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Ministry of Agriculture through the Consultant and core reviewers from all relevant stakeholders included the information to provide the contemporary approach about the subject matter. The information contained in the guidelines is obtained from sources believed tested and reliable and are augmented based on practical experiences. While it is believed that the guideline is enriched with professional advice, for it to be successful, needs services of competent professionals from all respective disciplines. It is believed, the guidelines presented herein are sound and to the expected standard. However, we hereby disclaim any liability, loss or risk taken by individuals, groups, or organization who does not act on the information contained herein as appropriate to the specific SSI site condition. 
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Ministry of Agriculture, based on the national strategic directions is striving to meet its commitments in which modernizing agriculture is on top of its highest priorities to sustain the rapid, broad-based and fair economic growth and development of the country.  To date, major efforts have been made to remodel several important strategies and national guidelines by its major programs and projects.

[bookmark: _Toc453290003]While efforts have been made to create access to irrigation water and promoting sustainable irrigation development, several barriers are still hindering the implementation process and the performance of the schemes. The major technical constrains starts from poor planning and identification, study, design, construction, operation, and maintenance. One of the main reasons behind this outstanding challenge, in addition to the capacity limitations, is that SSIPs have been studied and designed using many ad-hoc procedures and technical guidelines developed by various local and international institutions.
 
Despite having several guidelines and manuals developed by different entities such as MoA (IDD)-1986, ESRDF-1997, MoWIE-2002 and JICA/OIDA-2014, still the irrigation professionals follow their own public sources and expertise to fill some important gaps. A number of disparities, constraints and outstanding issues in the study and design procedures, criteria and assumptions have been causing huge variations in all vital aspects of SSI study, design and implementation from region to region and among professionals within the same region and institutions due mainly to the lack of agreed standard technical guidelines. Hence, the SSI Directorate with AGP financial support, led by Generation consultant (GIRDC) and with active involvement of national and regional stakeholders and international development partners, these new and comprehensive national guidelines have been developed.

The SSID guidelines have been developed by addressing all key features in a comprehensive and participatory manner at all levels. The guidelines are believed to be responsive to the prevalent study and design contentious issues; and efforts have been made to make the guidelines simple, flexible and adaptable to almost all regional contexts including concerned partner institution interests. The outlines of the guidelines cover all aspects of irrigation development including project initiation, planning, organizations, site identification and prioritization, feasibility studies and detail designs, contract administration and management, scheme operation, maintenance and management.

Enforceability, standardization, social and environmental safeguard mechanisms are well mainstreamed in the guidelines, hence they shall be used as a guiding framework for engineers and other experts engaged in all SSI development phases. The views and actual procedures of all relevant diverse government bodies, research and higher learning institutions, private companies and development partners has been immensely and thoroughly considered to ensure that all stakeholders are aligned and can work together towards a common goal. Appropriately, the guidelines will be familiarized to the entire stakeholders working in the irrigation development.  Besides, significant number of experts in the corresponding subject matter will be effectively trained nationwide; and the guidelines will be tested practically on actual new and developing projects for due consideration of possible improvement.  Hence, hereinafter, all involved stakeholders including government & non-governmental organizations, development partners, enterprises, institutions, consultants and individuals in Ethiopia have to adhere to these comprehensive national guidelines in all cases and at all level whilst if any overlooked components are found, it should be documented and communicated to MOA to bring them up-to-date. 

Therefore, I congratulate all parties involved in the success of this effort, and urge partners and stakeholders to show a similar level of engagement in the implementation and stick to the guidelines over the coming years.
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H.E. Dr. Kaba Urgessa
State Minister, Ministry of Agriculture                                                                         












SMALL SCALE IRRIGATION DEVELOPMENT VISION
 
Transforming agricultural production from its dependence on rain-fed practices by creating reliable irrigation system in which smallholder farmers have access to at least one option of water source to increase production and productivity as well as enhance resilience to climate change and thereby ensure  food security, maintain increasing  income and sustain economic growth.
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While irrigation development is at the top of the government’s priority agendas as it is key to boost production and improve food security as well as to provide inputs for industrial development. Accordingly, irrigated land in different scales has been aggressively expanding from time to time. To this end, to enhance quality delivery of small-scale irrigation development planning, implementation and management, it has been decided to develop standard SSI guidelines that must be nationally applied. In September 2017 the Ministry of Agriculture (MoA) had entrusted Generation Integrated Rural Development Consultant (GIRDC) to prepare the National Small-scale Irrigation Development Guidelines (SSIGLs).

Preparation of the SSIGLs for enhancing development of irrigated agriculture is recognized as one of the many core initiatives of the MoA to improve its delivery system and achieve the targets in irrigated agriculture and fulfill its mission for improving agricultural productivity and production. The core objective of developing SSIGLs is to summarize present thinking, knowledge and practices to enable irrigation practitioners to properly plan, implement and manage community managed SSI schemes to develop the full irrigation potential in a sustainable manner. 

As the SSIGLs are prepared based on national and international knowledge, experiences and practices, and describe current and recommended practice and set out the national standard guides and procedures for SSI development, they serve as a source of information and provide guidance. Hence, it is believed that the SSIGLs will contribute to ensuring the quality and timely delivery, operation and maintenance of SSI schemes in the country. The SSIGLs attempt to explain and illustrate the important concepts, considerations and procedures in SSI planning, implementation and management; and shall be used as a guiding framework for professionals engaged in SSI development. Illustrative examples from within the country have been added to enable the users understand the contents, methodologies presented in the SSIGLs.

The intended audiences of the SSIGLs are government organizations, NGOs, CSOs and the private sector involved in SSI development. Professionally, the SSIGLs will be beneficial for experienced and junior planners, experts, contractors, consultants, suppliers, investors, operators and managers of SSI schemes. The SSIGLs will also serve as a useful reference for academia and researchers involved and interested in SSI development. The SSIGLs will guide to ensure that; planning, implementation and management of SSI projects is formalized and set procedures and processes to be followed. As the SSIGLs provide information and guides they must be always fully considered and applied by adapting them to the local specific requirements. 

In cognizance with the need for quality SSIGLs, the MoA has duly considered quality assurance and control during preparation of the guidelines. Accordingly, the outlines, contents and scope of the SSIGLs were thoroughly discussed, reviewed and modified by NAWMP members (senior professionals from public, national and international stakeholder) with key stakeholders in many consultative meetings and workshops. Moreover, at each milestone of SSIGL preparation, resource persons from all stakeholders reviewed and confirmed that SSIGLs have met the demands and expectations of users.

Moreover, the Ministry has mobilized resource persons from key Federal, National Regional States level stakeholders and international development partners for review, validation and endorsement of the SSIGLs.  
Several hundreds of experienced professionals (who are very qualified experts in their respective fields) from government institutions, relevant private sector and international development partners have significantly contributed to the preparation of the SSIGLs. They have been involved in all aspects of the development of SSIGLs throughout the preparation process. The preparation process included a number of consultation meetings and workshops: (i) workshop to review  inception report, (ii) workshop on findings of review of existing guidelines/manuals and proposed contents of the SSIGLs, (iii) meetings to review  zero draft SSI GLs, (iv) review workshop on draft SSI GLs, (v) small group review meetings on thematic areas, (vi) small group consultation meetings on its final presentation of  contents and layout, (vii) consultation mini-workshops in the National States on semi-final versions of the SSIGLs, and (viii) final write-shop for the appraisal and approval of the final versions of SSIGLs.

The deliberations, concerns, suggestions and comments received from professionals have been duly considered and incorporated by the GIRD Consultant in the final SSIGLs. 

There are 34 separate guidelines which are categorized into the following five parts concurrent to SSI development phases:

Part-I. Project Initiation, Planning and Organization Guideline which deals with key considerations and procedures on planning and organization of SSI development projects.
Part-II. Site Identification and Prioritization Guideline which treats physical potential identification and prioritization of investment projects. It presents SSI site selection process and prioritization criteria. 
Part-III. Feasibility Study and Detail Design Guidelines for SSID dealing with feasibility study 	and design concepts, approaches, considerations, requirements and procedures in the 	study and design of SSI systems.
Part-IV. Contract Administration and Construction Management Guidelines for SSI development presents the considerations, requirements, and procedures involved in construction of works, 	construction supervision and contract administration. 
Part-V. SSI Scheme Management, Operation and Maintenance Guidelines which covers SSI 	Scheme management and operation. 

Moreover, Tools for Small Scale Irrigation development are also prepared as part of SSIGLs.

It is strongly believed and expected that; the SSIGLs will be quickly applied by all stakeholders involved in SSI development and others as appropriate following the dissemination and familiarization process of the guidelines in order to ensure efficient, productive and sustainable irrigation development.

The SSIGLs are envisioned to be updated by incorporating new technologies and experiences including research findings. Therefore, any suggestions, concerns, recommendations and comments on the SSIGLs are highly appreciated and welcome for future updates as per the attached format below. Furthermore, despite efforts in making all types of editorial works, there may still errors, which similarly shall be handled in future undated versions.  .  





[bookmark: _Toc529616569][bookmark: _Toc531353125][bookmark: _Toc531355483][bookmark: _Toc531645132]UPDATING AND REVISIONS OF GUIDELINES
The GLs are intended as an up-to-date or a live document enabling revisions, to be updated periodically to incorporate improvements, when and where necessary; may be due to evolving demands, technological changes and changing policies, and regulatory frameworks. Planning, study and design of SSI development interventions is a dynamic process. Advancements in these aspects are necessary to cope up with the changing environment and advancing techniques. Also, based on observation feedbacks and experiences gained during application and implementation of the guidelines, there might be a need to update the requirements, provisions and procedures, as appropriate. Besides, day-by-day, water is becoming more and more valuable. Hence, for efficient water development, utilization and management will have to be designed, planned and constructed with a new set up of mind to keep pace with the changing needs of the time. It may, therefore, be necessary to take up the work of further revision of these GLs. 

This current version of the GLs has particular reference to the prevailing conditions in Ethiopia and reflects the experience gained through activities within the sub-sector during subsequent years. This is the first version of the SSI development GLs. This version shall be used as a starting point for future update, revision and improvement. Future updating and revisions to the GLs are anticipated as part of the process of strengthening the standards for planning, study, design, construction, operation and management SSI development in the country.

Completion of the review and updating of the GLs shall be undertaken in close consultation with the federal and regional irrigation institutions and other stakeholders in the irrigation sub-sector including the contracting and consulting industry.

In summary, significant changes to criteria, procedures or any other relevant issues related to technological changes, new policies or revised laws should be incorporated into the GLs from their date of effectiveness. Other minor changes that will not significantly affect the whole nature of the GLs may be accumulated and made periodically. When changes are made and approved, new page(s) incorporating the revision, together with the revision date, will be issued and inserted into the relevant GL section.

All suggestions to improve the GLs should be made in accordance with the following procedures:

I. Users of the GLs must register on the MOA website: Website: www.moa.gov.et
II. Proposed changes should be outlined on the GLs Change Form and forwarded with a covering letter or email of its need and purpose to the Ministry.
III. Agreed changes will be approved by the Ministry on recommendation from the Small-scale Irrigation Directorate and/or other responsible government body.
IV. The release date of the new version will be notified to all registered users and authorities.

Users are kindly requested to present their concerns, suggestions, recommendations and comments for future updates including any omissions and/or obvious errors by completing the following revisions form and submitting it to the Ministry. The Ministry shall appraise such requests for revision and will determine if an update to the guide is justified and necessary; and when such updates will be published. Revisions may take the form of replacement or additional pages. Upon receipt, revision pages are to be incorporated in the GLs and all superseded pages removed. 

Suggested Revisions Request Form (Official Letter or Email)

To: ---------------------------------------------------------------
From: -----------------------------------------------------------
Date: -----------------------------------------------------------
Description of suggested updates/changes: Include GL code and title, section title and # (heading/subheading #), and page #. 
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i
SSIGL 12: Small Embankment Dam Study and Design
[bookmark: _Toc497394277][bookmark: _Toc523818403][bookmark: _Toc523819632][bookmark: _Toc523822009][bookmark: _Toc523822208][bookmark: _Toc531645133]background
[bookmark: _Toc519000651][bookmark: _Toc523818404][bookmark: _Toc523819633][bookmark: _Toc523822010][bookmark: _Toc523822209][bookmark: _Toc531645134]objective of the guideline
The objective of this guide line is to provide up to date guiding information, techniques, and criteria for study and design of Small Embankment Dam and its appurtenant structures including safety measures.
[bookmark: _Toc523818405][bookmark: _Toc523819634][bookmark: _Toc523822011][bookmark: _Toc523822210][bookmark: _Toc531645135]scope of this guideline
This material enables to lay the basic approaches, procedures and techniques in order to arrive at a safe and economical design of small embankment dams. This Guideline is prepared for water storage structures with height of up to 20m. 

Its scope covers classification of small embankment dams, description of its components, functions and general design requirements including worked examples with respect to hydraulic design aspects and stability analysis using Geoslope software for different parts of the dam.
[bookmark: _Toc464468483][bookmark: _Toc468548785][bookmark: _Toc523818406][bookmark: _Toc523819635][bookmark: _Toc523822012][bookmark: _Toc523822211][bookmark: _Toc531645136]definitions of technical terminologies used in the guideline
[bookmark: _Toc468548786]Abutment: That part of a valley side against which the structure is constructed. Artificial abutments are sometimes constructed to take the thrust of an arch where there is no suitable natural abutment;
Apron: Is the area at the downstream end of a dam spillway to protect against erosion and scouring by water;
A reservoir dam is a barrier structure constructed across a river or a natural stream to create a large pool for impounding water, or to facilitate diversion of water from the river or to retain debris and flood flowing in the river;
Banks: Are lateral boundaries of a channel or stream, as indicated by a scarp, or on the inside of bends, by the stream ward edge of permanent vegetal growth;
Bed Material: Is deposit of materials in bed of a river consisting of different particle sizes and found in appreciable quantities at the surface of a streambed;
Berm: Is a narrow path along the waist of a sloped downstream face of a dam used to break the continuity of dam side slope for economic and/or erosion protection;
Capacity: Is a measure of the ability of a channel or conduit to convey water;
Channel: Is the bed and banks that confine the surface flow of a natural or artificial stream;
Conservation Pool:   is the water below the normal maximum level of a reservoir;
Control Section: Is a cross section, such as a bridge crossing, reach of channel, or dam, with limited flow capacity, and where the discharge is related to the upstream water-surface elevation; 
Critical depth: is the flow depth for which the mean specific energy is minimum. It is a depth at which water flows over a weir; this depth being attained automatically where no backwater forces are involved. It is the depth at which the energy content of flow is a minimum;
Cross-Section: is a hypothetical section line which defines the shape of a channel, stream, or valley as viewed across its axis. In watershed investigations it is determined by a line approximately perpendicular to the main path of water flow, along which measurements of distance and elevation are taken to define the cross-sectional area; 
Cut-off Wall: Is a wall that extends from the end of a structure to below the expected scour depth or scour-resistant material to control piping.
Dam Height: A dam height is the vertical distance between the lowest point on the dam crest and the lowest point in the original streambed measured at the toe of the dam;
Dead Pool: Dead or inactive storage refers to water in a reservoir that cannot be drained by gravity through a dam’s outlet works, spillway or power plant intake and can only be pumped out. 
Dead storage: is that part of the reservoir which is allowed for sediment; thus cannot be drained by an outlet. It is usually assumed to be 20% of live storage. Thus, total storage capacity should be at least 1.2 times live storage plus some allowance for evaporation and seepage/percolation.
Design Discharge: Is the rate of flow for which a small dam is designed and thus expected to be accommodated without exceeding the adopted design constraints. It is also called design flood and is defined as maximum flood selected/desired for certain return period that Small Embankment Dam spillway can safely pass without overtopping;
Design Wave Height: It is that wave height which the structure is designed to withstand so that it does not undergo more than the accepted probability of damage, should the same wave height be exceeded. It is a suitable multiple of the significant wave height depending on the degree of risk to be accepted.
Elevation-Area-Capacity Curve: Is a curve which relates water surface elevations with volumes and surface areas for a reservoir; 
End Sill: This is a solid structure situated at end of stilling basin for serving as energy dissipation arrangement.
Energy Grade Line: Is a hypothetical line joining elevation of energy heads; a line drawn above the hydraulic grade line a distance equivalent to the velocity head of the flowing water at each section along a stream, channel, or conduit; 
Fetch Length: is the length of water over which a wind blows in an essentially constant direction;
Floodplain: Is the alluvial land bordering a stream, formed by stream processes, that is subject to inundation by floods; 
Flood Pool: is that part of storage in a reservoir which is created due to flood water above usable storage level;  
Froude number: It is a ratio which is proportional to the square root of the ratio of the inertial forces over the weight of fluid. The Froude number is used generally for scaling free-surface flows, open channels and hydraulic structures;
Free Board: It is the vertical distance between the crest of embankment (excluding camber) and the still reservoir water surface;
Full Reservoir Level (FRL): It is the level corresponding to the storage which includes both inactive (dead storage) active (live or usable storage) and the flood storage;
Headwork: is a structure located across the stream/river or on the lake, reservoir and/or ground water to collect reserve or divert and/or deliver water for different purposes of water use like irrigating crops and/or hydropower use, etc. Thus, it includes Diversion Weir, Free Intake structure, Pump, Spring Protection or Development, Dam and Ground water extraction. In case of storage system, it is called a 'Storage dam' and the main body of the structure is mostly 'Earth-dam' whereas for a diversion system, it is called a 'Weir', and the water pool is called a 'Pond'. When sources of water is not able to provide sufficient base flow for irrigation, storage structures should be built in order to harvest river flows, not only throughout the year but also over sequences of several years, what we call its design life.
Unlike diversion Dams, such headwork does not necessarily need the river to be perennial, as its purpose is to harvest runoff. 
Thus, dam is one of the headwork structures which is used to block flow of a river, a stream, or any other waterway for storing it on its upstream side called a reservoir area;
Hydraulic jump: is a transition from a rapid or supercritical flow to a slow flow motion i.e. subcritical flow;
Intake Structure: It is also called a head regulator structure and situated at the upstream end of a headwork consisting of a chamber, trash-rack, gate and sometimes provision for stop-logs. It is thus part of the structure in a weir through which water is drawn into a canal or pipe by extending to upstream end of a conveyance canal;
Meandering channel: is an alluvial stream characterized by a series of alternating bends (i.e. meanders) as a result of alluvial processes;
Maximum Water Level (MWL): The highest level to which the reservoir water will rise while passing the design flood with the spillway facilities in full operation.
Minimum Draw-Down Level (MDDL): The lowest level to which a reservoir may be lowered keeping in view of the requirement for irrigation or hydropower generation and other needs.
New Zero Elevation: The level up to which all the available capacity of the reservoir was or is expected to be lost due to progressive sedimentation of the reservoir up to the specified time.
Parapet wall: A low protective wall built where there is a sudden dangerous drop on top of a structure;
Phreatic Line: It is the line which joins the points in the dam section at which pressure is equal to the atmospheric pressure. Below this line within the dam section, there exists positive hydrostatic pressure. It is the top flow line of a saturated soil mass below which seepage takes place. It is a flow line which separates a saturated soil mass from an unsaturated soil mass.
Pore Pressure: The pressure developed in the water within the voids of the soil under external force when drainage is prevented;
Protection Works: These are protection mechanisms which are required on the downstream of a stilling basin to prevent possibility of a scour hole moving close to the downstream cut-offs and undermining the structure. Protection works are needed to reduce consequences resulting from higher velocities of flow i.e. the turbulent nature of flow as it leaves stilling basin to guard against higher than expected exit gradients. When a structure is constructed on rock, such protection works are not required. They include block works like apron and inverted filter and launching apron;
Reservoir Capacity: Is the total amount of water that a reservoir can safely hold. It is the sum of dead pool, conservation pool and flood pool. 
Reservoir Storage: The amount of water present in a reservoir. 
Sediment: Any material carried in suspension by the flow or as bed-load which would settle to the bottom of hydraulic structures;
Sediment Reserve: Part of reservoir capacity that is allocated for storage of sediment that is expected to be deposited over a certain period of time. Sediment reserve and dead pool storage are not mutually exclusive.
Streamline: It is the line drawn so that the velocity vector is always tangential to it i.e. no flow across a streamline. When the streamlines converge it shows the velocity is increasing;
Specific energy: Quantity proportional to the energy per unit mass, measured with the channel bottom as the elevation datum, and expressed in meters of water. 
Stilling Basin: This is a solid apron structure on the downstream of a spillway, outlet work, chute or canal structure. It is required to dissipate excess energy of falling water in the form of hydraulic jump so as to prevent scour and undermining of structures and damage from waves;
Spillways: are structures provided for dams to release surplus water or floodwater that cannot be contained in the allotted storage space. 
Small Embankment Dam: As considered in this guideline is generally a small embankment dam of water storage structure with height of up to 20m above deepest river section and gross storage of not more than 3mcum; 
Surface Area: The area of the top surface of a reservoir's body of water. 
Tail water depth: This is the normal depth of flow immediately downstream of the structure;
Uplift: is upward pressure or interstitial pressure in the pores of bed material under the base of hydraulic structures. It can lead to the destruction of stilling basins and even to the failures of concrete dams, if not treated/managed;
Water level marker: This is a staff gauge installed adjacent to the dam in a reservoir, to control level of water in that reservoir;
Water Surface Elevation: The elevation of the top surface of a reservoir's body of water.
[bookmark: _Toc523818407][bookmark: _Toc523819636][bookmark: _Toc523822013][bookmark: _Toc523822212][bookmark: _Toc531645137]purposes of dam 
The main purposes of constructing dams are:
To impound water in a reservoir by harvesting available flow from the river and abstract it for use in irrigation;
To enable or sustain flow of the river to irrigation supply all the growing season round i.e. to increase the reliability of supply;
To reduce conflict which may arise among the beneficiaries due to lack or shortage of supply to irrigation; and
To divert sustainable flow towards intakes;

