static loads as discussed in previous section, equivalent static forces corresponding to the earthquakes 0.225g and 0.36g are applied to the existing stresses, and the deviatoric stress variation (0.36g PGA) for all the cross sections at inter-tidal region are shown in Figure 2.14.
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Figure 2.14 Deviatoric stress variation construction corresponding to the height of the dyke of (a)7 m (RL +5 m), (b) 16.5 m (RL 0 m), (c) 24 m (RL -5 m) under equivalent static load of 0.36g 

(2) Gulf region: Analyses for GT/SPT7
	After the application of static loads as discussed in previous section, equivalent static forces corresponding to the earthquakes 0.225g and 0.36g are applied to the existing stresses, and the deviatoric stress variation (0.36g PGA) for all the cross sections at gulf region are shown in Figure 2.13. 
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Figure 2.13 Deviatoric stress variation corresponding to various cross sections of a) 24 m (RL -5 m), (b) 29 m (RL -10 m), (c) 34 m (RL -15 m), (d) 39 m (RL -20 m), (e) 44 m (RL -25 m), and (f) 49 m (RL -30 m) height

c) Dynamic
(1) Gulf region: Analyses for GT/SPT7
	Dynamic analyses are carried out by considering acceleration time histories having PGA (0.225g and 0.36g). Deviatoric stress variation during earthquake loading is recorded at the top of accropode and below the breakwater, as shown in Figure 2.15. Two critical cases are considered for deviatoric stress variation: 1) 49 m Dyke height at Gulf region 2) 24 m Dyke height at intertidal region under earthquake loading (0.36g PGA) as shown in Figures. It can be inferred from the Figures 2.16 and 2.17 shows the maximum deviatoric stresses for Accropode are within the elastic range. The stresses in the foundation soil are within the calculated bearing capacity as shown in the Table 2.3. 

[image: D:\Neeraj\Kalpasar\5 m 14-02-2022 updatedmaterialprop tidal variation\Intertidal\Analysis\September\Gulf\All lodings\Figs\Staged construction\stresspointss.tif]Figure 2.15 Considered two points to record deviatoric stress variation A) Accropode B) Below the Breakwater
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	(a)

	[image: D:\Neeraj\Kalpasar\5 m 14-02-2022 updatedmaterialprop tidal variation\Intertidal\Analysis\September\Gulf\All lodings\Figs\Staged construction\RL 30 m below bw.tif]
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Figure 2.16 Deviatoric stress variation corresponding to 24 m height of the dyke (GT/SPT2) at two points under earthquake loading (0.36g PGA) a) Accropode b) Below the Breakwater
	[image: D:\Neeraj\Kalpasar\5 m 14-02-2022 updatedmaterialprop tidal variation\Intertidal\Analysis\September\Gulf\All lodings\Figs\Staged construction\5m softclay accropode.tif]
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Figure 2.17 Deviatoric stress variation corresponding to 24 m height of the dyke (GT/SPT2) at two points a) Accropode b) Below the Breakwater
(d) Summary
The allowable bearing capacity calculations are based on Brinch Hansen's general bearing capacity equation by assuming footing width as the dyke width without embedment in the soil. It can be seen that the deviatoric stresses for all the cases are less than the bearing capacity of soil (Table 2.3).


Table 2.3 Maximum Deviatoric stress in the top foundation soil corresponding to different heights of the dyke
	Deviatoric stress (kPa) - Gulf region (GT/SPT 7)
	
Ultimate bearing capacity (kPa)

	
Height of the dyke (m)
	At the end of       Breakwater construction
	At the end of       embankment construction 
	Live Load
	Equivalent static
	
Dynamic
	

	
	
	
	
	0.225g
	0.36g
	0.225g
	0.36g
	

	24
	172
	200
	190
	350
	610
	180
	280
	29650

	29
	185
	200
	206
	600
	810
	270
	300
	32300

	34
	270
	280
	280
	420
	730
	300
	280
	35350

	39
	250
	270
	270
	460
	730
	330
	520
	39175

	44
	270
	300
	325
	530
	750
	500
	520
	42425

	49
	320
	320
	360
	560
	900
	600
	600
	45525

	Bhavnagar region (GT/SPT 2)

	7.5
	75
	75
	80
	210
	280
	   100
	200
	1220*

	16
	160
	175
	180
	250
	350
	150
	220
	1460

	24
	190
	220
	220
	330
	370
	240
	360
	1650

	Bhavnagar region (GT/SPT 3)

	7.5
	78
	80
	80
	200
	310
	120
	120
	13000

	16
	140
	160
	160
	300
	400
	160
	200
	16280

	24
	175
	280
	280
	355
	510
	250
	300
	18860

	Dahej region (GT/SPT 12)

	7.5
	75
	80
	80
	160
	200
	90
	160
	10640

	16
	140
	150
	165
	230
	320
	200
	   300
	13225

	24
	220
	225
	225
	330
	450
	200
	240
	15270

	Dahej region (GT/SPT 13)

	7.5
	90
	80
	95
	260
	310
	130
	180
	10670

	16
	160
	170
	200
	310
	360
	170
	240
	13250

	24
	190
	180
	210
	360
	600
	210
	220
	15300


15.2.5 Settlement Design
The total settlement is divided into three categories, i.e.  1. Construction settlement 2. Settlement due to imposed load 3. Settlement due to Earthquake loading. In the first case, each cross section is divided into layers of 5 m, and settlement is calculated at each phase of construction. Secondly, Imposed loads are considered to calculate the compression within the embankment. Thirdly, Earthquake acceleration time histories are considered below the base of the Dyke to calculate the permanent displacements (horizontal and vertical). 

a) Static
Settlement design in this section is classified into two categories: 1. During construction 2. Effect of creep due to Imposed loads. The plastic stress strain analysis is carried out for all cross sections in the gulf region and intertidal zone considering two loading conditions 1. Dead load 2. Imposed Load. Details about the location and magnitudes of settlement in the cross section under both Dead Load and Imposed Load are discussed in this section.
Table 2.4 Vertical settlement during staged construction 
	Vertical settlement (mm) during staged construction