[bookmark: _Toc531645329]Table 11: Common purposes of Dams
	SN
	Function
	Example

	1
	Power generation
	Hydroelectric power is a major source of electricity in our country. For example hydropower schemes in Ethiopia, Herald, 2012 has shown 1.94 GW is generated by existing Hydroelectric power schemes and 9.81GW will be generated including ongoing.

	2
	Water supply
	Many urban areas of the world are supplied with water abstracted from rivers pent up behind low dams or Dams.

	3
	Stabilize water flow / irrigation
	Dams are often used to control and stabilize water flow, often for agricultural purposes / irrigation e.g. Belbala Dam (around Bishoftu)

	4
	Flood prevention
	Some dams are created primarily with flood control in mind, of-course they can have secondary/related purposes.

	5
	Land reclamation
	Dams (often called dykes or levees in this context) are used to prevent ingress of water to an area that would otherwise be submerged, allowing its reclamation for human use.

	6
	Water diversion
	A typically Small Earth Dam used to divert water for irrigation, power generation, or other uses, with usually no other function. Occasionally, they are used to divert water to another drainage or reservoir to increase flow there and improve water use in that particular area. They are sometimes called an overflow dam

	7
	Navigation
	Dams create deep reservoirs and can also vary the flow of water downstream. This can in return affect upstream and downstream navigation by altering the river's depth. Deeper water increases or creates freedom of movement for water vessels. Large dams can serve this purpose but most often Dams and locks are used.

	8
	Recreation and aquatic beauty
	Dams built for any of the above purposes may find themselves displaced by time of their original uses. Nevertheless the local community may have come to enjoy the reservoir for recreational and aesthetic reasons. Often the reservoir will be placid and surrounded by greenery, and convey to visitors a natural sense of rest and relaxation.


[bookmark: _Toc523818408][bookmark: _Toc523819637][bookmark: _Toc523822014][bookmark: _Toc523822213][bookmark: _Toc531645138]components of small embankment dams
Embankment dams are water impounding structures composed of compacted natural fragmental materials (such as soil and rock) and consist of discrete particles which maintain their individual identities and have spaces between them. These materials derive strength from their position, internal friction and mutual attraction of their particles. Unlike cemented materials, these fragmental materials form a relatively flexible structure which can deform slightly to conform to the foundation deflection without causing failure. A small embankment dam has the following common components:
Sloping Face: is part of the dam situated both on the upstream and downstream face of the dam. As they are steeply sloping they need to be protected by different materials. Such protection can be ensured by providing riprap;
Core: provides impermeable barrier within the dam body. Impervious soils are generally suitable for the core. However, soils having high compressibility and liquid limit and having organic content may be avoided, if possible, as they are prone to swelling and formation of cracks. 
Shell/Casing: is that part of a dam located in its body and is used to impart stability and protect the core. Pervious materials, which are not subject to cracking on direct exposure to the atmosphere are suitable for casing. 
Cut-off Wall: Is located at bottom of a structure beneath core material and extends to scour depth or scour-resistant material to control subsurface erosion by piping. The type or cut-off should be decided on the basis of detailed geological investigation. It is desirable to provide a positive cut-off. Where this is not possible, partial cut-off with or without upstream impervious blanket may be provided on the downstream. Cut-off may be in the form of trench, sheet piling, cement bound curtain, diaphragm of bentonite, concrete or other impervious material;
Impervious Blanket: It is one of the seepage control methods by preventing or reducing seepage for embankment dams through reservoir floor and rim;
Internal Drainage System of a Dam: is layer/s in the body of an embankment dam, which comprises an inclined or vertical filter, a horizontal filter, a rock toe, a toe drain, etc. for draining seepage water safely from the body of the dam;
Inclined and Horizontal Filter: is a layer of uniform or graded pervious materials placed along the downstream slope of core material and horizontally to  outer toe of a dam to pass safely the seepage;
Relief Well: If relief wells are provided (which under normal circumstances are costly and not economically justifiable for Small Earth Dams), the provision may be made for dams resting on pervious soil foundation and to control uplift pressures, they should meet the requirements of appropriate standards;
Surface Drainage: the surface drainage is very important in areas where very high runoff due to rainfall is expected. As a surface drainage protection, riprap or sodding is provided;
Heel and Toe: These are extreme upstream and downstream bottom edges of the dam respectively;
Berm:  are provided at 10-15m vertical height to break the continuity of the slope to minimize surface erosion; 
Catch drain: collect surface flow from each berm and discharge it safely;
Rock toe: provided at end of the filter drain to safely release the seepage at downstream safely and to protect erosion at downstream end.

[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 1 1  Embankment Dam cross section with Central Core and Positive Cut-Off .jpg]
Source: Criteria for Design of Small Embankment Dams, IS-12169
[bookmark: _Toc470766923][bookmark: _Toc531645366]Figure 11: Embankment dam cross section with central core and positive cut-off
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[bookmark: _Toc531645367]Figure 12: Perspective view of small embankment dam under construction
[bookmark: _Toc523818409][bookmark: _Toc523819638][bookmark: _Toc523822015][bookmark: _Toc523822214][bookmark: _Toc531645139][bookmark: _Toc344380486]PLANNING & IDENTIFICATION STUDY OF SMALL EMBANKMENT DAMS
[bookmark: _Toc523818410][bookmark: _Toc523819639][bookmark: _Toc523822016][bookmark: _Toc523822215][bookmark: _Toc531645140]potential small earth dam site assessment & selection of suitable option
[bookmark: _Toc523818411][bookmark: _Toc523819640][bookmark: _Toc523822017][bookmark: _Toc523822216][bookmark: _Toc531645141]Procedure for preparation and desk study works of small earth dam
From the outset of initiation of the idea for development of such project, it needs to identify and organize the crew or team/s and resources required for the study. This study crew shall discuss and generate ideas on the approach and critical path required for the study and design of this headwork type. 

Major tasks required to be carried out at this stage of study are:
Collect necessary maps (at a scale of one in fifty thousand or quarter million topographic maps from EMA, DEM, Aerial photographs and recent satellite imageries of the study area); 
Identify potential dam sites to be studied that need to be confirmed during the field visit; 
Identify possible metrological and hydro-metrological stations for the study area;
Collect relevant literatures carried out on water resource development in the catchment areas of the study area;
Identify if there is any development infrastructure/s and planned projects in the catchment areas of the study area;
Identify drainage networks in and estimate size of reservoir area for each potential dam sites;
Establish elevation-area-capacity curve for the identified potential dam sites and compare the identified sites from different scenarios points of view;
Delineate boundary of potential irrigable command area /i.e. study boundary/ and distribute among study team members;
Mobilize the study crew subdividing them into relevant disciplines (e.g. crew-1: Engineer, Surveyor and geologist; crew-2: Socio-economist, Agronomist and environmentalist);
Carryout consultation with relevant stakeholder at Zone, Woreda and Kebele levels on the objectives of visit and scope of the study as well as job description of each stakeholder;
Assignment of resource or focal or contact person at Woreda and Kebele levels are crucially required;
With this backup, confirm the identified potential dam sites based on the following selection criteria.
[bookmark: _Toc523818412][bookmark: _Toc523819641][bookmark: _Toc523822018][bookmark: _Toc523822217][bookmark: _Toc531645142]Setting criteria for dam site selection
Dam and reservoir sites must satisfy certain functional and technical requirements. The following lists of items are criteria that we need to consider while selecting appropriate dam site: 
Dam site should be at narrowest part of the valley so as to optimize cost of the structure;
Dam should back up into a sufficiently large storage pond with minimal surface area;
The dam site should be as nearer to the area to be served as possible in order to avoid idle canal  length and hence optimize cost of the structure;
Foundation area should be reasonably impervious and strong thus it should be able to support the weight of the dam and hence reduce cost of protection mechanisms required to control piping and the like; 
River banks at dam site shall have strong, stable and water tight abutments to minimize collapse of banks and also support the main structure; 
Ratio of catchment area to irrigable area should be reasonable. Too large catchment area above the dam site may require unduly expensive spillway and, on the other hand, a too small catchment area may not yield sufficient runoff to meet storage requirement;
Dam site and reservoir rim should offer a reasonable configuration for provision of a spillway to minimize cost of structure which is required for spilling excess water; 
Construction materials should be available in sufficient quantity and good quality within a reasonable distance so as to optimize cost of the structure by constructing it with locally available material.
Site shall have easy access for construction and operation of the structure;
Site shall have suitable location for the provision of spillway to avoid extra cost for such provision;
Site should be environmentally friendly, socially and culturally acceptable, economically feasible to increase its acceptability by the stakeholders specially the user community;
Ratio of dam crest length to intended dam height should not be greater than 16 to be more economical for small embankment dam; 
Ratio of command area to reservoir area is greater than or equal to 3 to be economical.

[bookmark: _Toc531645330]Table 21: Indicative dam site selection conditions
	SN
	Parameters to Check
	Recommendation
	Remark

	1
	Gross reservoir volume to dam body ratio
	>10
	From economic consideration

	2
	Dam crest length to dam height ratio
	≤16
	From structural consideration

	3
	Transported (alluvial, colluvial) deposit in river channel at dam axis
	Use positive cut-off if impervious stratum is reached at a depth of 50% of dam height
	For small darns

	4
	Ditto
	Use partial cut-off and horizontal filter if impervious stratum is not reached at a depth of 50% of dam height.
	For small darns


Source: MoWE, Design Guideline on Dam Design, April, 2002
[bookmark: _Toc523818413][bookmark: _Toc523819642][bookmark: _Toc523822019][bookmark: _Toc523822218][bookmark: _Toc531645143]Geology and engineering geotechnical considerations 
A geological map of the entire catchment and project area is essential. Investigation of geological and geotechnical information on the origin, deposition, formation and physical characteristics of the dam foundation and reservoir area are needed. As a basis for the investigation, if there is no accurate description of geological map, such maps are produced on large scale for the dam site and for reservoir site separately. 
[bookmark: _Toc523818414]Dam and spillway site investigation
Subsurface investigation should be carried out by experienced geologist to obtain the following: 
Geological section of the selected dam site,
Geological profile along the spill way and out let 
Quality of the overburden if an earth dam is to be built,
Shearing strength of the material of overburden and of the dam material,
Quantity and quality of the overburden material for construction purposes,
Presence of joint planes, caverns, solution channels,
Depth to which rock is weathered,
Presence and extent of seams and joint planes (and orientations)
Strength of the rock (hardness and durability),
Availability of natural construction material like aggregate (both fine and coarse aggregates) for core and shell
[bookmark: _Toc523818415]Reservoir site investigation
Check the existence of cracks which are potential leakage sources;
Banks should be checked for possible zones of landslide; 
Reservoir mapping to determine the coverage and depth of the impervious earthen material on the reservoir floor and rim.
[bookmark: _Toc523818416]Earthen materials investigation
Embankments for water-retention purposes can be safely constructed from most available natural and local materials provided that the design properly takes into consideration the properties of the materials. To be economically viable, most embankments must utilize locally available materials, with off-site items limited to specialty materials such as filters, drains, and riprap. Hence, initial studies and investigations should be directed toward determining the character and quantities of materials available from local borrow pits, and from required excavations for the foundation, outlet works, and spillway. 
[bookmark: _Toc523818417]Other engineering and engineering geology considerations
Other important engineering and engineering geology considerations when studying a dam at feasibility level include:
Permeability of surrounding rock or soil;
Faults;
Landslides and slope stability;
Water table;
Peak flood flows;
Reservoir silting;
Environmental impacts on river fisheries, forests and wildlife; 
Impacts on human habitations;
Compensation for land being flooded as well as population resettlement;
Removal of toxic materials and buildings from the proposed reservoir area.
[bookmark: _Toc523818418]Foundation conditions/nature of the riverbed and bank materials
Foundation and river banks investigation at the headwork site are a must;
Depending on the identified foundation material of the river bed along Dam axis (or as per recommendation by the geologist), depth of cut off trench shall be determined/fixed;
A graph of geological cross section along dam axis should be established here (to show location of bed rock and hence its depth below river bed).
At this stage, propose scope of next geologic study to carry out investigation and other important parameter study such as compressive strength of foundation material and its bearing capacity


[bookmark: _Toc523818419][bookmark: _Toc523819643][bookmark: _Toc523822020][bookmark: _Toc523822219][bookmark: _Toc531645144]Hydro-meteorological data collection and analysis
In general dam engineers expect the following data from the hydrologists:
Peak discharge and corresponding level;
Flow measurement and analysis;
Dependable flow analysis;
Sediment estimate 
Reservoir planning 
Flood routing
[bookmark: _Toc523818420][bookmark: _Toc523819644][bookmark: _Toc523822021][bookmark: _Toc523822220][bookmark: _Toc531645145]Other topographic and geologic features required for dam site selection 
According to UDNRDWR, 2003, in order to assure safe and satisfactory performance of a Small Earth Dam, certain topographic and geologic features should be avoided in the process of site selection. These are:	

Overly steep valley walls adjacent to a site may indicate a potential for site impacts by landslides, debris flows, etc. Such impacts could damage a dam, bury the outlet, or reduce reservoir storage unless otherwise protected.
Past evidence of landslides, slumping and seep sources on slopes tributary to the dam site would require thorough assessment.
Evidence of past debris flows may indicate flash flood potential in tributary drainages. This could result in dam erosion and sediment filling the reservoir basin.
Shape, slope and vegetation conditions downstream of a potential dam site should be taken into consideration. The existence of healthy, soil retaining vegetation in the downstream drainage indicates adequate water supplies. The disruption of surface and ground water conditions posed by a new dam site may result in reduction of downstream vegetation. This could cause development of steep gullies and increase erosion susceptibility. Any head cutting resulting could undermine the dam.
Fractures, faults and joints in bedrock within the reservoir basin, at the dam abutments and even buried beneath the cut-off trench can cause unwanted seepage losses to underlying or adjacent rock formations. The concealment of such features by overlying alluvium can make their identification difficult. For this reason attention should be paid to any rock outcrops exposed in an area. Attempts should be made at visualizing any subsurface traces that may pose future seepage concerns, especially in areas where free standing reservoir water or saturated soil materials may have a hydraulic connection to buried bedrock.

The use of natural topographic features for dam and reservoir development should be approached cautiously. A natural depression may look inviting as a ready-made reservoir basin but the depression’s origins have to be investigated. Several “high and dry” dams can be visited today whose storage function was completely lost to sinkhole development within the reservoir basin. Careful review of topographic maps for indications of sinks or caves can be a “first cut” at avoiding such problems. Because sinkholes are universally associated with limestone and/or high gypsum content rocks, the dam builders review of nearby rock outcrops should bear this in mind.

Attempts to reduce embankment volumes by “tying in” to existing “natural embankments” should also be approached with caution. Such features may be deposition areas of past landslides which may pose future ground water and stability problems. Such features could also be glacial moraines which may have porous materials (especially at their base), or coarse open graded pockets (rock nests) within their mass. Utilizing such features as a portion of an embankment without sufficient exploration and testing, could lead to long term seepage or instability and potential failure.
In general, the dam builders’ review of the foregoing topographic and geologic setting may effectively avoid failure of a needed water storage facility and loss of time and money. The review may also lead to questions that are best investigated by a professional with the tools and experience to adequately answer them.
[bookmark: _Toc523818421][bookmark: _Toc523819645][bookmark: _Toc523822022][bookmark: _Toc523822221][bookmark: _Toc531645146]preliminary field assessment and study
The study crew has to initially, contact Zone and Woreda concerned staffs (List them including their responsibility, organization and address/mobile) and discuss objectives of visit, and their room of contribution/share in the study, (arrangement of staffs, participating in Dam site selection, other sector studies like agronomy, socio-economy, security, etc.). Here try to compromise selected sites from technical point of view and possibilities proposed by beneficiaries and/or other stakes.  

These teams then need to confirm the identified name of the river to be used as source of supply and its PA or Kebele name and location. Consequently, try to identify and confirm alternative headwork sites in discussion with Woreda/PA concerned staffs, and coordinates preferably in Adindan UTM Zone projection, or whichever suits. 

In case the dam is supposed to supply downstream diversion headwork, investigation of the site for its possibility of double side intake need to be identified. Activities at this preliminary field assessment and study include:
Identification of catchment area’s land use/land cover condition,
Identification of Flood mark and its depth from river bed at selected Dam site along the channel to know if the flow can be confined within the river channel or not;
Measurement of base/lean flow in either available methods but the most common are by float method, current meter, jars, etc.
Conducting geological and geotechnical study of the river channel between the dam and diversion point to assure its ability to covey the released water up to the diversion point;
Identification of river bed material (to help select Dam type i.e. boulder, logs, sand, gravely sand, etc.)
Taking the longitudinal profile of three cross sections at Dam site, u/s and d/s of it to know tail water depth,
Assessment of u/s and d/s water abstraction areas and amount on the source of supply to study water balance, or collect from Development Agent,
Identification of traditional irrigation on the proposed area by hectare and beneficiary Household,
Identification of number of existing hours of irrigation per day,
Confirmation of boundary of the command area,
Identification of waterlogging condition of the command area,
Identification of overall slope of the command area  (visually as steeply, moderate, plain)
Identification of settlement condition in the command and reservoir areas,
Identification of general  interest of the community,
Climate condition of the project area (Dega, Kola, or W/Dega) ,
Identification of meteorology stations around the project area, 
Identification of accessibility condition: asphalt/gravel road/on-foot and how long i.e. in kilometre for each,
Identification of camping center for topographic survey and other survey team,
Identification of infrastructures like power, water sources for drinking and phone/mobile/ service for the study team so they will be made ready depending on the identified conditions,
Identification of construction materials availability, distance and hence establish rates and 
Taking pictures of the selected site, banks of the river and catchment at a glance.
[bookmark: _Toc523818422][bookmark: _Toc523819646][bookmark: _Toc523822023][bookmark: _Toc523822222][bookmark: _Toc531645147]safety requirements for reservoirs
One major consideration in the development of dam reservoir project is the structural stability of the reservoir which should be capable of containing safely the projected volumes of water for use throughout its life time. The main factors to be considered for this are as follows:
Rim stability and Water-holding capability: Rim stability and water-holding capability are interrelated. Rim failure is caused due to either the sliding or the erosion of a segment of the reservoir rim caused due to seepage of water. Major slides into a reservoir would, obviously, reduce reservoir capacity considerably.
Loss of reservoir water: Reservoir water loss either to the atmosphere or to the ground is a controlling factor in the selection of a site for a reservoir.
Bank storage: This water is assumed to remain in the surrounding mass and does not continue to move to ultimately join the ground water or surface water as seepage water does. The bank storage is immitigable.
Seismicity: increase in seismic activity results in the changes in the normal effective stresses in the underlying rock because of the increased pore pressure. Thus affects storage capacity of the reservoir.
Sedimentation: Streams bringing water to the reservoir also bring sediments too. The sediment gets deposited in the reservoir due to the reduced stream velocity. The capacity of the reservoir is reduced on account of sediment deposition in the reservoir. Usually, a portion of the reservoir storage is reserved for the storage of the sediment. Thus, life of a reservoir is predicted on the basis of the amount of sediment delivered to it, the reservoir size, and its ability to retain the sediment.
[bookmark: _Toc523818423][bookmark: _Toc523819647][bookmark: _Toc523822024][bookmark: _Toc523822223][bookmark: _Toc531645148]analyzing necessity of storage reservoir 
Normally high flow in rainy season and low flow in dry season mismatches low demand in rainy season and high demand in dry season. Consequently, regulation of the stream flow by constructing reservoirs in the stream is required to meet the essential and varying demands per month.

Reservoirs can be divided into two main categories according to their storage capacities:
Storage (conservation) reservoirs
Distribution (service) reservoirs
In general, reservoir design requires either determination of capacity for an identified yield or determination of yield from a known reservoir capacity. Storage is required when total demand, ƩD is greater than supply, ƩS
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[bookmark: _Toc531645368]Figure 21: Typical time variation of supply, demand and storage requirement










[bookmark: _Toc523818424][bookmark: _Toc523819648][bookmark: _Toc523822025][bookmark: _Toc523822224][bookmark: _Toc531645149]DESIGN OF SMALL EMBANKMENT DAMS AND RESERVOIRS 
[bookmark: _Toc523818425][bookmark: _Toc523819649][bookmark: _Toc523822026][bookmark: _Toc523822225][bookmark: _Toc531645150][bookmark: _Toc102383535][bookmark: _Toc344380528]general
Important features that should be considered in the design of embankment dams are: capacity of the reservoir, dam, design of safe and economical cross section, appropriate spillway location and sizing, freeboard, foundation, reservoir and dam body seepage control, outlet works (tunnels and culverts), upstream and downstream face protection and embankment crest width. All these design features are described in this chapter. 
[bookmark: _Toc523818426][bookmark: _Toc523819650][bookmark: _Toc523822027][bookmark: _Toc523822226][bookmark: _Toc531645151]classification of dams
[bookmark: _Toc523818427][bookmark: _Toc523819651][bookmark: _Toc523822028][bookmark: _Toc523822227][bookmark: _Toc531645152]Classification according to use 
Dams can be classified according to their use as Saddle dam, diversion dam i.e. Weir, Check dam, Dry dam/ flood retarding dam, Diversionary dam, Underground/Sand dam and Tailings dam. However, they can be summarized in to the broad functions they serve as:
Storage: constructed to impound water during periods of surplus supply for use during periods of deficient supply.
Diversion: ordinarily constructed to provide head for carrying water into ditches, canals, or other conveyance systems.
Detention: constructed to retard flood runoff and minimize effect of sudden floods. Detention dams consist of two main types: In the first type, water is temporarily stored and released through an outlet structure at a rate that does not exceed carrying capacity of a channel downstream. In the other type, water is held as long as possible and allowed to seep into pervious banks or into the foundation. The latter type is sometimes called a water-spreading dam or dike because its main purpose is to recharge underground water supply. Some detention dams are constructed to trap sediments; these are often called debris dams.
[bookmark: _Toc523818428][bookmark: _Toc523819652][bookmark: _Toc523822029][bookmark: _Toc523822228][bookmark: _Toc531645153]Classification according to hydraulic design
Overflow Dam: These are designed to pass surplus water over their crest thus should be made of materials which will not be eroded by such discharges e.g. concrete dam. 
Non-overflow Dam: They are those which are not designed to be overtopped. This type of design gives us wider choice of materials including Earth fill and rock-fill dams as they are constructed from locally available materials.
[bookmark: _Toc523818429][bookmark: _Toc523819653][bookmark: _Toc523822030][bookmark: _Toc523822229][bookmark: _Toc531645154]Classification according to construction material
Dams can be classified by the type of material used in their construction and by their shape. Dams can be constructed from Concrete (Arch, Buttress, and Gravity Dams), Stone masonry, Loose rock, Earth, Rock (Earth and Rockfill Dams), Wood, Metal, or combination of these. 

Thus, dams can be designed of these different types of materials depending on:
Site condition (V or U shape, wide /narrow valley);
Foundation conditions of the riverbed, 
Abutment condition (slope and material);
Geology of the surrounding terrain, 
Type and availability of construction materials, and equipment and 
Availability of local skilled and unskilled labor force. 
Under this category, there are three types of dams: Earthfill, rock-fill, and concrete (gravity, arch or buttress) dams. 

When more than one type of dam will suit, we often opt to recommend a type that we have built previously i.e. from our experience and easiness of construction and cheaper cost. This guideline, however, concentrates on small embankment dam design and aspects as shown in following successive chapters. 
[bookmark: _Toc523818430][bookmark: _Toc523819654][bookmark: _Toc523822031][bookmark: _Toc523822230][bookmark: _Toc531645155]embankment dams
[bookmark: _Toc523818431][bookmark: _Toc523819655][bookmark: _Toc523822032][bookmark: _Toc523822231][bookmark: _Toc531645156]General
Embankment dams are constructed of earthfill and/or rockfill. Upstream and downstream face slopes are in most cases similar and of moderate angle, giving a wide section and a high construction volume relative to height.
[bookmark: _Toc523818432][bookmark: _Toc523819656][bookmark: _Toc523822033][bookmark: _Toc523822232][bookmark: _Toc531645157]Classification of embankment dams
In Embankment types of dams the locally available materials are utilized to the best advantage in relation to their characteristics as an engineered bulk fill in defined zones within the dam section. The natural fill materials are placed and compacted to the required level without the addition of any binding agent, using high-capacity mechanical plant.
[bookmark: _Toc523818433][bookmark: _Toc523819657][bookmark: _Toc523822034][bookmark: _Toc523822233][bookmark: _Toc531645158]Earthfill dams 
Earthfill dams also called earthen dams, rolled-earth dams or simply earth dams, are constructed as a simple embankment of well compacted earth. A homogeneous rolled-earth dam is entirely constructed of one type of material but may contain a drain layer to collect seepage water. A zoned-earth dam has distinct parts or zones of dissimilar material, typically a locally plentiful shell with a watertight clay core. Modern zoned-earth embankments employ filter and drain zones to collect and remove seepage water and preserve the integrity of the downstream shell zone. An outdated method of zoned earth dam construction utilized a hydraulic fill to produce a watertight core. Rolled-earth dams may also employ a watertight facing or core in the manner of a rockfill dam. Example of such type of dam in Ethiopia is Finchaa Amerit Neshe Dam.

Earthfill dams are the most common type of dams, principally because their construction involves the use of materials from required excavations and the use of locally available natural materials requiring a minimum of processing. Using large quantities of required excavation and locally available borrow are positive economic factors related to an Earthfill dam. Moreover, as stated in the ‘Design of Small Earth Dams, USBR, 1987’, foundation and topographical requirements for Earthfill dams are less stringent than those for other types. This material also indicated that ‘although the Earthfill classification includes several types, the development of modern excavating, hauling, and compacting equipment for earth materials has made the rolled-fill type so economical as to virtually replace the semi-hydraulic- and hydraulic-fill types of Earthfill dams’. The principal disadvantage of an earthfill dam is that it can be damaged or may even be destroyed under erosive action of overflowing water if sufficient spillway capacity is not provided.
[bookmark: _Toc523818434][bookmark: _Toc523819658][bookmark: _Toc523822035][bookmark: _Toc523822234][bookmark: _Toc531645159]
Rockfill dams 
Rockfill dams are embankments of compacted free-draining granular material with an impervious zone. Rockfill dams use rock of all sizes to provide stability and an impervious membrane to provide water-tightness. The membrane may be an u/s facing of impervious material, which is made of a concrete slab, masonry, plastic membrane, asphaltic-concrete paving, steel sheet plates or piles, other impervious elements, timber or an interior thin core of impervious soil. Thus, the earth utilized often contains a large percentage of large particles hence the term rockfill. 

The impervious zone may also be within the embankment in which case it is referred to as a core. In the instances where clay is utilized as the impervious material, the dam is referred to as a composite dam. To prevent internal erosion of clay into the rockfill due to seepage forces, the core is separated using a filter. Filters are specifically graded soil designed to prevent the migration of fine grained soil particles. Rockfill dams are resistant to damage from earthquakes. However, inadequate quality control during construction can lead to poor compaction and sand in the embankment which can lead to liquefaction of the rockfill during an earthquake. Liquefaction potential can be reduced by keeping susceptible material from being saturated, and by providing adequate compaction during construction. Examples of a rockfill dam in Ethiopia are Fincha, Melka Wakena and Gilgel Gibe-I Dams.

Note: Embankment dams rely on their weight to hold back the force of water, like gravity dams made from concrete.
[image: ]

[bookmark: _Toc470766924][bookmark: _Toc531645369]Figure 31: Typical rockfill dam (Fincha)

In these types of dams, there is an impervious core of compacted earth fill or a slender concrete or bituminous membrane but the bulk of the dam volume is made of coarse grained gravels, crushed rocks or boulders. Typical sections of rock fill dams are shown in Appendix-VII. The stability of the outer shell of a rock fill dam relies on the frictional forces acting in between each rock gravel piece which ensures its safety against sliding kind of failure during earthquakes.

[bookmark: _Toc523818435][bookmark: _Toc523819659][bookmark: _Toc523822036][bookmark: _Toc523822235][bookmark: _Toc531645160]selection of dam type
Whenever we decide to construct a dam at a particular place, the first baffling problem which faces us, is to choose the kind of the dam for a particular site. Which type will be the most suitable and most economical? The answer could be two or three or more kinds of dams may be technically feasible, but only one of them will be the most economical.
[bookmark: _Toc523818436][bookmark: _Toc523819660][bookmark: _Toc523822037][bookmark: _Toc523822236][bookmark: _Toc531645161]Factors governing selection of a particular dam type
Factors which govern selection of a particular type of dam are:

a. Topography: Topography dictates the first choice of the type of dam.
Narrow U-shaped valley, i.e. a narrow stream flowing between high rocky walls, would suggest a concrete overflow dam.
Low, rolling plain valley, naturally suggests earthfill dam with a separate spillway.
Availability of 'Spillway Site' is very important while selecting a particular kind of dam.
A narrow V-shaped valley indicates the choice of an arch dam. It is preferable to have the top width of the valley less than one-fourth of its height. But a separate site for the spillway must also be available, if embankment dam.
b. Geology and foundation conditions: The foundations have to carry weight of the dam. The dam site must be thoroughly surveyed by geologists, so as to detect the thickness of the foundation strata, presence of faults, fissured materials and their permeability, slope, and slip, etc.
c. Availability of natural construction materials: In order to achieve at economic designs of a dam, the materials required for its construction must be available locally or at shorter distances from the construction site.
d. Spillway Size and Location: Capacity of a spillway depends on magnitudes of floods to be by-passed. Spillway will, therefore, become much more important on streams with large flood potential. On such rivers, spillway may become dominant structure, and type of dam may become secondary consideration.
e. Earthquake zone: If the dam is to be situated in an earthquake zone, its design must include the earthquake forces. Its safety should be ensured against the increased stress induced by an earthquake of worst intensity. The type of structures best suited to resist earthquake shocks without danger are earthen dams and concrete gravity dams.
f. Other Considerations: Various other factors such as, the life of the dam, the width of the roadway to be provided over the dam, problem of skilled labor, legal and, aesthetic point must also be considered before a final decision is taken. Overall cost of construction and maintenance and the funds available will finally decide the choice of a particular kind of a dam at a particular place.
[bookmark: _Toc523818437][bookmark: _Toc523819661][bookmark: _Toc523822038][bookmark: _Toc523822237][bookmark: _Toc531645162]Conditions favouring selection of an embankment dams
There are different factors which favors selection of an embankment dam. The common ones are:
Significant thickness of soil/rock deposits overlying bedrock;
Weak or soft bedrock which would not be able to resist high stresses from a concrete dam;
Abutments of either deep soil/rock deposits or weak rock;
Availability of a suitable location for a spillway; and
Availability of sufficient and suitable soil/rock from required excavation or nearby borrow areas.
In this guideline, we will concentrate on the most widely used type of dam in small scale irrigation projects; that is, small embankment dams (embankment dams of up to 20m height). 
[bookmark: _Toc523818438][bookmark: _Toc523819662][bookmark: _Toc523822039][bookmark: _Toc523822238][bookmark: _Toc531645163]small earthfill dams
There are three types of Small Earthfill Dams built from earthen materials. These are: Homogeneous dam, Diaphragm type (or Core dam), and Zoned dam. 

All these dams are the rolled fill type of earthfill in which the soil material should be spread in uniform layers and compacted at or near optimum moisture content until maximum density is achieved. 

Note:  optimum moisture content is the moisture content at which a soil can be compacted to the maximum dry density or the smallest total volume of voids by a given compactive effort. If moisture content is increased or decreased, then the dry density of compacted soil reduces. Thus, to achieve the maximum weight for stabilizing earth dam under its own weight, it is very essential to compact the embankment with optimum moisture content.

[bookmark: _Toc531645331]Table 31: Criteria for control of compacted dam embankments
	Type of material
	Percentage based on minus No. 4 fraction

	
	Percentage of plus No. 4 fraction by mass of total material
	Minimum acceptable unit weight
	Desirable average unit weight
	Moisture limits, wo-wf

	Cohesive soils controlled by compaction test
	0 to 25
	D = 95
	D = 98
	-2 to +2

	
	26 to 50
	D = 92.5
	D = 95
	

	
	>50
	D = 90
	D = 93
	

	Cohesionless soils controlled by relative unit
weight test
	Fine sands with 0 to 25
	Dd = 75
	Dd = 90
	Soils should
be very
wet

	
	Medium sands with 0 to 25
	Dd = 70
	Dd = 85
	

	
	Coarse sands and gravels with 0 to 100
	Dd = 65
	Dd = 80
	


Source: Design of Small Dam, USBR, (1987)


Note: wo-wf is difference of optimum moisture content and fill moisture content in % of dry mass of soil; D is fill dry unit weight divided by maximum dry unit weight, in percent; Dd is relative density, in percent; Cohesive soils containing more than 50 percent gravel sizes should be tested for permeability of the total material if used as a water barrier.
[bookmark: _Toc102383525][bookmark: _Toc523818439][bookmark: _Toc523819663][bookmark: _Toc523822040][bookmark: _Toc523822239][bookmark: _Toc531645164]Homogeneous earthfill dams 
This is the simplest type which is constructed of relatively homogeneous soil material and is keyed into an impervious foundation stratum. The material shall contain some amount of clay and silt and at best also some sand and gravel in order to provide sufficient strength. A homogeneous earth dam is usually built when only one type of material is economically available and/or the height of the dam is not very large. 

A homogeneous earth dam of height exceeding about 6 to 8 m should always have some type of drain constructed of material more pervious than the embankment soil (refer figure 3-2). Such drains reduce pore pressures in the downstream portion of the dam and thus increase the stability of the downstream slope. Besides, the drains control the outgoing seepage water in such a manner that it does not carry away embankment soil, i.e. ‘‘piping’’ does not develop. In such case it is called modified homogeneous dam.