	Breakwater

	
Stages
	Height of the Dyke

	
	49 m
	44 m
	39 m
	34 m
	29 m
	24 m

	Stage 1 – 4 m
	34
	33
	34
	38
	33
	36

	Stage 2 – 9m
	34
	34
	35
	34
	32
	31

	Stage 3 – 14 m
	36
	35
	34
	32
	30
	94

	Stage 4 – 19 m
	35
	33
	31
	30
	80
	*

	Stage 5 - 24 m
	32
	30
	27
	80
	*
	

	Stage 6 - 29 m
	29
	26
	47
	*
	
	

	Stage 7 – 34 m
	25
	55
	*
	
	
	

	Stage 8 – 39 m
	65
	*
	
	
	
	

	Stage 9 - 44 m
	*
	
	
	
	
	

	Stage 10 – 49 m
	
	
	
	
	
	

	Total settlement
	290
	246
	208
	214
	175
	161

	2.Breakwater + Embankment

	Stage 9 – 4 m
	33
	32
	33
	32
	32
	32

	Stage 10 – 9 m
	38
	37
	37
	38
	37
	44

	Stage 11 – 14 m
	44
	44
	44
	44
	44
	63

	Stage 12 – 19 m
	49
	49
	50
	57
	47
	*

	Stage 13 - 24 m
	55
	55
	55
	80
	*
	

	Stage 14 - 29 m
	61
	61
	88
	*
	
	

	Stage 15 – 34 m
	66
	90
	*
	
	
	

	Stage 16 – 39 m
	69
	*
	
	
	
	

	Total settlement
	415
	368
	307
	251
	160
	139


* End of complete construction

(2) Intertidal zone: Analyses at Bhavnagar and Dahej regions
	Ground improvement using stone columns is adopted for top 6 m soft clay corresponding to GT/SPT2 and top 7.5 m corresponding to GT/SPT3. Improved properties as shown in Table 2.9 are considered for the analyses. It is observed from the Table 2.5 that the settlements in this case lie between 47 mm and 250 mm. However, dredging out soft clay is adopted for the areas corresponding to RL -5 m cross section considering stability due to earthquake loading.
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Figure 2.19 Vertical displacement of the Dyke of (a)7 m (RL +5 m), (b) 16.5 m (RL 0 m), (c) 24 m height under imposed load.

(1) Gulf region: Analyses for GT/SPT7
Construction settlement:
Dyke is constructed in stages of 5 m, initially starting with the breakwater on seaside and then followed by the embankment on the reservoir side, and plastic stress strain analysis is carried out for each phase of construction. The settlement happening at each stage of construction and the total settlement percentage for all the cross sections are shown in Table 2.4. The soil stratum is predominantly silty sand in this region, and the entire settlement will happen immediately. Therefore, the settlement values are not a concern as it is usually placed till proposed level at every stage of dyke construction. It also can be inferred that for settlement due to layer placement of sand is high because of large width when compared to rock fill layer placement. 

Effect of creep:
Creep is the volume change under constant stress over a period. The embankment, in this case, is made up of dredged sand. Sand is permeable in nature, and any change in external stress immediately acts as a change in effective stress in soil skeleton. Therefore, excess pore pressure does not develop. The inelastic time dependent creep deformation occurs immediately following stress changes resulting in instantaneous elastic and plastic deformations. The plastic deformation in sand occurs due to particle breakage under sustained higher loadings. The progressive breakage of sand particles results in loss of contact between particles causing gradual decrease in soil resistance and stiffness, which increases the settlement with time. The creep deformations in sand depend on applied load and state of packing. As the sand is well compacted and freely draining, no or less creep is expected to develop. Moreover, the height of fill is not very high. Therefore, particle breakage is not expected to occur. It is concluded that the effect of creep is not significant in this case. From analysis, the immediate settlement after placing the vehicular load is approximately 40 mm as shown in Figures 2.18 and 2.19. It is recommended to carry out trial runs with the expected vehicular loads and relay the road for compensating the immediate settlement.
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Figure 2.18 Vertical settlement of the Dyke of (a) 24 m (RL -5 m), (b) 29 m (RL -10 m), (c) 34 m (RL -15 m), (d) 39 m (RL -20 m), (e) 44 m (RL -25 m), and (f) 49 m (RL -30 m) height under Imposed load.
b) Dynamic
Dynamic analysis is carried out for all the cross sections at both gulf and intertidal region considering acceleration time histories (0.225g and 0.36g PGA). In all the cases, lateral spreads are induced along the slopes both on seaside and reservoir side as shown in Figures 2.20 and 2.21. Horizontal displacement is found to be in the range of 170 mm to 350 mm whereas maximum vertical settlement is found to be 100 mm for all the cases as shown in Table 2.5.

(2) Intertidal zone: Analyses at Bhavnagar and Dahej regions
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Figure 2.21 Horizontal settlement of the Dyke of (a) 7 m (RL +5 m), (b) 16.5 m (RL 0 m), (c) 24 m (RL -5 m) height under dynamic condition (0.36g PGA) corresponding to GT/SPT 2


(1) Gulf region: Analyses for GT/SPT7 
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Figure 2.20 Horizontal settlement of the Dyke of (a) 24 m (RL -5 m), (b) 29 m (RL -10 m), (c) 34 m (RL -15 m), (d) 39 m (RL -20 m), (e) 44 m (RL -25 m), and (f) 49 m (RL -30 m) height under dynamic condition (0.36g PGA)

c) Summary
Table 2.5 Summary of settlement for various cross sections under different loading conditions

	Settlement (mm) - Gulf region (GT/SPT 7)

	
Height of the dyke (m)
	At the end of       Breakwater construction
	At the end of       embankment construction
	Imposed Load
	Dynamic

	
	
	
	
	Vertical
	Horizontal

	
	
	
	
	0.225g
	0.36g
	0.225g
	0.36g

	24
	161
	140
	29
	20
	40
	140
	200

	29
	175
	160
	32
	32
	63
	120
	170

	34
	214
	250
	35
	63
	45
	130
	210

	39
	208
	310
	36
	50
	55
	174
	320

	44
	246
	370
	40
	45
	75
	184
	350

	49
	290
	415
	43
	48
	75
	205
	330

	Bhavnagar region (GT/SPT 2)