[image: ]
[bookmark: _Toc470766928][bookmark: _Toc531645370]Figure 32: Typical cross section of homogeneous earthfill dams (a) rock toe or toe drain (b) horizontal blanket drain (c) chimney drain

These type of embankment dams are selected in areas where readily available soils show little variation in permeability, and soils of contrasting permeability are available only in small quantities or only at the prohibitive cost.
[bookmark: _Toc102383526][bookmark: _Toc523818440][bookmark: _Toc523819664][bookmark: _Toc523822041][bookmark: _Toc523822240][bookmark: _Toc531645165]Core or diaphragm type earthfill dams 
Core dams also called Diaphragm type Dams are usually the most commonly adopted type of an earth dam. They are constructed with two different types of materials and are suitable for the sites where the available quantity of impervious material suitable for the dam is scarce. In such cases a central core of impervious material is embedded inside or flanked by the previous material with a trench dug in to an impervious foundation as shown in the typical sketch below (Figure 3-3).
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[bookmark: _Toc470766929][bookmark: _Toc531645371]Figure 33: Typical cross section through core earthfill dam

Such types of earthfill dams are the best choice in areas where a variety of soils are readily available in the required quantity. Diaphragm-type dams are generally used under the following conditions: 
A limited quantity of impervious material is available
Wet climatic conditions
Short construction seasons
A diaphragm dam should be used only when the design and construction of the dam are performed under the supervision of an experienced earth dam designer. If this type of dam is selected, it is recommended that a diaphragm of manufactured material be placed on the upstream slope of otherwise pervious embankment instead of a soil blanket. If the pervious material is rock, the dam is classified as a rockfill dam.
[bookmark: _Toc102383527][bookmark: _Toc523818441][bookmark: _Toc523819665][bookmark: _Toc523822042][bookmark: _Toc523822241]

[bookmark: _Toc531645166]Zoned earthfill dams 
This is an embankment dam with a core wall which is thus called to be a “Zoned embankment type” if its horizontal thickness at any elevation is more than the height of embankment above any corresponding elevation in the dam. In such dam section, a central impervious core is flanked by zones of materials considerably more pervious, called shells. Upstream pervious zone affords stability against rapid drawdown and the downstream pervious zone acts as a drain to control line of seepage. The pervious zones may consist of sand, gravel, cobbles or rock, or mixtures of these materials. This type of dam may have relatively steep outer slopes.
[image: ]
[bookmark: _Toc470766930][bookmark: _Toc531645372]Figure 34: Typical cross section through zoned earthfill dam

A zoned dam is, however, preferred where different types of soils are available from borrow area. It also facilitates the use of compulsory excavation from foundation, approach channel, tail channel, etc. The zoned earthfill dam is generally composed of an impervious core bounded by transitions and/or outer casing of pervious material. 

In zoned earthfill dam, the weaker materials are often utilized most economically in the form of random zones. Maximum utilization of the material available from compulsory excavation should be aimed at. Random zones are-generally provided below minimum draw down level on upstream side and on downstream of inclined filter. When upstream casing zone is of relatively impervious material, horizontal filters at suitable intervals, say 5 to 6 m, need to be provided to limit the drawdown pore pressures for dams of height more than 10 m.   

These embankment dams are selected in areas where pervious materials such as sand, gravel, cobble and rock are available in abundance and foundation is rather stable.

For optimum compaction and water holding capacity, experiments and experience have shown that preparations of gravel, sand, silt and clay that will compact to maximum density are, generally, not over 20% gravel , 20 to 50% sand, not over 30% silt, and 15 to 25% clay. Optimum range of permeability of each zone is as shown in the following table.

[bookmark: _Toc531645332]Table 32 : Optimum ranges of permeability of zones of earthfill dam
	Zone
	Range of Permeability

	Impermeable fill (core)
Semi-permeable fill (shell)
Permeable fill (upstream facings)
Permeable fill (downstream facings)
	1x10-6 - 1x10-8 cm/sec
5x10-4 - 5x10-7 cm/sec
1x10-3 - 1x10-5 cm/sec
5x10-2 - 1x10-4 cm/sec



[bookmark: _Toc523818442][bookmark: _Toc523819666][bookmark: _Toc523822043][bookmark: _Toc523822242]

[bookmark: _Toc531645167]earthfill embankment dam design criteria
The followings are design criteria which need to be considered for designing embankment dam: 

Upstream slope of an earthfill embankment founded on firm materials should be not steeper than 3:1 (horizontal to vertical) and the downstream slope not steeper than 2:1 (See Cross - Section of Dam). The dam should have a minimum of 1.0 m of freeboard (the vertical distance between the spillway flow line elevation, i.e. MWL and the crest of the dam). The dam crest should have a minimum width of 4.0 m and the surface of the crest should be graded to provide positive drainage toward the reservoir basin. Road base should be placed as the top wearing surface on the dam crest to prevent rutting and other erosion.

In embankment type of dams, leakage occurs through all the surfaces that face the stored water, thus an appropriate treatment or materials must be provided in order to give imperviousness to the surfaces. The most ideal case is to construct the impervious embankment on the impervious ground. Even in this case, it is better to scrape the ground surface and carry out the re-compaction to the scraped layer together with conducting spraying.

A 0.7m deep (or to a depth indicated by test pit data) cut-off trench should be excavated beneath the centerline of the crest. The side walls of the cut-off trench should be no steeper than 1:1 and the bottom of the trench should be sufficiently wide to allow equipment access, with a minimum width of 3.0 m.

Toe drains and other seepage collection features are often not included in the design of Small Earth Dams. If there is any concern at all about foundation or embankment materials, a toe drain needs to be installed. The inclusion of a toe drain is a sound defensive design provision that should be given consideration. The design of a toe drain or other drainage control features may need to be reviewed by the engineer. 

Typically, toe drains are placed near, but beneath the downstream toe of the embankment (Refer, Toe Drain cross - section presented in figure 3-2). The drain can be excavated in a trench parallel to the toe and at least 2m inside the toe, beneath the embankment. This trench should be excavated after 0.4m of fill material has been placed and compacted properly, and should be 0.9m in depth. In this way, the drain will penetrate from the 0.6m in the foundation through the embankment/foundation interface and 0.4m into the embankment itself. An appropriate drain material that is often used is ASTM C-33 fine aggregate concrete sand. Perforations in the drain pipe can be no bigger than 0.5mm. The perforated pipe must be surrounded on all sides with a minimum of 0.3m of the sandy drain material. A non-perforated drainage outfall also needs to be provided that extends to a visible location where seepage flows can be monitored. Drain material should be placed and compacted in 15cm lifts.

Rock riprap is typically placed on the upstream slope of the earthfill embankment to protect it from wave action. Small Earth Dams made of cohesive soils have often performed well without such protection. Riprap should be provided in areas where strong winds that could generate waves in the reservoir are possible. A granular (a sand and gravel mixture) bedding layer between the embankment soil and the riprap should be provided. Exposed portions of the embankment (i.e. the downstream slope of an embankment dam, if it is not rock protected) should be sodded with grasses.
The embankment should include provisions to restrict livestock from grazing on the dam since they damage protective vegetation, increase erosion by establishing trails, and they can obscure signs of impending failure.

In general, all the following criteria must be satisfied and accounted for, in order to obtain a safe design and construction-of an earthfill dam. 

(1) A fill of sufficiently low permeability should be developed out of the available materials, so as to best serve the intended purpose with minimum cost. Borrow pits should be as close to the dam site as possible, so as to reduce the leads.

(2) Sufficient spillway and outlets capacities should be provided so as to avoid the possibility of overtopping during design flood. 

(3) Sufficient freeboard must be provided for wind set-up, wave action, frost action, and earthquake motions.

(4) The seepage line (i.e. phreatic line) should remain well within the downstream face of the dam, so that no sloughing off the face occurs.

(5) There is little harm in seepage through a flood control dam. If the stability of foundations and embankments is not impaired, by piping, sloughing, etc., but a conservation dam must be as watertight as possible.

(6) There should be no possibility of free flow of water from upstream to the downstream face. 

(7) The upstream face should be properly protected against wave action, and the downstream face against rain and against waves-up to tail water. Providing horizontal berms at suitable intervals in the downstream face may be thought of, so as to reduce the erosion due to flow of rain water. Ripraps should be provided on the entire u/s slope and also on the d/s slope near the toe and up to slightly above the tail water so as to avoid erosion.
(8) The portion of the dam, downstream of the impervious core, should be properly drained by providing suitable horizontal filter drain, or toe drain, or chimney drain, etc. 

(9) The upstream and downstream slopes should be so designed as to be stable under worst conditions of loading. These critical conditions occur for the u/s slope during sudden drawdown of the reservoir, and for the d/s slope during steady seepage under full reservoir.

(10) The u/s and d/s slope should be flat enough, as to provide sufficient base width at the foundation level, such that the maximum shear stress developed remains well below the corresponding maximum shear strength of the soil, so as to provide a suitable factor of safety.

(11) We know that the consolidation of the soil does not take place instantaneously when the compaction is done by external loadings. It takes place slowly as the excess pore water goes out and the load is transferred to the soil grains. In coarse gravels, the void openings are large enough so as to permit rapid escape of confined water and air, and full compaction may occur before the construction is over. But in fine grained impervious soils, the consolidation is slow. It, therefore, becomes necessary in "such cases, as to provide an additional height of the fill. After consolidation, the embankment will be of the desired height. Hence, a suitable allowance in the height of embankment (between 2 to 3% of dam height, determined by laboratory tests) must be made in fine grained soils so as to account for the consolidation that may take place up to years after construction. Dewatering the foundations may sometimes be used to accelerate the process of consolidation.

(12) Since the stability of the embankment and foundation is very critical during construction or even after construction (i.e. during the period of consolidation), due to development of excessive pore pressures and consequent reduction in shear strength of soil, the embankment slopes must remain safe under this critical condition also.
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[bookmark: _Toc470766931][bookmark: _Toc531645373]Figure 35: Small earthfill dam (Maikoko-Tigray)
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[bookmark: _Toc470766932][bookmark: _Toc531645374]Figure 36: Plan of typical reservoir dam

[image: ]
[bookmark: _Toc470766933][bookmark: _Toc531645375]Figure 37: Cross section of a typical earthfill dam

In general, considering the reasons which lead to failure, it is necessary to develop design criteria in such a way that the dam will be safe under the worst condition. These criterions are: 
There will be no danger of overtopping (i.e. sufficient spillway capacity and sufficient free board secured).
The seepage line is well within the downstream face of an earth dam.
The upstream face slope is safe against sudden draw down.
The upstream and downstream slope is flat enough that, with the materials utilized in the embankment, they will be stable and show a satisfactory factor of safety by recognized method of analysis.
The upstream and downstream slopes of the earthfill dam are flat enough that the shear stress induced in the foundation is less than the shear strength of the material in the foundation to insure a suitable factor of safety.
There is no opportunity for the free passage of water from the upstream to the downstream face.
Water which passes through and under the dam when it reaches the discharge surface has a pressure and velocity so small that it is incapable of moving the material of which the dam and its foundation is composed. 
The upstream face is properly protected against wave action and the downstream face is protected against the action of rain.
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A dam and reservoir sites must satisfy certain functional and technical requirements. Whether these requirements are satisfied or not can be found out through site investigations and technical evaluations.

Functional requirements: The balance between existing natural physical characteristics and the requirements of the dam/reservoir governs the functional suitability of each dam site. For example, the catchment hydrology, available head and storage volume, etc., must be matched by the operational parameters needed for the intended project.
Technical requirements: Suitability technical aspects of each site is associated with the presence or absence of appropriate site for a dam, material of construction, and integrity of reservoir basin with respect to leakage. Hydrological, geological/geotechnical characteristics of the catchment and the site are the principal determinants establishing the technical suitability of a reservoir site. In addition, assessment of the anticipated environmental consequences of construction and operation of the dam is needed to be evaluated to select site for storage and dam construction. In order to meet the requirements of dam site investigation, design and construction, a fully coordinated team of specialists such as a team of hydraulic, geotechnical engineers and hydrologists should ensure that all engineering and geological considerations are properly integrated into the overall design.

Thus the data required for the design of an earthfill dam is governed by the nature of the project and the immediate purpose of the design. 
[bookmark: _Toc523818445][bookmark: _Toc523819669][bookmark: _Toc523822046][bookmark: _Toc523822245][bookmark: _Toc531645170]Physical data 
When a dam site has been selected, assessments/surveys will have to be carried out. It should include catchment area, the dam site, reservoir site, spillway site and irrigable area. Physiographic and river morphology /bed and banks/ data which are required for design of a dam are data of the river from which irrigation water is expected to be supplied.  

Length/width across the river: The shorter the crest length the more economical it is; but it results in higher flow depth over the crest of the dam thus thicker energy dissipater and extended stilling basin are required. On the other hand, the longer crest length results in lower/shallow flow depth over the crest of the dam thus thinner energy dissipater and shorter stilling basin are required. Thus maintaining existing natural channel width is preferred so long as it accommodates the incoming flood and requires minimal training of the channel

Longitudinal profile of river around the dam site: Such profile is required to estimate average slope of the river along its thalweg around dam site and hence flow of the river using Manning’s equation or Velocity-Area method. 

River banks: Data required as related to river bank are its height and stability condition. Bank height is prerequisite to evaluate its susceptibility to flood and hence overtopping; whereas, its stability condition is used to identify type of wing wall the need to be embedded in the abutments,

River flow regime: This is concerned with the river geometry and nature of flow in river reaches such as discharge condition, relation of water level and discharge and sedimentation conditions. A channel is said to be in regime when, over a hydrological cycle, the channel shows no appreciable change in its width, depth or gradient. Regime theory postulates that for a stable channel there is a relationship between the channel parameters of width, depth, gradient and flow. Thus if any one of these four parameters is artificially (or naturally) changed, the channel will adjust itself so that regime conditions are re-established. 

Water Level or stage – Discharge relationship: It is also called rating curve or discharge curve.  This curve is used to estimate different discharges of a stream for specific water levels of that stream at that particular cross section. Thus, it is important to estimate tail water depth for the expected design flood of certain return period.

Appropriate coffer dam site: Convenient site for temporary river diversion shall also be considered for its easy construction without affecting surrounding environs severely.
[bookmark: _Toc523818446][bookmark: _Toc523819670][bookmark: _Toc523822047][bookmark: _Toc523822246][bookmark: _Toc531645171]Topography data
Topographic maps which are prepared for computing reservoir capacity and surface area can serve as the “base map” for planning. Topography of each dam site dictates the first choice of the type of dam at that particular dam site. From a preliminary observation of the elevation contour maps of such region, one can decide on dam axis taking in to consideration the water volume to be stored and the dam fill volume. 
[bookmark: _Toc523818447][bookmark: _Toc523819671][bookmark: _Toc523822048][bookmark: _Toc523822247][bookmark: _Toc531645172]Hydro-meteorological data 
Data regarding the monthly volumes of discharge and momentary peak discharge of the stream flows of different return periods at or near the dam site is needed. Apart from the above data, the data, such as maximum observed flood level, the damage caused by floods in the previous years, and expected inundation of the reservoir site by building the dam is very important. In general, hydrologic data such as stream flows, flood flows, evaporation, sedimentation, water quality, water rights, and tail-water curves are crucially required for designing a dam.

Climatological data such as rainfall, temperature, evaporation, humidity, wind speed, sunshine hour, radiation etc. should be collected to calculate water requirement and storage capacity. 24 hour highest rainfall and 1 hour heavy storm data is required to compute design peak discharge for the design of the spillway of the reservoir and the cross drainage structures of the irrigable area.
[bookmark: _Toc523818448][bookmark: _Toc523819672][bookmark: _Toc523822049][bookmark: _Toc523822248][bookmark: _Toc531645173]Geology and geotechnical investigation data 
Since a dam is a massive structure, the foundation should be geo-technically sound to bear the high stresses that is expected to be developed due to the self-weight of the structure, water pressure of the reservoir and earthquake vibration induced forces at the dam body and the water in the reservoir. 

Sites for dams are usually selected in places where abutments are narrow than at other places. This narrowing of the abutments is due to geological changes at that point. Even at a narrow section the conditions sometimes may not be favorable for the construction of a dam and spillway. It is therefore necessary to investigate the prevailing conditions like the types of rock, the nature of the general terrain, identification of geologic structure, cracks, faults, and joints, soundness and stability conditions of bank materials. Geotechnical investigation of dam foundation, reservoir, abutment, reservoir rim and natural construction material has to be conducted.

Quarry site for fill materials need to be located and as it has a direct relationship with unit rate analysis of that project. Similarly, location and distance of sand and gravel, etc. need to be shown .In addition to the location, the available quantity will be estimated and sample is taken to determine engineering properties of the material.

For the construction of the embankment dam and spillway we need soil, sand, stone and cement of good quality and in the required quantity. The selection of borrow areas for the embankment soils depends on the factors, such as thickness of the top organic soil to be removed, the content of organic matter in the soils, the quantity of oversized cobbles to be removed, and volume of the soil available.
Moreover, it is also important to assess the geological conditions at the reservoir site. An exploratory investigation should be made to check the existence of cracks, sinks, etc. which might provide a potential area of leakage from the reservoir. The types of soils along the proposed irrigation canals should also be investigated to estimate the loss of water in transmission. 