	7.5
	50
	47
	30
	25
	20
	140
	150

	16
	80
	120
	35
	25
	20
	140
	270

	24
	250
	234
	35
	20
	31
	97
	190

	Bhavnagar region (GT/SPT 3)

	7.5
	60
	70
	34
	25
	33
	140
	220

	16
	80
	140
	36
	30
	34
	140
	250

	24
	255
	260
	40
	60
	100
	101
	197

	Dahej (GT/SPT 12)

	7.5
	20
	15
	10
	30
	35
	120
	225

	16
	25
	40
	20
	25
	35
	125
	230

	24
	64
	65
	20
	30
	40
	120
	220

	Dahej (GT/SPT 13)

	7.5
	30
	34
	20
	20
	41
	100
	220

	16
	45
	75
	22
	20
	40
	120
	220

	24
	130
	120
	25
	20
	35
	120
	200











15.2.6 Seepage Design
The seepage quantity is calculated from a steady state flow analysis with MSL on the seaside and varying water levels on the reservoir side (Figure 2.23). The quantity of seepage is obtained at the location of the reservoir slope, as shown in Figure 2.22. 
	[image: D:\Neeraj\Kalpasar\Presentations\seepage.png]

	Figure 2.22 The location in the reservoir slope where quantity of seepage is computed: Section A-A
[image: D:\Neeraj\Kalpasar\5 m 14-02-2022 updatedmaterialprop tidal variation\Intertidal\Analysis\September\Gulf\All lodings\Figs\water levels.tif]
Figure 2.23 Variation of reservoir water level w.r.t MSL in year

a) Full Reservoir Level – Mean Sea Level
     FRL on the reservoir side and MSL on seaside are considered, and seepage analysis is carried out for all the cross sections along the Dyke length. This condition exists for two months, as shown in Figure 15.40. The quantity of seepage from reservoir to seaside is very high as shown in Table 2.6, however it is not critical condition. 
(b) Mean Reservoir Level – Mean Sea Level
     This condition is assumed to exist for 7 months, and seepage analysis is carried out for all the cross sections. In this case, head difference causes seepage flow from seaside to reservoir side, and the quantity is shown in Table 2.6.
(c) Dead Storage Level – Mean Sea Level
     The head difference, in this case, is 4 m which is reflected in the high value of seawater seepage (12 Mm3) as shown in Table 2.6. Critical conditions (b) and (c) are considered in seepage calculations, and total quantity of seawater seepage is found to be 0.19% of total reservoir capacity (8000 Mm3).

Table 2.6 Quantity of Seepage considering MSL on seaside with varying water levels on reservoir side


	Reservoir water level
	Total quantity (m3/day)
	Considered time existence for reservoir water level (months)
	
Total quantity (Mm3) 
	
Total reservoir capacity (Mm3)
	
Percentage of seawater seepage to reservoir (per year) 

	+3
	215000
	3
	+19.35
	
8000
	
0.19

	-0.5
	-15310
	7
	-3.22
	
	

	-4
	-197719
	2
	-12
	
	



2.1.4 Hydraulic Design


2.1.5 Dyke Closure Design


2.1.6 Construction Sequence Design
Methodology 
5.4.1 Methodology of improving the foundation soils in Intertidal regions 
As discussed in sections 3. a and 3. d, the depth of problematic soil ranges with a depth of 6 m to 10.5 m in the intertidal region at Bhavnagar and 3 m to 6 m in the intertidal region at Dahej from the seabed. Of all the options of ground improvement discussed in section 2. a, stage-wise construction withliques (i.e.,11 m in the intertidal region at Bhavnagar and 6.5 m in intertidal region at Dahej) appears to be the optimum solution. As top layers in this region may not permit the trafficability of the equipment for improving the ground, shallow stabilization may have to be done prior to the construction of a working platform over it. The following methodology may be adopted in the construction of the foundations in intertidal regions.
(1) Shallow stabilization
The operation of shallow stabilization may start at the place where the soil is competent enough (definitely not soft clays) to bear the equipment for cement stabilization. The objective of this stabilization process is only to support the equipment that install stone columns. Mass stabilization or column stabilization may be done to achieve this objective. Depending on the chemical nature of the top clay layers, the depth of the clay layer that needs to be stabilized and the type and amount of cement to be used may be decided by the concerned agency. The execution machine of the stabilization should have enough length to mix the cement in front of it to a maximum distance and to the desired depth (see Figure 5.1).
Table 5.4 Problematic soils in corresponding boreholes in the intertidal region at Bhavnagar region given by COMACOE.
	
S. no.
	
BH no.
	
Type of soil
	
Thickness
	
Method of treatment

	1
	T1
	Soft clay
	9 m
	Stone Columns

	2
	T2
	
	12 m
	

	3
	T3
	
	10.5 m
	

	4
	T9
	
	4.5 m
	

	5
	SPT 2
	
	6 m
	

	6
	T7
	
	3.5 m
	

	7
	T8
	
	4.5 m
	

	8
	T9
	
	4.5 m
	

	9
	SPT 3
	Loose sand
	0 - 4.5
	

	
	
	Soft to firm clay
	4.5 – 7.5
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	Figure 5.1 Mass mixing stabilization (Courtesy of ©Hayward Baker Inc)


The blending of the soil mass may be achieved by either use of an excavator-mounted mixing tool with unique shuttles pneumatically delivering the binder to the head of the mixing tool and into the mixed zone or by self-injection of binder into a rotating auger or mixing head and the soil. The mixer rotates and simultaneously moves vertically and horizontally while mixing the soil block.
(2) Working Platform
Prior to the initial set of the stabilized mass, a geo-membrane may be placed on top of stabilized soil on which a selected granular material (such as baby chips, gravel, etc.,) that will not get washed out during high tides. These fill materials compress the freshly stabilized mass forcing out all air pockets that may have formed during mixing (Hayward Baker Inc; Massarsch and Topolnicki, 2005; EuroSoilStab, 2002). The granular mat over the geo-membrane should be of sufficient thickness such that it surpasses the high tide level by at least 30 cm, so that construction activity may not be disturbed by tides. The coarse mat and the geo-membrane are selected such that the penetration of the mandrel while installing stone columns should not be disturbed. The design of type and thickness of granular mat and geo-membrane may be performed by the concerned agency. The stabilization process and construction of the working platform may be done in a step-wise fashion, say a 10 m stretch, starting from the starting point of the intertidal region or at the place where competent topsoil is available.
(3) Installation of Stone columns and stage-wise construction/loading
After the construction of the working platform up to a level of 30 cm above the high tide level, Stone columns are installed up to a depth of 0.5 m beyond the soft clay layer using the installation rigs. The proposed ground improvement for the soft clays in this project is stage-wise construction along with Stone columns. The design of spacing, time for consolidation, heights of rockfill/embankment to be placed to achieve a 90% consolidation may be carried out.
The rig is positioned at the drain location and then place on the anchor on the drain end. Penetrate mandrel to a depth of 0.5 m beyond the depth of the soft clay layer and withdraw it. Installed stone columns are cut above the drainage material.
The working platform of 0.3 m above the High tide level over the stabilized soft clays acts as an initial surcharge for the overlying soft clays. Thereafter the designed thickness of rockfill is placed and allows the soft clay to reach 90% of consolidation and proceed further.
(4) Sequence of foundation construction for the breakwater in intertidal regions
1. Consider a 10 m stretch starting from a land whose ground level is above the high tide level.
2. Stabilize the top 1 m layer of soft clay for the considered stretch.
3. Prior to the initial set of the stabilized mass, a geo-membrane has to be placed on top of stabilized soil. 
4. Place the coarser material on the geomembrane up to a level of 30 cm above the high tide level.
5. Continue steps 2, 3, and 4 till the end of the intertidal region or beginning of the gulf region.
6. Simultaneously, install Stone columns through the working platform up to a depth of 0.5 m beyond the bottom of the soft clay layer.
7. Allow the soft clay layers to consolidate under working platform fill.
8. Place the calculated thickness of breakwater material (rockfill) over the working platform and allow the soft clay layers to consolidate to a 90% consolidation.
9. Continue the stage-wise construction of the breakwater at a place.
10. Continue steps 6, 7, 8, and 9 till the end of the intertidal region. 
The sequence of construction of the foundation for the breakwater in intertidal regions is shown in Figure 5.2.
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Figure 3.2 Sequence of construction in intertidal region

5.4.2. Construction methodology of foundation in the Gulf region 
[bookmark: _Hlk135991488]From liquefaction analysis, the top 1-6 m of soil is found to be potentially liquefiable, as shown in liquefaction results (Table 15.13). Hence, the ground improvement by vibro-compaction is proposed for the top 6 m, and an improved value is adopted for the modulus is considered for the present analysis. Loose silty sands are to be compacted using deep Vibro compactors. After compacting loose sand layers, a Polypropylene mattress is laid on top of it using barges over which 150 mm to 200 mm of quarry size stones are placed. This works as a floor protector and prevents the seabed from erosion. Rockfill is placed over the floor protector forming a breakwater portion. The sequence of construction is shown in Fig. XXX.

 Table 15.13 Potentially liquefiable layers in gulf region
	Borehole no.
	PGA = 0.225 g
	PGA = 0.36 g

	GT-SPT4
	1-9 m, 15-20 m
	1-12 m, 15-20 m

	GT-SPT5
	1-9 m, 12-20 m
	1-9 m, 12-20 m

	GT-SPT6
	1-6 m
	1-6 m

	GT-SPT7
	1-6 m, 9-18 m
	1-20 m



[image: ]
Fig XXX. Sequence of ground improvement in Gulf region
(1) Typical cross-section of the dam
The cross-section of the dam has four major components i.e., breakwater on the seaside, dredged sand fill embankment on the reservoir side, inverse rock filter, and bed protector. The purpose of the breakwater is to nullify the wave action and to provide suitable tranquillity for the construction of dredged sand fill embankment. The purpose of the dredged sand fill embankment is to carry a tentative 10 lane road and a railway line on its top width and also to hold the fresh water in the reservoir.
A cross section as per our design team is shown in Figure 5.3.
	[image: D:\Neeraj\Kalpasar\Presentations\RL 30 m image.png]

	Figure 5.3 Cross-section of Kalpasar dam for a seabed level of RL – 25 m 


5.5 Breakwater
5.5.1 Components of Breakwater
Core -The purpose of the core is to prevent wave transmission into the other side of the dam; hence the core material shall be quarry rock and well graded. The core material should not be washed out through the armour layers. According to CWPRS design, the core material shall consist of 10 to 500 kg well-graded quarry run. Gradation of the core will be estimated based on the filter criteria. 
Toe -The Toe functions as the foundation for the armour layer. It also may catch armour units displaced from the armour layer; The Toe is normally constructed of large stones of quarry run or the secondary layer itself is extended to form the toe mound.
Filter layer -The objective of the filter layer (underlayer) is to prevent the core material from being washed out through the armour layer and also to act as a filter between the core and armour layer. This layer provides a stable bed for the armour layer and also dissipates wave energy passing through the armour layer.
Armour layer -The purpose of the armour layer is to protect the core from direct wave action through the dissipation of wave energy. Armour layers are built of large rocks or larger concrete armour units. AccropodeTM II units are finalized as armour units since they are recommended by the Kalpasar department to CWPRS. 
Rear rock armour is designed based on the permissible wave overtopping and non-breaking waves propagating into the harbour.
Superstructure -The superstructure is used either to reduce the crest elevation or to reduce wave overtopping or as a roadway for traffic or pipelines. The superstructure is usually constructed of concrete.
5.5.2 Types of construction and corresponding equipment
Based on the site-specific conditions, land-based construction or water-borne construction, or a combination of both may be chosen. The choice of equipment is based on the distinction between direct dumping of bulk material, (in case of core), and controlled placement (individual pieces of armour stone, such as in armour layers and underlayers of slope and/or bed protection works) which is shown ion Figure 5.10. Controlled placement involves dumping of limited quantities per cycle or placement of individual stones.
Land-based construction
Dumping of bulk material
Direct dumping (bulk) of the material can be done using trucks or loaders, hydraulic excavators, or wire-rope cranes. The type of equipment required depends on the size of the job and the working conditions on-site.
Controlled placement
Controlled placement may be defined here either as bulk armour stone placement in relatively small quantities per cycle or as the individual placement of heavier pieces of armour stone. A hydraulic excavator and wire-rope crane may be used for this operation. Employment of these equipment depends mainly on their capacity of placing from the working platform.
	[image: ]