The objective of these investigations is in general to: 
Determine the engineering parameters which can be reliably used to evaluate the stability of the dam foundation. 
To determine the seepage patterns and the parameters for enabling the assessment of the probable seepage pressures. 
To make sure that there are no bad patches within the would-be reservoir area, like lime stone caves, through which reservoir water may leak out.
The tasks that need to be performed for such geotechnical testing include: 
Logging of all natural and excavated rock exposures and borehole records. 
Correlation between the exposures and borehole data and inferring out a spatial pattern of subsurface rock jointing patterns, layers or seams of weak materials, etc. 
Excavation of additional trial pits, boreholes, shafts and exploratory audits wherever considered necessary.
[bookmark: _Toc523818449][bookmark: _Toc523819673][bookmark: _Toc523822050][bookmark: _Toc523822249][bookmark: _Toc531645174]Location of spillway
All dam should have an adequate spillway for passing flood flows. If a river gorge is narrow, then there may not be sufficient spillway width available and a suitable location on the periphery of the reservoir has to be found to locate a spillway. If that is not possible, then the proposed dam site has to be abandoned and other alternatives should be taken. A good judgment is also required to decide the suitable type of dam based on spillway consideration.
[bookmark: _Toc523818450][bookmark: _Toc523819674][bookmark: _Toc523822051][bookmark: _Toc523822250][bookmark: _Toc531645175]Soil and agronomy data 
Since water requirement for irrigation depends primarily on the extent of the irrigated area, soil structure, and the crops to be grown, it is necessary to collect as much information about these factors as possible. These data determine size of the structure to be constructed to satisfy the required demand.
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“The ultimate destiny of all reservoirs is to be filled with sediment,” (Linsley et al. 1992). The question is how long will it take? Also, as the sediment accumulates with time, will it adversely affect water control goals? The average quantity of sediment carried by river has to be identified, as it gives an idea of rate at which a proposed reservoir gets filled up. If rate of sedimentation is too excessive on a certain river, then the project may have to be dropped or suitable engineering design, like provision of large sluices using a concrete dam at lower levels of the dam, have to be incorporated. But, such data is rarely available. This would be necessary to assess the catchment area and find the erosion factors and to apply the appropriate formula for estimating its erosion rate. For the immediate purpose of design, a minimum of 20-30% of the storage volume may be considered to be silted by sediment during the life of the project. 
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[bookmark: _Toc523818452][bookmark: _Toc523819676][bookmark: _Toc523822053][bookmark: _Toc523822252][bookmark: _Toc531645177]Other data required 
· Daily laborers’ daily rate at the project site;
· Machinery rental rates;
· Local construction material cost at the project site;
· Transportation cost up to the project site;
· Loading and unloading rate at the project site, 
· Environmental and social impact data,
· Availability of daily labor,
·  Material cost at the project site.
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Design of an embankment dam should be based upon the most economical use of the available materials. Its cross-section design depends on both the foundation conditions and the fill material type and availability. The design of an embankment dam is based on analytical considerations as well as on experience. The main steps in the design of an embankment dam are as follows:
Assessment of potential sites and selection of the best among them; 
Assessment and estimation of catchment yield; 
Deep and narrow valley (for less evaporation, low cost of expropriation)
A study of all the factors which may influence the design;
A thorough exploration of the foundation and abutments;
Evaluation of the quantities and characteristics of all the embankment construction materials available within a reasonable distance of the dam site;
Assessment and estimation of sedimentation in the reservoir; 
The selection of trial/preliminary designs;
Analysis of the safety of the trial designs;
Modification of the designs to satisfy the minimum stability requirements;
Preparation of detailed cost estimates;
Final selection of the design which seems to offer the best combination of economy, safety, and convenience in construction;
Establish flood routing and reservoir operation rules, and 
Preparation of O&M manual.
An earthfill dam must be safe and stable during all phases of construction and operation of the reservoir. To accomplish this, the following criteria must be met.
The embankment must be safe against overtopping by flood water and wave action during occurrence of design peak flood by the provision of sufficient spillway;
The slopes of the embankment must be stable during construction and under all conditions of reservoir operation, including rapid drawdown of the reservoir;
Seepage flow through the embankment, foundation and abutments must be controlled so that no internal erosion takes place and no excessive amount of water is lost; and 
The u/s slope must be protected against erosion which results due to wave action; and 
The crest and downstream slope must be protected against erosion which may result due to wind and rain.	
In general, major features of design required are: foundation treatment, abutment stability, seepage conditions, and stability of slopes adjacent to control structure, approach channels and stilling basins, stability of reservoir rim and ability of the reservoir to retain the water stored. These features should be studied with reference to field conditions and to various alternatives before initiating detailed stability or seepage analyses.

Other design considerations include the influence of climate, which governs the length of the construction season and affects decisions on the type of fill material to be used, the relationship of the width of the valley and its influence on river diversion and type of dam, the planned utilization of the project (for example, whether the embankment will have a permanent pool or be used for short-term storage), the influence of valley configuration and topographic features on wave action and required slope protection, the seismic activity of the area, and the effect of construction on the environment.
[bookmark: _Toc523818454][bookmark: _Toc523819678][bookmark: _Toc523822055][bookmark: _Toc523822254][bookmark: _Toc531645179]sediment trap efficiency 
Reservoirs trap sediment, sometimes enabling off-taking canals to be free of sediment at least during their early life. Their capacity to trap sediment is measured by trap efficiency. Trap efficiency of reservoirs is thus a measure of the volume of the reservoir related to the annual volume of runoff entering the reservoir. Even large dams may not provide much scope for desilting the water enough to avoid problems in the irrigation system. The percentage of sediments that the reservoir can trap from the total sediments transported to the reservoir can be measured using the grab sampling method.

Trap Efficiency (TE) = Vs / Vr …………….………………………………..…………..… (3-1)

Where,		Vs is Total sediment deposited in a reservoir (Mm3)
Vr is Total sediment flowing into a reservoir (Mm3) 

As per “Irrigation Engineering and Hydraulic Structures, S.K. Garg, 2006”, most of the reservoirs trap 95 to 100% of the sediment load flowing into them. Even if various feasible silt control measures are adopted, it has not been possible to reduce this trap efficiency below 90% or so.

[image: ]
[bookmark: _Toc470766934][bookmark: _Toc531645376]Figure 38: Trap efficiency of a reservoir (FAO, I&D manual 2002)

For large dams with a gross storage ratio of at least 0.10, the trap-efficiency is 100%, as it is assumed that all the sediment will be settled (as shown in Figure 3-8). For very Small Earth Dams, there will be almost continuous spilling and only the bed load will settle, thus the trap efficiency will be as low as 10%.

The trap efficiency is related to the gross storage ratio, which is expressed as:

SRg = DC/MAI and SRn = LC/MAI ……………………………………….………..…..… (3-2)

Where:		SRg = Gross storage ratio (%)
SRn = Live storage ratio (%)
DC = Gross dam capacity (m3)
LC = Live storage capacity (m3)
MAI = Gross Mean annual inflow into the reservoir (m3)

TE = (0.1+ 9*SRg)*100 …………………………………………………….………..…… (3-3)
[bookmark: _Toc523818455][bookmark: _Toc523819679][bookmark: _Toc523822056][bookmark: _Toc523822255][bookmark: _Toc531645180]Methods for controlling TE 
The methods of controlling TE of a given reservoir are: 
a. By changing detention time; 
b. By changing peak inflow rate and/or sediment yield, because of their relationships to the sediment;

These methods indicate that (a) reducing the time that sediment-laden water stays in the reservoir reduces the sediment deposition in the reservoir, (b) keeping the large soil particles out of the reservoir reduces the deposition when runoff water enters the reservoir, 

Changing detention time of a reservoir: The detention time of a reservoir may be decreased by (a) increasing the discharge capacity of the spillway or (b) decreasing its "dead" storage capacity. 

Changing the particle size of sediment: Good soil and water conservation practices are always assets in extending the useful life of conservation structures. Because they reduce storm runoff and the peak flows, they also reduce erosion and sediment yield. This, in turn, reduces the size of the incoming sediment particles. The larger soil particles are always the first to be deposited when sediment-laden inflow reaches the reservoir water. The fine clays usually remain in suspension for a long time, permitting more opportunity for their discharge from the reservoir before deposition.

Box 3-1:
Worked Example-1: The catchment area delineated for a storage dam project is found out to be 104km2. Its gross storage capacity is also estimated to be 1.7Mm3. If the mean annual runoff into this reservoir is 60mm and sediment concentration is 5kg/m3, estimate the trap efficiency and how much of the volume of this reservoir which is lost yearly to sedimentation? Assume, density of deposited sediment is to be 1.5 KN/m3. If the area of this catchment is 300km2, by how much percentage would the computed dead storage will increase?

Solution: The following table shows summary of given parameters and solutions for the question.



[bookmark: _Toc531645333]Table 33: Sedimentation analysis in a reservoir
	Parameter Description
	Value
	Remark

	Given:
	
	

	Case-I: Catchment area (CA, km2)
	104
	

	Mean annual runoff (MAR. mm)
	60
	

	Gross dam capacity (DC, m3)
	1,700,000
	= Live + Dead storage

	Sediment concentration (SC, kg/m3)
	5
	

	Density of deposited sediments (d, kg/m3)
	1500
	

	Required to estimate:
	
	

	Volume of reservoir lost to sedimentation annually (m3) 
	?
	

	Percentage increase in dead storage for CA2=300km2
	?
	

	Solution
	
	

	Gross mean annual reservoir inflow (MAI= CA * MAR, m3)
	6,240,000
	

	Thus, gross storage ratio (SRg= DC/MAI)
	0.27
	

	Since this storage ratio > 0.1, trap efficiency, TE= 
	100%
	

	Deposited sediment yearly (SM=MAI x SC), kg
	31,200,000
	

	Thus, volume of sediment deposited per year or Volume of reservoir lost to sedimentation yearly, Vs = SM/d, (m3) 
	20,800
	This much will be stored yearly

	or in percent of gross storage = Vs/DC*100
	1.2%
	

	Case-II: If catchment area is CA2 (km2)
	300
	

	Gross mean annual reservoir inflow (MAI= CA * MAR, m3)
	18,000,000
	

	Thus, gross storage ratio (SRg= DC/MAI)
	0.09
	

	Now, this storage ratio < 0.1, thus, trap efficiency, TE=(0.1+9*SRg)*100 
	95.0
	

	Deposited sediment yearly (SM=MAI x SC), kg
	90,000,000
	

	Thus, volume of sediment deposited per year or Volume of reservoir lost to sedimentation yearly, Vs=SM/d, (m3) »
	57,000
	

	or in percent of gross storage = Vs/DC*100
	3.4%
	

	Thus, percentage increase in dead storage is
	174%
	


[bookmark: _Toc523818456][bookmark: _Toc523819680][bookmark: _Toc523822057][bookmark: _Toc523822256][bookmark: _Toc531645181]Sediment concentration
At the advanced stage of bed load movement the average shear stress is relatively high and finer particles may move into suspension. With the increase in the shear stress, coarser fractions of the bed material will also move into suspension. The particles in suspension move with a velocity almost equal to the flow velocity. It is also evident that the concentration of sediment particles will be maximum at or near the bed and that it would decrease as the distance from the bed increases. The concentration of suspended sediment is generally expressed as follows:

Volume concentration: This is the ratio of absolute volume of solids and the volume of sediment-water and can be expressed as percentage by volume. 1 % of volume concentration equals 10,000 ppm by volume.

Weight concentration: This is the ratio of weight of solids and the weight of sediment-water mixture and is usually expressed in parts per million (ppm).

Variation of concentration of suspended load: Starting from the differential equation for the distribution of suspended material in the vertical and using an appropriate diffusion equation, Rouse, obtained the following equation for sediment distribution (i.e., variation of sediment concentration along a vertical):

		 …………………………………………………….…….. (3-4)

Where, 	C = the sediment concentration at a distance y from the bed, ppm 
Ca = the reference concentration at y = a,
h = the depth of flow,
Zo = wo/U*k and is the exponent in the sediment distribution equation,
wo = the fall velocity of the sediment particles, and 
k = Karman’s constant.
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[bookmark: _Toc531645377]Figure 39: Variation of Flow Velocity and Sediment Concentration in a Vertical
[bookmark: _Toc523818457][bookmark: _Toc523819681][bookmark: _Toc523822058][bookmark: _Toc523822257][bookmark: _Toc531645182]Sediment yield estimation
Sediment formed by sheet erosion in the catchment area may not always reach at the point of measurement i.e. the dam site. Some part of it may be deposited en-route. The ratio between the yield of sediment at the measuring site and the gross erosion in the catchment is known as the sediment delivery ratio. 

Thus, the sediment yield is the gross sediment yield minus the quantity of sediment deposited en-route. Knowing sediment yield is of importance since it is this sediment which will get deposited in the reservoir, affecting its useful life. Sediment yield is the fraction of material eroded from a catchment and entering into a storage reservoir or a diversion pool. It is commonly expressed in units of weight, volume, or uniformly eroded depth of soils. Sediment yield decreases from arid to more humid regions. Optimum conditions that allow maximum sediment yield occur in regions where the effective precipitation is about 300 mm.

Sediment yield can be estimated by one of the following methods:
Measuring the sediment discharge of the streams at the inlet of reservoirs or pools,
Surveying of sediment deposits in reservoirs and measuring sediment discharge at the reservoir outlet,
Estimating wash load from catchment erosion and bed material load by sediment transport equations,
Adopting sediment yield of other places.


[bookmark: _Toc531645334]Table 34: Relation between Storage Area (A) and Volume (V)
	SN
	Authors
	Empirical equation
	Regression coefficient
	Sub-basin/s
	Remark

	1
	Sawunyama,
 et. al., 2006
	Volume= 0.02308*Area1.3272
	95%
	Limpopo Basin, Lower Mzingwane sub-catchment
	Surface areas (m2) and storage capacities of reservoirs (m3)

	2
	Liebe 2002, Liebe et al. 
2005
	Volume = 0.00857*Area1.43
	97.5%
	Upper East region of the Volta Basin in Ghana
	Based on survey of 61 of a total of 156 reservoirs that are 
 1 ha

	3
	Rodrigues,
 et. al., 2007
	Volume = 0.2643*Area1.1632
	92.1%
	Rio Preto sub-basin of the Sao Francisco River Basin
	

	4
	Guordin,
 et. al., 2007
	Volume =0.00405*Area1.4953
	can be used with confidence
	Bandama River Basin in North Cote d’Ivoire
	

	5
	Göğüş and Yalçınkaya,
1992
	

	89%
	Examining the basin data of 16 different dams in Turkey
	Y is mean annual sediment yield (m3); Ad is drainage area (km2)



CVE-471: Water Resources Engineering, Reservoirs, By A. Prof. Dr. Bertuğ Akıntuğ, cyprus 
Note: Item number-5 is reliable for sediment estimation where there is no data.	

In order to increase the lifetime of a reservoir, the rate and nature of sediment inflow to a reservoir can be controlled to a certain extent. This may be accomplished by:
using upstream sedimentation basins,
providing vegetative screens,
soil conservation methods, such as terraces, strip cropping, etc.
use of upstream by-pass channels,
design sluice gates at various levels to discharge suspended sediment,
Whatsoever, how well the above measures are taken, all reservoirs are eventually filled with sediment. However, the filling period may be extended by all or either of them.

(For more details, refer, "GL 3: Hydrology and Water Resources Planning Guideline for SSID, Section: Sediment Analysis and Sedimentation” 
[bookmark: _Toc523818458][bookmark: _Toc523819682][bookmark: _Toc523822059][bookmark: _Toc523822258][bookmark: _Toc531645183]general considerations for fixing capacity of reservoir 
Whatsoever be the size or use of a reservoir, its main function is to store water and thus to stabilize supply of water. Therefore, the most important physical characteristic of a reservoir is nothing but its storage capacity. This capacity is dependent up on: 
Water demand/needs: Storage capacity of a reservoir is directly dependent on water required for consumption;  
Evaporation from the stored water surface: The higher the evaporation condition in a reservoir area, the higher the loss thus, the more allowance for its capacity; 
Seepage into the soil or through a dam: Seepage is another factor to be considered in fixing capacity of a reservoir as it results in loss of stored water and destruction of the structure itself;
Dead storage: Some part of storage reservoir is occupied by sedimentation just after implementation of the dam, thus about 20% of live storage has to be considered while fixing its capacity to account for silt accumulation i.e. dead storage;
Karst developed in the area: Caves, springs, and sink features are typical of the soluble limestone of that region and indicative of a well-developed karst terrain. Thus, shall be avoided or protection mechanisms shall be introduced, which otherwise may result in seepage and piping through bottom of foundation of reservoir dam.
Evaporation from a reservoir water surface can be estimated by multiplying local pan evaporation values by a factor of about 0.7 (as per Irrigation Engineering Practices Manual, 1986). The measured evaporation from a pan (Epan) in the absence of rainfall is, the amount of water evaporated during a given period which corresponds to the decrease in water depth in the pan during that given period. Pans provide a measurement of the combined effect of radiation, wind, temperature and humidity on an open water surface.

Mathematically, this loss due to evaporation, Epan, can represent annual maximum net water loss from a free water surface as given below:
		
VEl = 0.7* Ar *Epan ……………………………..……..……………….………...….…….. (3-5)

Where:	 VEl is Maximum volume of annual net water loss due to evaporation, (m3)
Ar is Maximum free water surface area (@ peak live storage) of reservoir, (m2)
	Epan is Mean annual vertical depth of maximum net water loss (mm)

The determination of reservoir storage capacity would require a proper reservoir operation study wherever possible. In the absence of such data, it may be reasonable to assume that unless there is known and dependable base flow is available; the reservoir storage should meet full irrigation requirements in a year.

Evaporation and seepage losses from the reservoir may be offset by the runoff from the moderate amount of rainfall. 
[bookmark: _Toc523818459][bookmark: _Toc523819683][bookmark: _Toc523822060][bookmark: _Toc523822259][bookmark: _Toc531645184]computation of reservoir area and volume
[bookmark: _Toc523818460][bookmark: _Toc523819684][bookmark: _Toc523822061][bookmark: _Toc523822260][bookmark: _Toc531645185]Commonly used methods
Once the required reservoir storage capacity is determined, it would be necessary to prepare a graph showing two curves: (a) Water Level – Storage Capacity and (b) Water Level- Surface Water Area, for different options of dam sites and then select the one with required storage capacity at optimal height after combining the two curves. This curve can be obtained by one of the following methods. 

There are four common methods to determine the capacity of a reservoir:
Mass Curve (Ripple diagram) Method,
Sequent Peak Algorithm,
Operation Study, and
Other Approaches (Stochastic Methods and Optimization Analysis, etc.).
[bookmark: _Toc523818461][bookmark: _Toc523819685][bookmark: _Toc523822062][bookmark: _Toc523822261][bookmark: _Toc531645186]Mass curve (ripple diagram) method
This is one of the most widely used methods. Assumptions here are:
Demand is constant, and,
The year repeats itself continuously.
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[bookmark: _Toc531645378]Figure 310: Mass Curve of Typical Flow

[bookmark: _Toc102383532]If the flow is a daily or monthly discharge, then area under the curve up to a certain time will be the volume of runoff for that period. The slope of the mass curve at a certain time gives the discharge at that time on the hydrograph.
[bookmark: _Toc523818462][bookmark: _Toc523819686][bookmark: _Toc523822063][bookmark: _Toc523822262][bookmark: _Toc531645187]Sequent peak algorithm
Sequent Peak Analysis is more suitable when the data of long observation periods or long generated data are used, or when the demand is not constant.

1. Differences between inflows (S) and demands (D) are calculated and their summations         obtained.
[image: ]2. Σ(S-D) values are plotted against time as shown in the adjacent figure.

3. On this plot the first peak value and next larger peak (sequent peak) are determined.

4. The storage required between these two points is the difference between the first peak and the lowest point in this period.

5. This process is repeated for all the peaks in the record period as shown in the figure. Maximum of these storage values is the required capacity.


[bookmark: _Toc531645379]Figure 311: Determination of capacity of a reservoir by sequent peak method (typical)

If the record period or generated data sequence is very long, the graphical solution may be time consuming. In that case and analytical solution procedure may be applied for the analysis and it can be solved easily using a computer. In this way, the required storage Vt, at the end of a period, t can be expressed as: 


	, if positive, otherwise, 0 ……………………………………….. (3-6)

At the beginning of the analysis, initially Vt-1 is set to zero and calculations continue to find Vt values. The maximum of all the calculated values of Vt is the required storage capacity.
[bookmark: _Toc523818463][bookmark: _Toc523819687][bookmark: _Toc523822064][bookmark: _Toc523822263][bookmark: _Toc531645188]Contour method
In this method, a contour map would be prepared for the selected reservoir site from the base map prepared with 0.5-1.0m contour interval. This contour should also be drawn on the upstream side of the dam to identify area enclosing each contour. Considering, A0, A1, A2… An, are areas between succeeding contours or area enclosing each contour, it is to be determined preferably by AutoCAD, Arc GIS or Global Mapper. 

The procedure in Arc GIS needs to change reservoir boundary to line and then all reservoir boundary and Contours to shape files on Global Mapper then change all shape files to polygon on Arc GIS and finally compute areas of each area between contours in attribute table (Do not forget to assign a name to each block).

In doing so, we need to compute h, i.e. vertical distance between two alternate contours. Based on these identified data, we then need to work out volume, V i.e. storage capacity by the following equations.
[bookmark: _Toc523818464]The prismoidal formula 
This formula can be used preferably where three consecutive sections of contours at equal height are taken. It states that:

V = (h/3) * {A0 + An + 4(A1 + A3 + A5 + …+ An-1) + 2*(A2 + A4 + A6 + … + An-2)}…………….... (3-7)

The above formula is for the case when n is even number. If n is odd number, the storage volume of the last part would be:

V = ……………………………..……..……………….………..……….…………. (3-8)
[bookmark: _Toc523818465]End area formula
 V = (h/2) * {A0+2(A1 + A2 + A3 + …+ An-1) + An. …………………………………….……..…… (3-9)
[bookmark: _Toc523818466][bookmark: _Toc523819688][bookmark: _Toc523822065][bookmark: _Toc523822264][bookmark: _Toc531645189]Longitudinal and cross – sectional method
In this case, cross sectional survey would be conducted along the longitudinal profile at certain distance. Based on these cross sections, either Prismoidal or end area formula can be applied.
[bookmark: _Toc523818467][bookmark: _Toc523819689][bookmark: _Toc523822066][bookmark: _Toc523822265][bookmark: _Toc531645190]Accumulation method
It is necessary to estimate the volume of storage of each interval and to accumulate each of them for calculating the sum of the volume of storage at certain water level. If the calculation of water level and storage capacity is completed, reservoir area and capacity relations can be drawn. The illustrative example is shown below.

Note that, area enclosed within each adjacent contour can also be measured by a planimeter, though it is tedious. Procedures for calculating volume and surface area of a reservoir using planimeter and ArcGIS are presented separately as follow.

[bookmark: _Toc523818468][bookmark: _Toc523819690][bookmark: _Toc523822067][bookmark: _Toc523822266][bookmark: _Toc531645191]Procedures for estimating reservoir area by planimeter
Preparation phase: The surface area of a reservoir can be found from the map through the use of a planimeter. The instrument has two arms. One arm is weighted at one end and has a pin point that rests on the table surface. The other end fits into a hole in the second arm. The far end of the second arm has a pointer. The planimeter is placed on the map so that the pointer rests on the shoreline at an identifiable point and the two arms are at roughly right angles to each other. The dial on the planimeter is set to zero. 
The pointer is then moved around the reservoir in a clockwise direction following the course of the shoreline until the starting point is reached again. The dial is read again and the number of planimeter units is recorded. It is important that the wheel ride freely on the paper and that it does not cross over the edge of the paper. You should be able to repeat your measurement within 1% without difficulty. 
The number of planimeter units recorded is proportional to the area of the figure traversed. It is only necessary to find the appropriate conversion factor to get the reservoir area in square meters. To determine your conversion factor, assume a map has a scale of 1:2000. This means that one cm on the map represents 2000 cm or 20 m.  One square centimeter will represent 20 x 20 = 400 m2.  With a compass draw a circle with a radius of 5 cm.  It will have an area of 3.14 x 52 or 78.5 cm2. This will represent an area of 78.5 x 400 m2 or 31,400 m2. 
Next run the planimeter around the circle and find the number of planimeter units in the circle. Do this several times and find the average. The conversion factor is found by dividing the area of the circle by the number of planimeter units. This would be in units of square meters per planimeter unit and multiplied by the number of planimeter units within the shoreline to find the reservoir area in square meters. 
In the absence of a planimeter you can use a grid on the map and count squares within the shoreline and multiple the number of squares times the area of each square. To avoid the problem of counting fractional squares, count the number of intersections within the lake shore and multiply this by the areas of the squares.
Procedure for Calculating Volume and Surface Area of a Reservoir using ArcGIS

The following procedures show how to calculate the “Volume and Surface of a Reservoir Using ArcGIS.
Prepare contour data / map with lines placed at 5‐meter intervals (contours.shp); 
Start by activating the 3D Analyst in Extension (Customize menu > Extensions…);
[image: ]
[bookmark: _Toc531645380]Figure 312: Preparing contour data / map
Convert the contour map into a Triangulated Irregular Network (TIN), (Open ArcToolbox > 3D Analyst Tools > TIN Management > Create TIN);
Then select “contours.shp” as Input Feature Class and name Output TIN as “terrain_tin”;
[image: ]
[bookmark: _Toc531645381]Figure 313: Converting contour map into a triangulated irregular network
Note: The process of creating a new TIN may take several minutes, depending on the accuracy of the output surface.

[image: ]
[bookmark: _Toc531645382]Figure 314: Produced TIN for reservoir capacity estimation

We now have to select the contour that marks the reservoir maximum level, which according to this exercise is set at 1115 meters above sea level. So, we select the 1115 contour using the Select by Attributes tool i.e. “Selection menu > Select By Attributes…”. In the query builder enter data as shown in the next picture:

[image: Reservoir4]
[bookmark: _Toc531645383]Figure 315: Selecting reference contour by attribute

Please note that, in order to perform surface and volume calculations, the contour must be closed, thus unselect all other contours that are not linked to the actual reservoir surface. This contour can also give us an idea of the maximum flood extent of a reservoir once filled at its full capacity.

[image: Reservoir5]
[bookmark: _Toc531645384]Figure 316: Selected reference contour corresponding to peak water surface

Then convert the selected contour (Polyline) into a Polygon i.e. ArcToolbox > Data Management Tools > Features > Feature To Polygon;
[image: Reservoir6]
[bookmark: _Toc531645385]Figure 317: Converted polyline reference contour to polygon

Finally, to calculate total volume of a reservoir, we use the tool “Polygon Volume” i.e. ArcToolbox > Terrain and TIN Surface > Polygon Volume. Select “terrain_tin” as the Input Surface; “1115_contour_polygon” as Input Feature Class; and Height Field as “CONTOUR”. In “Reference Plane”, make sure that BELOW is selected. The volume and surface area will be calculated below the reference plane height of the polygon. Leave the rest as default.
[image: Reservoir7]
[bookmark: _Toc531645386]Figure 318: Using polygon volume tool for calculating total volume of a reservoir

Then click on OK. Note: This calculation process may take several minutes.

As the final result, two new fields are added to the “1115_contour_polygon.shp” attribute table i.e. “Volume” and “SArea”. In this case, the result is in cubic meters, since we are working in International System of Units (S.I.): 11,834,796.1198 (equivalent to 11.835 cubic hectometers). We also got the total flooded surface: 1110140.5082 square meters (equivalent to 111.014 hectares) as shown below.
[image: ]
[bookmark: _Toc531645387]Figure 319: Final attribute table for calculated volume and surface area of a reservoir

Final result looks like “final_result.jpg” as shown below.
[image: ]
[bookmark: _Toc531645388]Figure 320: Mapping of the calculated reservoir surface area

Box 3-2:
Worked Example-2: Establish a Reservoir Area–Capacity–Elevation-Curve from the following data shown in the table and determine optimum water level and hence dam height at which the required storage can be found with minimum water surface area.

[bookmark: _Toc531645335]     Table 35: Computation of Storage Capacity of a Reservoir (Typical)
	Water Level
	Area
	Average Area
	Vertical Distance
	Incremental Volume of storage
	Accumulative Volume of Storage

	(m)
	(ha)
	(ha)
	(m)
	(ha-m)
	(ha-m)
	(1000m3)

	1500
1502
1504
1506
1508
	0.0
1.4
4.0
14.2
30.0
	0.0
0.7
2.7
9.1
22.1
	0.0
2.0
2.0
2.0
2.0
	0.0
1.4
5.4
18.2
44.2
	0.0
1.4
6.8
25.0
69.2
	0
14
68
250
692



[image: ]
[bookmark: _Toc470766935][bookmark: _Toc531645389]Figure 321: Typical reservoir area–capacity–elevation curve

Procedures to draw Reservoir Area–Capacity–Elevation Curve:
First select all the 3 entry data (i.e. ‘Water surface Area, A in ha’; ‘Storage Capacity, V in 1,000 m3’ and ‘Elevation, Z in m’) and insert a graph’; 
Then rearrange graphs by "right clicking" on it and "select Data" then "right click on Water surface Area curve" then "Format Data Series";
Then click "Series Option" then "secondary Axis" Then Click again on this "curve" then 'Layout" ;
Then click on "Axes" then "secondary Horizontal Axis" then "Show Default Axis";
Then click on the "new Horizontal Axis" then "Format Axis" then "Axis Option";
Finality, click on "Values in reverse order".
Note: Such Reservoir Area–Capacity–Elevation Curves are used to compare and select the best site after comparing different alternative sites for the identified gross demand, i.e. including dead storage and live storage.



[bookmark: _Toc531645336]Table 36: Analysis of Dam Sites (Negesso) using Elevation-Area-Capacity Curve of Options
	Nr
	Dam Option
	Location Description
	Coordinates
	Crest length (m)
	Bottom width (m)
	Crest Level (m)
	River bed level
	Normal WL (m)
	Dam height (m)
	Storage volume 106 m3
	Area flooded sq. km
	Catchment area sq. km

	
	
	
	North
	East
	
	
	
	
	
	
	
	
	

	1
	Dam Site 
Op- 1
	In Negeso plain about 400 m u/s of waterfall; wide and flat valley land with gentle abutment slope. Thus suitable for Zoned embankment dam with impervious center core 40mht
	230296
	980167
	2000
	780
	2005
	1965
	2000
	40
	393
	18.61
	301.92

	2
	Dam Site 
Op- 2
	About 1 km d/stream of waterfall marking end of Negeso plain 55m height of dam it stores only 26 MCM
	229620
	981805
	1763
	245
	1990
	1905
	1985
	85
	248.2
	17.5
	332.60

	3
	Dam Site 
Op- 3
	At point where Negeso river swings around to flow in easterly direction parallel to gravel road. Wide U shaped valley land with gentle abutment slope. Thus, suitable for Zoned embankment dam with impervious center core  80m 
	229116
	986545
	1045
	88
	1970
	1890
	1965
	80
	198.3
	6.47
	371.60

	4
	Dam Site 
Op- 4
	Just upstream of waterfall and south of Bandira township. 
	233756
	985876
	1030
	100
	1890
	1820
	1885
	70
	59.32
	2.66
	387.03

	5
	Dam Site 
Op- 5
	Narrow dam site where river is confined in sloping valley. It not have good reservoir site
	238395
	986544
	940
	42
	1725
	1618
	1720
	107
	75.05
	2.01
	400.28

	6
	Dam Site 
Op- 6
	Lowest possible dam site able to command Col (El-1,518 m) over w/h LB canal must pass. Ideally to be located just d/s of left bank tributary joining Negeso. Needs lifting for 22 m static head to head reach of the command area
	242526
	986528
	1640
	120
	1605
	1485
	1600
	120
	224.93
	6.30
	656.21

	7
	Dam Site 
Op- 7
	It is located b/n dam site op- 5 and 6 and 1610 m u/s of op- 6. Max. Possible dam height is 100 m. and topography does not allow more
	240987
	986918
	2270
	320
	1655
	1550
	1650
	105
	304.82
	7.01
	460


Source: Negesso Dam Design Report, 2010 (Halcrow, GIRDC) 
National Guidelines for Small Scale Irrigation Development	MOA
National Guidelines for Small Scale Irrigation Development	MOA
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Average reservoir storage capacity can also be computed from the following equation.

 …………………………………………………………….………..….. (3-10)
Where, V is storage capacity in m3 and should not exceed Y (annual runoff for a catchment), 
L is length of a dam wall at full supply level (FSL) in m; 
T is the throwback/fetch length, m, and approximately in a straight line from the wall and
H’ is the maximum height of the dam, m, at FSL; 
6 is a factor (conservative generally) that can be adjusted (to 4 or 5) with experience and local knowledge.

The capacity estimated in this way is accurate to within about 20 percent, but it must be revised by a more detailed survey when the site has been approved for possible construction. The formula considers water volume to be an inverted pyramid with a triangular surface area (L*T/2) and H’/3 for the height/depth, and is a simplification of reality. With experience, one is able to judge fairly accurately how an individual valley will compare with such an idealized picture and, therefore, to adjust the resulting conclusions. 
[bookmark: _Toc523818469][bookmark: _Toc523819691][bookmark: _Toc523822068][bookmark: _Toc523822267][bookmark: _Toc531645192]estimation of useful life of a reservoir 
Useful life of a reservoir depends on the following factors:
The return period of the flood to design the spillway
Dead storage location
The incoming sediment load per year 
Initial investment cost, and so on.
Considering the above factors, useful life of a reservoir and hence, the dam is fixed from:

Reservoir useful life = Vd/Vs ……………………………………………………….….. (3-11)

Where, Vd is Volume of dead storage (m3)
Vs is Volume of sediment entering the reservoir (m3/yr)

On top of this expression, it is reasonable to consider a life span of 20 to 25 years for small reservoir and 50 years for medium to large dams.
[bookmark: _Toc523818470][bookmark: _Toc523819692][bookmark: _Toc523822069][bookmark: _Toc523822268][bookmark: _Toc531645193]design of cross section of embankment dams 
[bookmark: _Toc523818471][bookmark: _Toc523819693][bookmark: _Toc523822070][bookmark: _Toc523822269][bookmark: _Toc531645194]General 
In most cases, central core type of earthfill dam can be most widely anticipated. Therefore, standard sections will be based on the experience in design and construction of central core dams.
[bookmark: _Toc523818472][bookmark: _Toc523819694][bookmark: _Toc523822071][bookmark: _Toc523822270][bookmark: _Toc531645195]Alignment of embankment axes
Axes of embankments that are long with respect to their heights shall be straightened or of the most economical alignment fitting the topography and foundation conditions. However, sharp changes in such alignment should be avoided because downstream deformation at these locations would tend to produce tension zones which could cause concentration of seepage and possibly cracking and internal erosion. 

[bookmark: _Toc523818473][bookmark: _Toc523819695][bookmark: _Toc523822072][bookmark: _Toc523822271][bookmark: _Toc531645196]Freeboard of embankment dam
The objective of having freeboard is to provide assurance against overtopping resulting from (USBR, 1981):
Wind set-up;
Wave run-up;
Landslide and seismic effects;
Settlement;
Malfunction of structures;
Other uncertainties in design, construction and operation.
Other factors which may influence the selection of freeboard include (ANCOLD, 1986):
Reliability of design flood estimates;
Assumptions made in flood routing;
Type of dam and susceptibility to erosion by overflow;
Potential changes in design flood estimates, either through changes in flood estimation techniques or due to changed catchment conditions.
As per Irrigation Engineering Practices Manual 1986, the distance between the flood peak level in the reservoir and the top of the settled dam constitutes the net freeboard. This net freeboard should be sufficient to prevent waves from overtopping the embankment. Normal freeboard is measured with respect to the full reservoir level while the minimum freeboard is measured with respect to the maximum water level in the reservoir. Wave height for moderate size reservoir areas can be determined by Hawks Lay’s formula as follows.

 ……………………………………………………..…….…..………. (3-12)
Where, h is height of wave under maximum wind velocity (m)
	 Df is Fetch length at MWL (m)

For the design of Small Earthfill Dams with rip rapped slopes, it is recommended that the freeboard be sufficient to prevent overtopping of the dam due to wave ride up equal to 1.5 times the height of the wave and a safety of 0.05H. Therefore, the freeboard can be expressed as follow.

	Net freeboard = 1.5h + 0.05H (m) …………………………………..…………………. (3-13)

	Gross freeboard = D+1.5h +0.05H (m) …………………………….………………….. (3-14)

Where, D is depth of flow over the spillway (m)
	h is Height of wave (m) and 
H is the maximum height of dam (m)

Net freeboard for Small Earthfill Dams should never be less than 0.5 m with 0.75 m to 1.0 m preferred. Where wave action is likely, additional freeboard should be considered. 

The following factors are commonly considered for the estimation of freeboard: 
Wave characteristics, particularly wave height and wave length; 
Height of wind set-up above still water level adopted as freeboard reference elevation; 
Slope of the dam and roughness of the pitching.


Freeboard requirement does not account for effects of earthquake, settlement of dam and dam foundation, and earthquake fetches (As per Guidelines for Freeboard Requirement in Embankment Dams, IS, 1993). But, whatsoever the cause it is, freeboard in embankment dams must be considered for the worst condition as it may result in destruction of the structure and downstream ecologies. 

Wind set-up (S): When wind blows over a water surface, it exerts a horizontal force on the water surface driving it in the direction of the wind. This effect results in piling up of the water on one shore of the lake or reservoir. The magnitude of rise above the still reservoir water surface is called ‘wind set-up’ or ‘wind-tide’.
	