	Figure 5.4 Bulk rock dumping by side dumping vessel, split barge and fall pipe, and Land-based dumper (Rouault et al., 2005)


Sea-borne construction
Dumping of bulk material
Split-hopper barges, flat-top barges with wheel loader, crane barges equipped with rock trays/skips and side stone-dumping vessels, or side-unloading barges are generally opted for this type. The mechanism of dumping using a flat top barge and side stone dumping vessels is shown in Figure 5.11.
	[image: Diagram
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	Figure 5.5 Mechanism of dumping in Flat top barge and Side Stone-dumping vessel (Rouault et al., 2005)



Controlled placement
	Side stone-dumping vessel or barge, flat-top barges with a wheel loader or excavator, Pontoon or vessel with a wire-rope crane, Fall-pipe vessels are different types of equipment used for controlled placement in seaborne construction.
21.4 Sequence of Construction
21.4.1. Dyke
The information regarding the detailed construction methodology and equipment to be adopted are given in CIRIA C683 and BS 6349-7. The final methodology to be adopted for the current project should be in line with the codes CIRIA C683 and BS 6349-7. The important phases of the construction of rubble mound breakwater are 
a. Placement of mattresses on the bottom (if needed).
b. Placement of core fill.
c. Placement of core structures.
d. Placement of sublayers.
e. Placement of armor layers.
f. Placement of crown slabs and wave screen.
g. Placement of shoulders.
h. Completion and adjustment of armor.
The typical plan of different methods of construction is discussed in the following section. 
A typical plan of a land-based operation (CIRIA C683).
a. Placing of quarry run core by dump trucks. 
b. Placing remainder of the core by crawler crane and/or excavator.
c. Placing scour protection with a crawler crane. 
d. Placing of underlayer by crawler crane or excavator.
e. Placing of the toe on the seaward slope by crane or excavator. 
f. Placing of armour layer on the seaward slope by crane or excavator.
A typical plan of a waterborne operation (CIRIA C683).
a. Placing scour protection, from side stone-dumping vessels. 
b. Placing of quarry run core from split-hopper barge (up to 3 m below water level), then tipping with wheel loader from a flat-top barge or by a floating crane. 
c. Trimming of slopes and placing of underlayer by floating hydraulic excavator and/or floating crane. 
d. Placing of the toe on the seaward slope by side stone-dumping vessel or floating crane. 
e. Placing of armour layer slope by a floating crane.
Combination of both the methods
a. Placement of core by dump barge.
b. Placement of the upper core by rear dump trucks.
c. Adjustments of the slopes by crawler crane.
d. Placement of the second sublayer on the core
e. Placement of the toe, most likely by a dump barge.
f. Placement of the first sublayer by crawler crane.
g. Placement of the armour rock or armour blocks by crawler crane.
h. Casting of the crown slab.
i. Completion of armour protection of inner section (rear armour).
However, the type of method to be adopted for the breakwater part of the Kalpasar dam is entirely site-specific and depends on the availability of the equipment. The knowledge in this sector is limited to the authors of this document. It is highly recommended to collaborate with specialist contractors. The design will be modified further after taking their inputs and suggestions.
5.6 Sand fill Embankment
The main construction material for sand fill embankment is the sand from the seabed itself. As the length of the dam to be built is nearly of length 48.5 km with a typical width of 300 m, constructing the embankment with borrowed material from the land would be too expensive. The seabed of the gulf is Silty Sand up to a depth of a minimum of 40 m. So, it may be economical to dredge the suitable soil from the gulf itself and fill it followed by deep Vibro compaction.
Types of dredging
Three main techniques commonly used in the dredging industry are trailing suction hopper dredging (TSHD), cutter suction dredging (CSD), and mechanical dredging (grab or backhoe dredger). 

Selection of areas to be dredged
National Institute of Ocean Technology (NIOT) conducted grab sampling (63 samples) (see Figure 5.12) and Vibrocore sampling (43 samples) in the dam corridor area in 2013. It conducted laboratory tests on those 106 samples and provided soil classification. The requirements of the sand fill to be filled in the embankment has to be established using their results. Based on the soil information provided by NIOT from grab samples and Vibrocore samples, the area and depth up to which it has to be dredged should be decided. Detailed information about the testing and other details can be found from the report titled “Geophysical survey for revised dam corridor” dated 11-.01-2013.

	[image: ]

	Figure 5.6 Location of grab sampling points in the proposed dam corridor by NIOT in 2013


Methodology of dredging
Dredging is a highly specialized job that requires expertise in that field. IIT Madras group has recommended forming an expert group especially a dredging expert (example: Dredging Corporation of India) to be a part. The detailed methodology for dredging has to be finalized based on the availability of the equipment with the contractor, specific site conditions, and requirements. This may be done after forming allies with the dredging contractor. However, the dredging method should be in line with the Hydraulic manual by CIRIA.

Components of the sand fill embankment
The major components that form the sand fill embankment of the Kalpasar Dam are sand fill, rock toe, and floor protector that continues beyond the dam on either side.
Construction methodology of sand fill embankment
As the construction of sand fill embankment should be done in the water, it may be difficult to achieve a slope of 1V:2H. The hydraulic placement of the sand fill yields a flatter slope than 1:2. So either the embankment should be built wider than the designed width and dredge it off the extra width to attain the required slope or the sand fill embankment should be supported by a rock toe or geotextile tube bunds at the reservoir side to attain a 1:2 slope.
The dredged sand from the seabed should be filled in the position and compact to achieve the required design density after laying the support at the toe. Again, the knowledge and the experience of this team are limited, so an expert group which is specialized in the construction of similar projects should be allied with the current team. The final construction methodology will then be finalized after taking their inputs on-field difficulties and feasibilities.
5.7 Inverse rock filter
A designed inverse rock filter needs to be constructed between rock fill and dredged sand embankment. The functions of this filter are to protect the sand content in the embankment and also not to allow the escape of it into rock fill and thereby into the sea. These layers are to be placed after completing the breakwater. The thickness of these layers and the sizes of the rock to be employed are dependent on the design. However, the construction method of placement of these layers needs to be decided after forming the expert group and taking the inputs from them.
5.8 Floor protector
To prevent the seabed from erosion and increase the lateral stability of the dam, a floor protector needs to be constructed after improving the ground. A polypropylene mattress can be laid on the top of the compacted soil over which 200 mm thickness of quarry stone can be placed.
5.9 Closure of the breakwater
Utmost importance has to be given to the design and execution of the final closure of the breakwater. Studies on closing sequences and construction periods, optimal weight and quantity of dumping rocks, sea bed scouring, stability of the bottom protection, etc. are to be conducted. As the gap of the closure reduces, the velocities of the currents increase. To withstand those velocities heavier sizes of rock are needed. Similar to that of the Saemangeum sea dike in South Korea, rock-filled gabions can be opted for. Floor protection in this area needs to be designed specifically. The method of closing the gap depends on the availability of the equipment and the method of construction opted. 
Again, the construction methodology of this part also needs expert group recommendations.
2.1.7 Instrumentation Design
20.3 Geotechnical aspects
20.3.1 Settlement
Based on the geometry and relative compressibility, embankments may be subject to deformations parallel or transverse to the axis of the structure and may be in vertical and/or horizontal planes or in any intermediate direction. These deformations may be internal or on the surface of the embankment. Measuring horizontal, vertical, and transverse settlements both inside and on the embankment surface to understand how the embankment-foundation system is behaving is necessary. Unexpected movement or displacement is a very good indicator of distress conditions prior to jeopardizing the safety of the dam. The movement may be sub-divided into (a) foundation movement, (b) Surface settlement (Horizontal & Vertical). The following codes as presented in Table 21.1 will be adopted for the installation methodology and to determine the periodic maintenance schedule of the dam. 
Table 21.1: IS codes for instrument installation and observation for settlement
	Standard Number
	Year
	Description

	IS: 7500
	2000
	Code of practice for installation and observation of cross arms for measurement of internal vertical movement in earth dams

	IS: 8266
	1976
	Code of practice for installation and observation of base plates for measurement of foundation settlement in embankments



(a) Surface (Horizontal and vertical)
Measurement of relative displacement of two parts of the dam observed for the first few years reveals critical information about the adequacy of the structural performance of the dam, with respect to the design considerations. The relative movement of the parts of the dam, with other supporting data, may be used to study the elastic behavior of the dam, and to validate the design considerations. Any unexpected movement should be carefully investigated to preclude issues with the safety of the dam. 
These observations can be made using permanent prism targets installed at 1 km spacing along the length of the dam. Additional prism targets may also be installed on the natural ground at the two ends of the dam. The positions of the prism targets can then be monitored using geodetic observations using a total station. It may also be possible to monitor the locations of these targets using GPS. 
The detailed specification for the prism target to be adopted for the kalpasar dam is presented in Table 21.2.
Table 21.2: Specification chart for prism target
	Name of Sensor
	Prism target

	Parameter Measured 
	settlement

	Type of Sensor
	NA

	Location of Placement
	Please refer to the attached sectional image (Fig. 1)

	Number of Instruments
	4 nos. per transverse section with 1000m spacing in longitudinal direction

	Range (Max. and Min.)
	0.3 to 600 mm

	Resolution (Least Count)
	±1 mm

	Frequency of collection
	Monthly 

	Indian Standards
	NA



(b) Foundation Settlement
Foundation displacement can either be vertical and/or horizontal Movement of the foundation is a very critical indicator of the structural performance of the dam. Any excessive or unexpected movement should be carefully investigated to preclude any impact on the safety of the dam. The monitoring data can also be used for studying the elastic and elastic properties of dam and foundation. 
Ideally, the instruments should be located as close as possible to the founding level, generally, these are placed in the foundation gallery of the dam. The extensometers should be installed near the founding level at a spacing of 50 m, along each transverse section, which is spaced at 5 km along the length of the dam both in gulf area as well as tidal area.
Fill extensometers arranged both on the longitudinal and transverse section are recommended for the present project. The detailed specification for the fill extensometer that is to be adopted for the kalpasar dam is provided in Table 21.3.
Table 21.3: Specification chart for fill extensometer
	Name of Sensor
	Fill extensometer

	Parameter Measured 
	Vertical and horizontal displacement

	Type of Sensor
	Vibrating wire

	Location of Placement
	Please refer to the attached sectional image (Fig.1)

	Number of Instruments
	4 nos. per transverse section with 1000m spacing in the longitudinal direction

	Range (Max. and Min.)
	50 -200 mm

	Resolution (Least Count)
	0.125 mm

	Frequency of collection
	Every week during construction, every month for next three years, and every three months for 5 years post construction. 

	Indian Standards
	NA



20.3.2 Pore Water Pressure and Uplift pressure
The effect of uplift on a dam is to reduce its effective weight due to the upward water pressure. The value of uplift pressure is indicative of operating reservoir head, effectiveness of grout curtain close to U/s face, and effectiveness of drainage curtain provided in foundation. It is important to determine the magnitude of uplift pressure at the base of the dam. Uplift pressure beneath the dam structures is generally varying linearly from headwater to tail-water or D/s ground surface – the presence of a grout curtain near the U/s face can change this linear variation. If foundation drains exist and are adequately maintained, the uplift pressure is usually reduced at the line of drains in accordance with the effectiveness of the drainage system.
The measurement of uplift pressure is of paramount importance for monitoring the structural behavior of a dam. It is required to determine the actual uplift pressures occurring below the barrage floor at different points especially just downstream of the gate seals and below the end of the pucca floor and to locate the zones where pressure is exceeding the safe balancing weight of the structure. It is also used to monitor piping phenomena if occurring anywhere below the floor area. It helps ensure that the hydraulic gradient of the subject-soil seepage flow is safe towards the end of the floor, so as not to exceed the safe exit gradient at the tail end of the dam and to compare the theoretically computed uplift pressures with those observed.
The device for measuring uplift consists of pipes, fitted with a T-section and a Bourdon type pressure gauge for observing water pressure, installed at the point where uplift pressure is to be measured, that is, typically at the foundation gallery, such that it terminates in a gallery directly above the measuring point which is generally 1 m below the base of a dam. Uplift pressure cells based on vibrating wire or unbonded resistance wire principle are available for remote monitoring.
Vibrating wire-type pressure sensors are to be adopted for the present project as they have high accuracy and high resolution. They can also be grouted into the structure with the help of a bentonite-cement grout. Hence the use of vibrating wire-type pressure meters is recommended for the present project. The detailed specification for the vibrating wire-type pressure meter to be adopted for the kalpasar dam is presented in Table 21.4.
Table 21.4: Specification chart for pressure sensor
	Name of Sensor
	Pressure sensor