S=V2*F / (62000*D) ……………………………………………………………………… (3-15)

Where. S = wind setup in m
V = average wind velocity in km per hour over water
F = wind fetch in km which can be considered equal to twice the "effective" fetch
D = average depth of water in m along the fetch line	

If wind set-up as calculated above is higher than the average depth of water, the value of wind set up should be limited to average depth of water.
[bookmark: _Toc523818474][bookmark: _Toc523819696][bookmark: _Toc523822073][bookmark: _Toc523822272][bookmark: _Toc531645197]General guidelines for embankment sections
[bookmark: _Toc531645337]Table 37: General guidelines for earthfill sections
	SN
	Description
	Recommended values

	1
	Types of
Section
	Ht. up to 5m Homogeneous Section/Modified Homogeneous Section
	Ht. Above 5m and up to 10m Zoned section/ Modified Homogeneous /Homogeneous Section
	Ht. above 10m and up to 15m Zoned section/ Modified Homogeneous Section/Homogeneous Section

	2
	Slopes
	U/S
	D/S
	U/S
	D/S
	U/S
	D/S

	-
	Coarse grained soil(GW,GP,SW, SP)
	Not suitable
	Not suitable
	-
	-
	Not suitable for core suitable for casing zone
	-

	-
	Coarse grained (GC,GM,SC,SM)
	2H : 1V
	2H : 1V
	2H : 1V
	-
	Section to be decided based upon the stability analysis
	-

	-
	Fine grained soil (CL,ML,CI,SM)
	2H : 1V
	2H : 1V
	2.25H : 1V
	-
	DO
	-

	-
	Fine grained soil (CL, ML, CI, Ml)
	2H : 1V
	2H : 1V
	2.5H : 1V
	-
	DO
	-

	3
	Rock toe height
	Not necessary up to 3m. Above 3m height, 1m height of rock toe may  be provided
	-
	Necessary H/5, where H-is height of embankment
	-
	O.5m above MWL Necessary H!5, where H is the height of embankment
	-

	4
	Berms
	Not necessary
	-
	Not necessary
	-
	Berm may be provided as per design. Min. berm width is 3m. Berm may be provided also on d/s slope for use during maintenance
	-


Source: MoWE, Design Guideline on Dam Design, April, 2002
[bookmark: _Toc523818475][bookmark: _Toc523819697][bookmark: _Toc523822074][bookmark: _Toc523822273][bookmark: _Toc531645198]Embankment dam height 
Embankment dam need to have sufficient height to impound the required water for intended purpose and has enough room to handle the dead storage. This type of dam doesn’t allow overflow, hence need enough free board.
[bookmark: _Toc523818476][bookmark: _Toc523819698][bookmark: _Toc523822075][bookmark: _Toc523822274]H= NPL+ F+S – RBL ……………………………………………………………………… (3-16)
Where, H is total dam height (m)
NPL is normal pool level (full reservoir level) which accommodates live and dead storage expressed in-terms of height from river bed level (m)
F is total free board (surcharge height + net free board) (m)
S is settlement allowance, commonly about 5% of the dam height.
RBL is Minimum river bed level (m a.s.l.) 
[bookmark: _Toc531645199]Top width of embankment dam
Top width of an embankment dam is the crest width on top of the embankment which is usually used to serve management and transportation. Top width of an embankment dam at the crest should be fixed according to:
The working space required at the top,
Width of the roadway to be constructed on the crest of the dam
Importance of the structure
Width required to resist earth quake shocks (if it is in that zone). 
Note: MoWE guideline recommends no dam should have a crest width of less than 4m. The minimum top width for embankment dams of up to 5m height, as indicated in Irrigation Engineering Practices Manual should be 2.4m. If the top serves as a roadway, this minimum should be increased to 3.6m. But use the recent recommendation of MoWE, top widths for dams exceeding 5m in height can be designed by either of the following formula. 

i. Merriman’s formula: 

B= 0.2H +1.5 (m) ………………………………………………………..………. (3-17)
Where,		B is top width (m)
		H is height of earth dam above the streambed (m)

ii. Trautwine’s formula

B = 1.1 H1/2 +0.6 (m) …………………………………………………………..... (3-18)

iii. International committee for Dams

B= 3.6 H1/3 + 3.0 (m) …………………………………..…………..……………. (3-19)

iv. U.S Bureau of Reclamation

B= 3.6H1/3 +1.5 (m) ………………………………………………………….….. (3-20)

v. MoWR

	Dam height, H (m)
	H ≤ 10
	10 < H ≤ 30

	Top width, b (m)
	(H/5) +3
	0.55H0.5 + H/5


[bookmark: _Toc523818477][bookmark: _Toc523819699][bookmark: _Toc523822076][bookmark: _Toc523822275][bookmark: _Toc531645200]Central core and cut-off trench
The central core is the most important zone of an earthfill dam as its function is stopping seepage through the body of a dam. The top of the core must reach the elevation about 0.5 m above the designed high water level. Where the foundation consists of porous material, seepage should be stopped by constructing a cut-off trench extending to bedrock or to an impervious soil stratum. Thus cut-off is required for reducing loss of stored water through foundation abutments, and preventing subsurface erosion by piping.
 
Type of cut-off should be decided on the basis of detailed geological investigation. If the depth of impervious stratum is not excessive, a positive cut-off trench (extending to full range of impervious stratum) would be preferred. When the depth of the impervious stratum is known but excavation of the cut-off trench is not feasible due to excessive depth of the impervious stratum or construction difficulties like heavy dewatering requirements, instability of sides of excavation, etc., other measures of forming a cut-off may be considered. These consist of concrete cut-off walls placed in slurry trenches grout curtains or sheet piles. To make it effective, cut-offs must penetrate pervious strata thoroughly. The relation between depth of cut-off and seepage quantity is shown in Figure below.
Partial Cut-offs: As a supplementary means of seepage control or for partially reducing the pore water pressure (uplift) in the downstream areas of the foundation                (refer Fig 5-1);
Positive Cut-off Trench: Consists of an impervious fill placed in a trench formed by open excavation into an impervious stratum. Grouting of the contact zone of the fill and the underlying strata constitutes an integral part of the positive cut-off. Pockets of such size that compaction equipment cannot be operated and pot holes with overhangs should be filled with concrete. Grouted cut-off is produced by injection, with the zones assigned to the cut off, of the voids of the sediments with cement, clay, chemicals, or a combination of these materials
[image: ]
[bookmark: _Toc470766936][bookmark: _Toc531645390]Figure 322: Typical Cross Section of Earthfill Dam

When conditions such as lack of impervious material, short construction seasons, wet climates, and high dewatering costs prevent the use of a trench type cut-off, other methods of constructing an impermeable barrier can be used. These methods include sheet piling, alluvial grouting, cement-bound or jet-grouted curtain cut-offs, a concrete cut-off wall, and a slurry trench.




[image: ]
[bookmark: _Toc531645391]Figure 323: Relationship between Depth of Cut-off and Seepage

Concrete Diaphragm: is a thin layer of concrete wall injected vertically down to expected depth to prevent cracks in fractured layer, which could be a single diaphragm or a double diaphragm and may also be used for seepage control. Concrete cut-off walls placed in slurry trench are not subject to visual inspection during construction; therefore, require special knowledge, equipment and skilled workmen to achieve a satisfactory construction.

[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 3 24  Diaphragm Type Earthfill Embankment Dam-.jpg]
[bookmark: _Toc531645392]Figure 324: Diaphragm type earthfill embankment dam
[bookmark: _Toc523818478][bookmark: _Toc523819700][bookmark: _Toc523822077][bookmark: _Toc523822276][bookmark: _Toc531645201]Side slopes and berms 
The design of a dam should be based upon available materials in the vicinity of the project. In most cases, either homogeneous dam or central core dam can be adopted. For the same dam section, the stability of central core dam is higher than that of homogeneous dam. However, the dam in most cases is likely to be a homogeneous clay embankment, because the predominant type of material available is clay and silt. Therefore, an illustrative example of design of homogeneous dam could be provided and the recommended slopes depending on the type of foundation materials could be introduced. 

MoWR Guideline 2002, recommended berm should have slope towards the inner edge to prevent rain-water from flowing over the outer edge and down the slope of dam. A slope of 1:50 has been recommended for this purpose. A minimum berm width of 3.0m has been recommended. Moreover, one berm for every vertical elevation of about 10 to 15m is also recommended.
[bookmark: _Toc523818479][bookmark: _Toc523819701][bookmark: _Toc523822078][bookmark: _Toc523822277][bookmark: _Toc531645202]Safe Slope of embankment depending on materials
The slopes of the earthfill embankment are related to the classification of the soils to be used for construction, especially the impervious soils. The slopes chosen are necessarily conservative, but may be recommended for small earthfill dams, for which slope stability analysis cannot be carried out due to shortage of mechanical properties of soils.

Based on the Unified classification and properties of soils, the recommended slopes for small homogeneous Earthfill dams on stable foundations are shown in table 3-10.

[bookmark: _Toc531645338]Table 38: Recommended slopes for homogeneous earthfill dams on stable foundation
	Soil Classification
	Subject to rapid drawdown
	Not Subject to rapid drawdown

	
	Upstream
	Downstream
	Upstream
	Downstream

	GW, GP,SW,SP
	Pervious, not suitable
	Pervious, not suitable

	GC,GM,SC,SM
CL, ML
CH, MH
	1 : 3
   1 : 3.5
1 : 4
	1 : 2
   1 : 2.5
   1 : 2.5
	1 : 2.5
          1 : 3
1 : 3.5
	1 : 2
   1 : 2.5
   1 : 2.5


Note: Definitions of these soil groups classification can be referred in Appendix-III
[bookmark: _Toc523818480][bookmark: _Toc523819702][bookmark: _Toc523822079][bookmark: _Toc523822278][bookmark: _Toc531645203]Slope protection 
Experience has shown that in the majority of cases dumped riprap furnishes the best type of upstream slope protection. The thickness of the riprap should be sufficient to accommodate the weight and size of stone necessary to resist wave action. Experience has shown that 0.6 m riprap on 0.3 m bedding to be generally economical and satisfactory. Lesser thickness may be used on low dams. 

Downstream slopes of dams should be protected against erosion by wind and rainfall runoff by a layer of rock, cobbles, or sod. Because of the uncertainty of obtaining adequate protection by vegetative cover at many dam sites, protection by cobbles or rock is preferred. If grasses are planted, those suitable for a given locality should be selected.

The size of stones used for hand placed riprap may be determined with the following formula. 

 ……………………………………………. (3-21)
Where 		dm = diameter of stone in meter, in the zone of maximum blow of the wave,
w = unit weight of water in t/m³
 = unit weight of stones in t/m³
S = slope of embankment
hw = height of wave in meter
C = factor depending on the type of protection.
= For hand placed riprap, C = 0.54
= For rockfill or dumped riprap, C = 0.80
Average size of stone required, dav = dm/0.85

But the minimum size of hand placed riprap is 300mm thickness over 150mm thick filter layer. Riprap should be provided from an elevation of 1.5m below the minimum draw down level to the top of the dam. At the sites where there is possibility of drawing below the minimum draw down level, riprap may be extended further below. The downstream slope protection is ensured by providing riprap. It is the usual practice to protect the downstream slope from rain cuts by planting grass.
[bookmark: _Toc102383546][bookmark: _Toc523818481][bookmark: _Toc523819703][bookmark: _Toc523822080][bookmark: _Toc523822279][bookmark: _Toc531645204]Drainage through embankment dam
In relatively impervious and homogeneous earthfill embankment dams, the seepage line frequently appears high on the downstream slope, resulting in a saturated unstable soil condition. The construction of a system of toe drains will lower the seepage line until it intersects with the drain. Wherever feasible, a rock toe with a minimum height of 0.2H should be provided at the downstream toe of the maximum section of the embankment. This level will be checked with tail water depth and the maximum value will be taken.

[image: ]
[bookmark: _Toc470766938][bookmark: _Toc531645393]Figure 325: Schematic section through simple rockfill toe drains
[bookmark: _Toc523818482][bookmark: _Toc523819704][bookmark: _Toc523822081][bookmark: _Toc523822280][bookmark: _Toc531645205]Cracking
Cracking develops within zones of tensile stresses within earthfill dams due to either one or all of the following: 
differential settlement, 
filling and emptying of the reservoir, and 
Seismic action.

Cracking of impervious zone results into failure of an earthfill dam by erosion, piping, breaching, etc., Due consideration to cracking phenomenon shall therefore be given in the design of earthfill dams. 

Since cracking cannot be prevented, the design must include provisions to minimize its adverse effects. Cracks are of four general types: transverse, horizontal, longitudinal, and shrinkage. Shrinkage cracks are produced by wetting and drying action in the moisture range of plasticity index. Shrinkage cracks are generally shallow and can be treated from the surface by removing the cracked material and backfilling the structure. 

Transverse cracking: Transverse cracking of the impervious core is of primary concern because it creates flow paths for concentrated seepage through the embankment. Transverse cracking may be caused by tensile stresses related to differential embankment and/or foundation settlement. Differential settlement may occur at steep abutments, at the junction of a closure section, at adjoining structures where compaction is difficult, or over old stream channels or meanders filled with compressible soils.
Horizontal cracking: Horizontal cracking of the impervious core may occur when the core material is much more compressible than the adjacent transition or shell material so that the core material tends to arch across the less compressible adjacent zones resulting in a reduction of the vertical stress in the core. The lower portion of the core may separate out, resulting in a horizontal crack. Arching may also occur if the core rests on highly compressible foundation material. Horizontal cracking is not visible from the outside and may result in damage to the dam before it is detected.

Longitudinal cracking: Such cracking may result from settlement of upstream transition zone or shell due to initial saturation by the reservoir or due to rapid drawdown. It may also be due to differential settlement in adjacent materials or seismic action. Longitudinal cracks do not provide continuous open seepage paths across the core of the dam, as do transverse and horizontal cracks, and therefore pose no threat with regard to piping through the embankment. However, longitudinal cracks may reduce the overall embankment stability leading to slope failure, particularly if the crack is filled with water.

Defensive measures: The primary line of defense against a concentrated leak through the dam core is the downstream filter. Since prevention of cracks cannot be ensured, an adequate downstream filter must be provided (Sherard, 1984). Other design measures to reduce the susceptibility to cracking are of secondary importance. The susceptibility to cracking can be reduced by shaping the foundation and structural interfaces to reduce differential settlement, densely compacting the upstream shell to reduce settlement from saturation, compacting core materials at water contents sufficiently high so that stress strain behavior is relative plastic, i.e., low deformation moduli, and shear strength, so that cracks cannot remain open (pore pressure and stability must be considered), and staged construction to lessen the effects of settlement of the foundation and the lower parts of the embankment.
[bookmark: _Toc523818483][bookmark: _Toc523819705][bookmark: _Toc523822082][bookmark: _Toc523822281][bookmark: _Toc531645206]Control of cracking 
For control of cracking in the dam body, the following actions are recommended:
Flatten the downstream slope to increase slope stability in the event of saturation from crack leakage;
Use wide transition zones of properly graded filters of adequate width for handling drainage, if cracks develop;
Use wider core to reduce the possibility of transverse or horizontal cracks extending through it;
Use plastic clay core and rolling the core material at slightly more than optimum moisture content. In case of less plastic clay, 2 to 5 percent bentonite of 200 to 300 liquid limits may be mixed to increase the plasticity;
Carefully select fill materials to reduce the differential movement. To restrict the rockfill in lightly loaded outer casings and to use well graded materials in the inner casings on either side of the crack;
Use special treatment, such as preloading, pre-saturation, removal of weak material, etc. to the foundation and abutment, if warranted;
Delay placement of core material in the crack region till most of the settlement takes place;
Arching the dam horizontally between steep abutment;
Cut back of steep abutment slopes
[bookmark: _Toc523818484][bookmark: _Toc523819706][bookmark: _Toc523822083][bookmark: _Toc523822282][bookmark: _Toc531645207]Compaction and settlement
There is an optimum moisture content at which maximum density occurs for a given amount of energy applied during the compaction process. A standard test developed for disturbed soils is known as the proctor density test. The maximum or proctor density occurs at the optimum moisture content for compaction. A compacted earthfill is normally denser than soil from the borrow area. If the volume of the borrow pit is desired, the volume of required soils should be estimated by adding 20-30% to the calculated volume of earthwork. A typical density curve is shown in figure 3-26.
[image: DensityCurve]
[bookmark: _Toc470766939][bookmark: _Toc531645394]Figure 326: Typical density curve


Note: Rolled–filled embankments that have been placed in thin layers and compacted at optimum moisture content and that on an unyielding foundation will not settle more than 1% of the total fill height. Fills for small farm ponds and reservoirs usually do not receive as thorough compaction as the large structures do; therefore, the fill is usually constructed to a height 5 to 10% higher than the designed settled fill height for all points along the embankment.

[image: New Picture]
[bookmark: _Toc470766940][bookmark: _Toc531645395]Figure 327: Extra embankment supposed for settlement (typical)
[bookmark: _Toc523818485][bookmark: _Toc523819707][bookmark: _Toc523822084][bookmark: _Toc523822283][bookmark: _Toc531645208]Differences in compaction of clayey and sandy soils
As suggested by Lars Forssblad (1981), the three main actions of compaction are static pressure, impact force and vibration. Different compactors contain one or more modes of these actions. For example, vibratory tampers perform mainly by the principle of impact while vibratory rollers work with principle of static pressure and vibration. For sandy soils, vibration is adequate for normal compaction because the action of vibration sets the soil particles in motion and friction forces between soil particles are virtually demolished. During this vibration motion, the soil particles rearrange themselves to develop a dense state. For normal soils, it is necessary to combine the action of vibration together with static pressure to breakdown the cohesion forces between soil particles in order to allow for better compaction. The static pressure of vibratory machines is adopted to exert a shearing force to eliminate the cohesion in clayey soils.
[bookmark: _Toc523818486][bookmark: _Toc523819708][bookmark: _Toc523822085][bookmark: _Toc523822284][bookmark: _Toc531645209]estimation of preliminary volume of earthworks
Volume of earthwork in earthfill embankment dams can be estimated from:

V = 0.216*H*L (2C + H*S) ………………………………………………………..…….. (3-22)

Where,	V is volume of earthworks in m3, 
H is crest height (FSL+ freeboard) of the dam in m, 
L is length of the dam at crest height H, in m (including spillway), 
C is crest width in m, 
S is combined slope value (for example, if the slopes of the embankment are 1:2 and 1:1.75, S = 3.75). 

This formula is based on areal equations for the cross-section and longitudinal section with the inclusion of an empirically developed adjustment factor. Again, it presents an idealized solution and as for the capacity, this formula should only be used at the preliminary survey stage. The formula is, however, reasonably accurate and if a general average figure is known for costs of earthworks, a guide cost for the total embankment can be derived.
[bookmark: _Toc523818487][bookmark: _Toc523819709][bookmark: _Toc523822086][bookmark: _Toc523822285][bookmark: _Toc531645210]fixing intake sill level 
Fixation of sill level of intake structure is indispensable as it determines potential command area that can be irrigated by the dam. Thus, sill level of lowest outlets for any reservoir is fixed from command considerations in case of irrigation purposes including sediment allowance and minimum draw down level on considerations of efficient turbine operation in the case of power generation purpose. 

The lowest sill level should be kept above the new zero elevation expected after the feasible service period which is generally taken as 100 years for irrigation projects and 70 years for power projects supplying power to a grid. Note: new zero elevation is a time related concept and as sedimentation progresses, the new zero elevation may rises. Thus, specified time should be any length of time such as full service time, feasible service time, and the like. Sediment distribution studies are thus crucial to ensure that the new zero-elevation does not exceed the dead storage level.