	Parameter Measured 
	Uplift pressure

	Type of Sensor
	Vibrating wire

	Location of Placement
	NA

	Number of Instruments
	NA

	Range (Max. and Min.)
	0.2 to 0.5 MPa

	Resolution (Least Count)
	0.05 to 0.125 Mpa

	Frequency of collection
	Daily

	Indian Standards
	NA



[image: ]Figure 21.1 Cross section representing the tentative location of instrument to be installed

20.10 Monitoring methods
(a) Visual Monitoring
Visual inspections are useful for checking specific damage. The number of broken units per section of breakwater, and the type of break (important for structural analysis of armor units) can be checked visually but this is more time consuming than photographic methods, is not very quantitative in the degree of damage, and is not suitable for monitoring the entire slope.
(b) Diver monitoring
Diver inspections are just an extension of visual inspections to below water, provided visibility is good. Recording can be done by video or still photography but position fixing is more difficult and the whole operation more time consuming.
(c) Photographic monitoring using UAV
	[image: ]

	Figure 21.2 Photographic monitoring using helicopter (after: Kishan Tulsi et al. 2009)



In this method, photographs of entire breakwater are taken at required time intervals and comparison of images gives an indication of movements or displacements in blocks. The images also help in finding the holes between the blocks to recommend filling extra material if necessary. Figure 21.2 shows the photographic monitoring from helicopter which was found to be best as it moves quickly between two stations. Differential GPS can be used to accurately (<1m) to fix the helicopter position.
Cumulative damage per station is the representative of block movements or deterioration and is calculated by comparing the present image with the previously recorded image. The relative damage is added to the previous cumulative damage. To ensure the accuracy, camera position and interior type need to be same for successive surveys. The damage parameter is categorized into three types. (A) < 0, 5 m, (B) 0, 5 m and (C) > 1,5 m, (D) breakage (E) loss or invisibility of block. Let N be the total number of blocks per station
	
	6.1


The holes encountered in the armoring are filled, then the damage value reduces.
The critical damage criteria depend on the degree of protection from breakwater.
(d) Crane and ball survey
a. Moving crane is used to locate the ball over the break water profile for monitoring.
b. Tacheometry or GPS is used to locate the level of the ball.
c. The ball size must be constant for consecutive surveys.
d. The level variation at each station for consecutive surveys give an understanding of units movements.
e. This method is highly suitable for monitoring under water damage.
f. For underwater damage case, the crane is fixed at each station along the breakwater profile with the boom perpendicular to it as shown in Figure 21.2.
g. From the wall, the readings are taken at 3 m intervals in horizontal direction.
h. At every location, ball is dropped down till it touches the armor unit and reading is recorded (Figure 21.3).
i. Thus, the profile of armor units at each station can be recorded and can be compared with previous profile.
	[image: ]

	Figure 21.3 Crane and ball method of survey (after: Tulsi 2009)


(e) Seismic, side scan sonar, and multi beam bathymetric survey
Seismic profiling will be used to check the profile of the original breakwater. The seismic profiling will also help in profiling the buried part of the breakwater which might have settled under the sand. The side profiling detail is very important for the breakwater repairs including the repair of toe berm. The sonar survey equipment can be operated either from a crane or boat depending on the sea conditions adjacent to the breakwater. The frequency of the survey will depend on the site condition and deterioration or dislocation frequency of the armour blocks in the breakwater.


(f) Tacheometric survey
Tacheometric survey may be used to accurately monitor positions and levels of the capping slab and specific armor units to identify general deterioration by settlement of the entire structure. Cracks in the capping slabs usually indicate settlement.

2.1.8 Discussion
a) Major observations 
(1) Soil Profile: 
1. Undrained cohesion value from laboratory test results corresponding to borehole data GT/SPT 12 and GT/SPT 13, not in proper correlation with empirical formulas (SPT N vs undrained cohesion).
(2) Stability:
1. Factor of safety values are found to be in the range of 1.1 – 1.3 during Breakwater construction and reached 1.7 – 2 after complete construction.
2. Cross section corresponding to 24 m height is found to be critical under earthquake loading conditions in intertidal zone having top soft clay layer. 
(3) Strength:
1. In gulf region, bearing capacity is high due to the presence of sandy soil. However, ground improvement using Vibro-compaction is proposed for certain layers of soil which are found to be potentially liquefiable.
2. In intertidal region, ground improvement using stone columns is proposed for the available weak strata to achieve adequate bearing capacity.
(4) Settlement: 
1. Maximum settlement of 400 mm is observed for 49 m Dyke height. The corresponding soil stratum (gulf region) is predominantly silty sand, and the entire settlement will happen immediately. For intertidal zone that have weak mechanical properties, ground improvement using stone columns is adopted to mitigate the settlement.
2. Settlement values in dynamic analyses considering acceleration time histories (0.225g and 0.36g PGA) are within the limit of 500 mm.
	(5) Seepage:
1. Maximum value of seepage quantity to reservoir is 0.22 % of total reservoir capacity. Steady state groundwater flow is used to calculate the seepage quantity. However, transient groundwater flow studies are done for better quantification.


b) Recommendations 
(1) Foundation Ground Improvement
Gulf region:
	Ground improvement using vibro compaction technique is proposed for the top 6 m based on liquefaction assessment. Hence, an improved property of young’s modulus to be achieved is shown in Table 2.7. 
Table 2.7 Improved material properties of the subsoil used in FE modelling (corresponds to GTSPT 7)
	Depth (m)
	Unit weight,  (kN/m3)
	Young's modulus,  (MPa)
	Poisson's ratio, 
	Cohesion,  (kPa)
	Friction angle, (degrees)
	Dilatancy angle, (degrees)
	Coefficient of permeability, 

	
	
	
	
	
	
	
	(m/day)
	(cm/s)*10-4

	0-1.6
	22.08
	50
	0.3300
	2
	32
	0
	0.3736
	   4.32

	1.6-4.55
	20.39
	50
	0.35
	2
	32
	0
	0.3736
	4.32

	4.55-6
	20.77
	50
	0.35
	17
	32
	0
	0.3736
	4.32



Intertidal region:
	Table 2.8 shows the details of ground improvement method proposed for various zones in intertidal region. Further, dredging out of soft clay is proposed in the zones corresponding to R.L -5 m cross section. Table 2.9 shows the improved properties considering the area replacement ratio of 0.25.

Table 2.8 Proposed treatment method for various soil zones 
	S. no.
	BH no.
	Type of soil
	Thickness
	Method of treatment

	1
	T1
	Soft clay
	9 m
	Stone Columns

	2
	T2
	
	12 m
	

	3
	T3
	
	10.5 m
	

	4
	T9
	
	4.5 m
	

	5
	SPT 2
	
	6 m
	

	6
	T7
	
	3.5 m
	

	7
	T8
	
	4.5 m
	

	8
	T9
	
	4.5 m
	

	9
	SPT 3
	Loose sand
	0 - 4.5
	

	
	
	Soft to firm clay
	4.5 – 7.5
	



Table 2.9 Improved material properties of the subsoil used in FE modelling
	
BH no.
	Extent of improvement (m)
	Area replacement ratio
	Young's modulus (Mpa)
	Cohesion (kPa)
	Friction angle 
 (degree)

	GT/SPT 2
	0 - 6
	0.25
	15
	30
	14

	GT/SPT 3
	0 - 4.5
	0.25
	30
	1
	29

	
	4.5 – 7.5
	0.25
	18
	34
	34



(2) Cross section
For the cross sections considered for the analysis, the height of the dyke varies from 7 m to 49 m, and the base width varies from 233 m to 363 m. A slope of 1:5 is recommended for the reservoir side, considering the stability of the structure during seismic activity. In the seaside, a slope of 1:1.33 is adopted for the accropodes for optimum interlocking (as recommended by CWPRS); whereas a slope of 1:2 is adopted where the stone cover is provided in the seaside. The provision of cut-off wall is not necessary since the seepage quantity is within the limit. A graded filter in between the dredged sand and the rock fill is provided for separation of sand particles and rock fill. Gabions should be provided only below the breakwater. A slope of 1:1.1 is recommended on the interface between dredged sand and Rock fill to economise the material quantity.
	
2.1.11 Cost Estimates

2.1.11.1 Materials and Specifications

(a) Breakwater
Table 22.4 Desired Engineering properties
	Rock fill

	Uniaxial compressive strength (MN/m3)
	150 - 300 

	Specific Gravity
	2.5-2.7

	Percent water absorption
	0.1 - 2

	Total porosity
	< 2

	Los Angeles (% loss)  
	< 15 (% loss)

	Micro-Deval (% loss)
	< 10 (% loss)

	Point load strength index 
	> 8 MPa

	Abrasion value
	< 15 %

	Aggregate impact value
	< 30 %

	Aggregates for concrete work

	Flakiness Index
	< 15 %

	Aggregate impact value
	< 30 % for aggregates to be used in wearing surfaces
< 45 % in other concrete

	Gradation
	-

	Abrasion Value
	< 30 % for aggregates to be used in wearing surfaces
< 50 % in other concrete

	Elongation Index
	< 15 % (after flakiness index test)

	Specific gravity
	2.5-3

	Water absorption
	< 2 %

	Stripping value
	< 5 %


(b) Embankment
SM type of material can be used in the dam core. SC and CH type of material shall not be used for core. Material availability can be analysed from nearby locations in the reservoir side. Considering dredged sand as base material, filter band is designed based on USDA NRCS criterion for design of sand and gravel filters. 
Graded filter between breakwater and embankment fill: (Filter 1)
1 m thick layer (Gradation 2) closer to the backfill and 2 m thick layer (Gradation 3) closer to the rockfill in order to provide a proper gradation between the larger sized rocks and sand.
Graded filter between rock toe mound and dredged embankment fill: (Filter 
1 m thick layer (Gradation 2) closer to the dredged backfill and 1 m thick layer (Gradation 3) between rock mound and gradation 2. 
[image: D:\Neeraj\Kalpasar\Filter\2 gradations.tif]
Figure 3: Gradation of filter 1 and filter 2
Table 1 Gradation of filters
	Gradation II
	Gradation III

	Sieve (mm)
	Percentage passing
	Selected percentage passing
	Sieve (mm)
	Percentage passing
	Selected percentage passing

	80
	100
	100
	80
	100
	100

	63
	99-100
	100
	63
	96-100
	97

	16
	88-100
	93
	50
	90-100
	91

	4.75
	70-100
	73
	40
	82-100
	85

	2.36
	61-100
	65
	25
	67-92
	70

	1.18
	40-77
	45
	20
	62-85
	65

	0.6
	21-62
	25
	16
	50-79
	55

	0.3
	     3-37
	8
	4.75
	0-5
	5

	0.15
	0-20
	1
	
	
	

	0.075
	0-5
	0
	
	
	




2.1.11.3 Bill of Quantities
The desired properties and total quantity of all the materials used for the entire length of the dam are shown in below
Table 22.3 Total material quantity
	Material type
	Total quantity
(tonnes)

	Accropode
	16254425

	Underlayer
	15872800

	Rockfill
	130960997

	Dredged sand
	300052642

	Riprap
	20160000

	Filter 1
	8853315

	Filter 2
	(20% of riprap)
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