Box 3-3:
Worked Example-3: Consider Shimburit Small Earthfill Dam Irrigation Project which is found in east Gojjam Zone, D/Elias woreda in Yegdad and Yekomit kebele Shimburit stream. It is currently under implementation by ANRS Water Resources Development Bureau. This project headwork is designed to be constructed from homogeneous clay material to develop a net potential irrigable area of 270ha. 36 years of recorded (1971 - 2006) mean monthly rainfall data of nearby station at Debre-Markos station has shown total mean annual rainfall of 1306mm (refer table below). It is at about an estimated air distance b/n this station and the actual site is of around 30 km.
.
[bookmark: _Toc531645339]Table 39: Mean Monthly Rainfall Data at Debre-Markos Station (1971 - 2006)
	Month
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total

	Rainfall (mm)
	12.7
	15.7
	44.3
	63.3
	97.6
	161.1
	284.1
	297.6
	213.4
	78.5
	23.0
	14.7
	1306

	Mean max.
	24.1
	25.5
	25.7
	25.2
	25.7
	21.0
	19.1
	19.00
	20.6
	21.9
	23.0
	23.6
	274.4

	Mean Min.
	9.0
	10.4
	11.4
	12.00
	12.1
	10.9
	10.9
	10.9
	10.2
	9.8
	9.1
	8.7
	125.4

	Monthly Avg.
	16.5
	18.0
	18.6
	18.6
	18.9
	16.0
	15.0
	15.0
	15.4
	15.9
	16.1
	16.2
	200.2


Higher and lower outliers of recorded data were tested and has been checked and found within the limit. Hundred years design rainfall has given a 100 years design flood of 107.4m3/s.
Design appropriate cross-section of this dam and analyze stability of its both upstream and downstream slopes using Geoslope software.

Solution: 
Reservoir Contour and Corresponding Area and Volume
	Elevation
(m)
	Area 
(m2)
	Total area
(ha)
	Volume 
(ha.m) 
	Total volume
(ha.m)
	Remark

	2118
	462.29
	0.12
	0
	0
	Min. RBL

	2119
	4064
	0.22
	0.23
	0.23
	Collected from map by planimeter

	2120
	19227
	0.40
	0.40
	0.63
	"

	2121
	38849
	0.58
	1.51
	2.14
	"

	2122
	58822
	6.36
	5.81
	7.95
	"

	2123
	83801
	8.85
	8.97
	16.92
	"

	2124
	114254
	12.05
	12.00
	28.92
	"

	2125
	142219
	14.92
	15.03
	43.95
	"

	2126
	177021
	18.46
	18.60
	62.55
	"

	2127
	219676
	22.84
	23.08
	85.63
	"

	2128
	277325
	28.67
	28.76
	114.39
	"

	2129
	340204
	35.08
	34.93
	149.32
	"

	2130
	394327
	40.58
	40.62
	189.94
	"

	2131
	450392
	46.28
	46.08
	236.02
	"

	2131.5
	464800
	48.55
	48.55
	261.52
	Storage corresponding to demand plus dead storage

	2132
	507785
	50.78
	51.02
	287.04
	Collected from map by planimeter

	2133
	567071
	56.71
	56.67
	343.70
	"

	2134
	624082
	62.41
	51.06
	394.76
	"


Note: This indicates that peak level corresponding to normal pool level is 2131.5m a.s.l.

[bookmark: _Toc531645340]Table 310: Sediment yield estimation for project design life
	Time
 (year)
	Capacity  (Mm3)
	75% annual inflow(Mm3)
	Capacity inflow ratio
	Trap efficiency (%)
	Avg. trap efficiency
	Sediment deposited (Mm3)
	Cumu. sediment deposited
(Mm3)

	0
	2.61
	8.731
	0.299
	95
	 
	 
	 

	5
	2.520
	8.731
	0.289
	94.8
	94.9
	0.090
	0.090

	10
	2.430
	8.731
	0.278
	94.6
	94.7
	0.090
	0.180

	15
	2.341
	8.731
	0.268
	94.4
	94.5
	0.090
	0.269

	20
	2.251
	8.731
	0.258
	94.2
	94.3
	0.089
	0.359

	25
	2.162
	8.731
	0.248
	94
	94.1
	0.089
	0.4477

	30
	2.073
	8.731
	0.237
	93.8
	93.9
	0.089
	0.5366




;  Where Dead storage vol. =0.4477*106 m3

Total sediment volume if the catchment is not treated =18949.30 m3/year 

Hence, useful life of the dam is 447,700/18,949.3=23.6years. This is slightly less than 25 years due to trap efficiency accuracy at each interval. Hence, take the service year to be 25 years if the catchment is as it is. If the catchment is treated, the useful life of the reservoir may rise to 30 and 35 years.
As it is shown in the base map drawing, the main command area is far apart from inundating area along the small stream direction. Hence, the maximum command area level and the different losses along the conveyance system are not critical. Hence, the sediment distribution pattern in the reservoir is the critical case for fixing the new zero level. Using different methods for computing the sediment distribution at different level of the reservoir, the new intake level is fixed.

Using elevation-capacity curve:  By assuming the sediment distribution pattern is horizontal at each contour interval, the reservoir new zero level is fixed for corresponding dead storage volume of 0.4477Mm3.Hence elevation from elevation capacity curve for this sediment volume is 2125.044m a.s.l. Hence, new zero level of the intake is nearly =2125.00 m.

From the table of Area-Increment method, sediment volume at elevation of 2131.5 m a.s.l. = 0.450 Mm3 and the sediment to be distributed in the reservoir is 0.4477 Mm3.The discrepancy is almost 0.58% which is almost the same.

As the new zero level is calculated on the above two methods, the values are different as it is 2125.044 m and 2121.1m. Thus, it is better to have the average of the two to be safe and to fix the intake level above the river section. 

Hence the new zero level = (2121.1+2125.044)/2=2123.07m.Hence, take the new zero level to be 2123.00 m above sea level.

Using U.S. geological survey method, the formula is for evaporation loss as given by:
	
E = (4.57T + 43.3)/12 …………………………………………..……………………….. (3-23)

Where,	 	T = mean annual temp. (0c)
		E = yearly evaporation in cm (cm/year)

[bookmark: _Toc531645341]Table 311: Monthly evaporation losses (m/month)
	Month
	Jan.
	Feb.
	Mar.
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total

	Mean TC
	16.5
	18
	18.6
	18.6
	18.9
	16
	15
	15
	15.4
	15.9
	16.1
	16.2
	

	Evaporation
loss
	0.099
	0.105
	0.107
	0.107
	0.108
	0.097
	0.093
	0.093
	0.095
	0.097
	0.097
	0.098
	1.196



[bookmark: _Toc531645342]Table 312: Crop water demand analysis 
	SN
	Month
	mm/ Month
	m3/ha/ Month
	Ha.m/Month

	1
	Jan
	97.6
	1626.67
	43.92

	2
	Feb
	125.11
	2085.17
	56.29

	3
	Mar
	127.29
	2121.50
	57.28

	4
	Apr
	92.39
	1539.83
	41.57

	5
	May
	26.94
	449.00
	12.12

	6
	Jun
	0
	0.00
	0

	7
	Jul
	0
	0.00
	0

	8
	Aug
	0
	0.00
	0

	9
	Sep
	0
	0.00
	0

	10
	Oct
	47.32
	788.67
	21.29

	11
	Nov
	55.55
	925.83
	24.99

	12
	Dec
	72.04
	1200.67
	32.42

	 
	TOTAL
	
	10737.33
	289.91

	 
	Max. Value
	127.29
	2121.5
	

	 
	Min. Value
	0
	0
	


The inflow discharge is determined using the rainfall data of D/Markos meteorological station and rainfall runoff relationships:
 
	Q = C.A.P …………………………………………………………………..…………….. (3-24)

Where, Q = runoff (inflow) in x 103m3/month
C = runoff coefficient 
A = catchment area = 13.60 km2 
P = rainfall in mm

[bookmark: _Toc531645343]Table 313: Reservoir operation using 75% dependable flow from 35 years data 
	Month
	Initial storage (ha.m)
	Inflow (ha.m)
	Surface Reservoir area (ha)
	Evaporation rate
	Crop demand (ha.m)
	Final storage (ha.m)
	Deficit (ha.m)
	Surplus (ha.m)

	
	
	
	
	(m)
	Ha.m)
	
	
	
	

	Oct
	216.752
	7.704
	48.550
	0.097
	4.692
	21.294
	198.47
	0.000
	0.000

	Nov.
	198.471
	0.792
	46.923
	0.097
	4.570
	24.998
	169.69
	0.000
	0.000

	Dec.
	169.695
	13.536
	43.613
	0.098
	4.264
	32.418
	146.55
	0.000
	0.000

	Jan.
	146.548
	2.592
	40.750
	0.099
	4.031
	43.920
	101.19
	0.000
	0.000

	Feb.
	101.189
	41.328
	34.463
	0.107
	3.685
	56.300
	82.53
	0.000
	0.000

	Mar
	82.533
	20.227
	31.039
	0.107
	3.319
	57.281
	42.16
	0.000
	0.000

	Apr
	42.161
	13.824
	23.103
	0.107
	2.470
	41.576
	11.94
	0.000
	0.000

	May
	11.939
	3.816
	17.380
	0.108
	1.878
	12.123
	1.75
	0.000
	0.000

	Jun
	1.754
	152.640
	15.810
	0.108
	1.708
	0.000
	152.69
	0.000
	0.000

	Jul
	152.686
	147.960
	41.580
	0.093
	3.876
	0.000
	216.75
	0.000
	83.894

	Aug
	216.752
	253.152
	48.550
	0.093
	4.525
	0.000
	216.75
	0.000
	253.152

	Sep
	216.752
	184.896
	48.550
	0.095
	4.599
	0.000
	216.75
	0.000
	184.896



Dam section design 

Normal free board: Total gross free board (m) =1.687+0.607= 2.3m (For details refer shumbiriti Micro dam design report)

Top width: In this case a top width of 5.0m is adopted

Berms: Here, a 3.00 meter width of riprap is provided on both upstream and downstream slopes. The berm is provided to be sloped to 2% towards the inner edge of the berm to prevent rain water from flowing over the edge of the berm and downstream slope of the dam. 

U/s and d/s slopes: Side slopes depend upon various factors such as the type and nature of the dam, and foundation materials, height of dam, etc. Based on those considerations, we adopt upstream slope 3:1 (H: V) and downstream slope 2:1 (H: V).

Core materials: The core in this case is the greater part of the dam (i.e. more than 80% of the dam section) and that is why we classify the dam as homogeneous dam. The core provides impervious barrier within the body of the dam. The top width of the core is fixed to be 3.0m with 2.5:1 (H:V) upstream and 2:1 (H:V) downstream slope. The crest depth of the core material is 0.60m above maximum water level considering wave height.

Casing and riprap: Used to increase the stability of the slopes and protect washing of the core as the result of rainfall and stored water and piping effects of the core materials. The sources of these materials are already described previously.
Slope protection: For u/s slope use a thickness of the riprap should be 0.5m and should be placed over a gravel filter of about 0.2m thickness and for d/s slope use a downstream slope from rain wash the same technology as u/s slope protection is recommended; for top use gravel surfacing of 20 cm over the riprap shall be provided on the top of the dam.

For details other detailed stability analysis of this dam it has also been done by Geoslope software and attached to this manual (thus can be referred). 
[bookmark: _Toc523818488][bookmark: _Toc523819710][bookmark: _Toc523822087][bookmark: _Toc523822286][bookmark: _Toc531645211]rockfill embankment dam
[bookmark: _Toc523818489][bookmark: _Toc523819711][bookmark: _Toc523822088][bookmark: _Toc523822287][bookmark: _Toc531645212]General
A rockfill dam is defined as 'a dam that relies on rock, either dumped in lifts or compacted in layers, as a major structural element'. It is a type of embankment dam in which rock fragments (or rockfill) is the main construction material. The mass stability of a rockfill dam is mainly developed by the friction and interaction of the particles in the dam body. 
[bookmark: _Toc523818490][bookmark: _Toc523819712][bookmark: _Toc523822089][bookmark: _Toc523822288][bookmark: _Toc531645213] Characteristics of rockfill dam
Rockfill dam is basically embankment dam. High inherent stability and high perviousness are their special characteristics. The impervious element in a rockfill dam is provided either by an impervious membrane of manufactured material or by an earth core. Even in the case of concrete-faced rockfill dams, the requirement of cement and other manufactured materials is much less than for concrete dams, while in earth core dams, it is similar to earth dams.

As in other embankment dams, in rockfill dams also the spillway and outlets have normally to be provided separately and away from the dam section. However, by placing heavier rock pieces near the downstream toe and tying them to the main rockfill by anchor bars, they can withstand limited overtopping. This can be taken advantage of in the determination of diversion flood during construction and freeboard for the highest flood.

Due to free draining characteristics and high frictional strength, rockfill dams have a high inherent stability. In fact, there is no recorded case of failure of a rockfill dam due to slope sliding. Their high damping capacity and flexibility also give them a high level of protection against earthquake damage.

Modern rockfill dams are usually built on a ratio of base to height ranging from 2.5 to 3.0 (B/H = 2.5 – 3). The downstream slope is usually made the natural slope of rock dumped from trucks or about 1: 1.3 to 1: 1.4 (V:H). The upstream slope ranges from the natural dumped rock slope to about 1: 2 (for central core) and 1: 1.7 (for upstream membrane). Dams exceeding 30 m in height should not have crest width of less than 4.5 m and even low dams should not have a crest width of less than 3 m. 

Almost any rockfill dam with an impervious upstream face, which it would be practicable to build on a suitable foundation, will necessarily have a relatively high factor of safety against sliding because of the large mass involved.



Rockfill dams can prove economical when any of the following conditions exist:
Large quantities of rock are readily available or will be excavated in connection with the project, such as from a spillway or tunnel.
Earthfill materials are difficult to obtain or require extensive processing before use.
 Short construction seasons prevail.
Excessively wet climatic conditions limit the placement of large quantities of earthfill material.
The dam is to be raised at a later date.
Other factors that favor the use of a rockfill dam are the ability to place rockfill throughout the winter and the possibility of grouting the foundation while simultaneously placing the embankment. In addition, uplift pressures and erosion caused by seepage through rockfill material do not generally constitute significant design problems.

The size of the rock fragments may vary from small pieces of stone to large boulders of 3 m or more in size. These rock fragments are also sometimes called rock. A rockfill dam consists of two basic structural elements:
An embankment built of rockfill, and
An impervious element
The embankment provides the support and stability whereas the impervious element checks the seepage through the dam.

Rock fill dam requires sound foundation than earthen dam but demands less than gravity concrete/masonry dam. The essential condition with regard to the foundation for a rockfill dam is that it shall not be subject to material settlement or to erosion from such seepage as may pass through or under it. High rockfill dams are usually founded on bedrock. The overburden and the weathered upper layers of the foundation should be removed before laying the rockfill. Low rockfill dams are sometimes founded on alluvial materials, such as gravel, sand and boulders. However, in that case, the stability of the dam may be governed by the shear strength of the foundation material and not by the rockfill.
[bookmark: _Toc523818491][bookmark: _Toc523819713][bookmark: _Toc523822090][bookmark: _Toc523822289][bookmark: _Toc531645214]Types of rockfill dams
Rockfill dams may be classified into two groups, depending on the location of the membrane: 
Central or sloping core, and
Upstream membrane, or decked
Each membrane location has its advantages and disadvantages, which vary according to the type of membrane, materials available at the site, and foundation conditions. Central and sloping cores, which are internal membranes, are generally constructed of impervious earth materials. Economic analyses should be made to determine the type of material to use in constructing the membrane, whether it is internal or external. If an internal membrane is selected, a central vertical core is recommended. This type of core provides maximum contact pressure with the foundation and requires less strict construction control than a sloping core.

If an external membrane is used, it should be constructed of concrete, or asphaltic concrete. The large majority of external impervious membranes are of reinforced concrete, followed by asphaltic-concrete, which has been used on many dams of low to medium heights. The membrane is mostly placed on the upstream slope but has been provided inside the rockfill in a few cases.
A transition zone or cushion of hand-placed or derrick-placed rubble masonry was interposed between the concrete facing and the dumped rockfill in the main body of the dam. The rubble cushion provides an even surface for the membrane and transmits the water load to the main rockfill. The thickness of the reinforced concrete slab membrane increases with depth below the water surface. 

Advantages of the internal membrane include; 
Less total area exposed to water, 
Shorter grout curtain lengths, and 
Protection from the effects of weathering and external damage. 
The prime disadvantages of an internal membrane are;
 The inability to place rockfill material without the simultaneous placement of impervious core material and filters, 
The inaccessibility of the membrane for damage inspection, 
The difficulty in correcting damage occurred, and 
The dependence on a smaller section of the dam for stability against sliding. 
The difference in the abilities of central (internal) and upstream (external) membranes to distribute stabilizing reactions against sliding is shown on Figure 3.28.
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[bookmark: _Toc531645396]Figure 328:  Resistance to Sliding for Embankment Dams
Note: P = Resultant water force and f = Friction forces resisting sliding
[bookmark: _Toc523818492][bookmark: _Toc523819714][bookmark: _Toc523822091][bookmark: _Toc523822290][bookmark: _Toc531645215]Membrane versus earth core rockfill dam
The selection of the type of dam is mainly governed by the site conditions. This equally applies to the choice between membrane and earth core for rockfill dams. The circumstances in which the membrane type is likely to prove advantageous are:
When suitable soil for an earth core is not available within a reasonable distance, as for example in high rocky areas.
When foundations of hard rock with little overburden are available. In this situation there is no possibility of failure through the foundations and the dam slopes can be designed solely on the basis of shear strength of rockfill. The slopes can be kept somewhat steeper than those for the earth core section. 
Continuously rainy weather: In continuously rainy weather, it is difficult to maintain proper moisture control for compaction of earth cores. There is no such problem in the placement of rockfill. The placement of the membrane would require fair weather but it can be completed in a relatively short time after placement of the rockfill.
In sand-gravel dams and at locations where large-size stones for wave protection are not available, a membrane can serve for wave protection as well as water tightness.


The following can be considered as the important advantages of an upstream membrane over earth core.
Greater stability: It provides greater safety against shear failure than any other type of embankment dam. The high stability is obtained due to total absence of adverse seepage forces and the availability of the entire rockfill mass to resist the water pressure acting on the upstream face.
Greater tolerance for leakage: If ordinary leakage develops through the membrane, it drains out through the rockfill and does not endanger the dam. In fact, rockfills can withstand considerable flows before sliding occurs and, unlike earth cores, the membrane itself is not subject to progressive erosion by leaks. 
Accessibility of membrane for inspection and repairs: This is normally feasible up to the lowest drawdown level. But even below these modern techniques enable underwater inspection, photographing or video recording and effective repairs.
 Speed of construction: For earth cores, the speed of construction is limited by the necessity of compaction of the soil in relatively thin layers and placement of graded filters on either side of the core. With a membrane, the placement of rockfill can be done faster and can continue without interruption.
Stage construction facility: It is often advantageous to limit investment by building the dam to a lower height in the first instance and raising it later when utilization increases or the reservoir silts up. The upstream membrane type of dam is the simplest to raise in height. More rockfill can be placed on the downstream side and the membrane extended in continuation.
If an earth-core rockfill dam is used, it requires the use of adequate filters both upstream and downstream; the filters should also satisfy the requirements. 

If adequate earth material for either the core or the filter is not available at the site and separations of impervious material or manufactured filters are required, an earth-core rockfill dam may be uneconomical because filter-processing costs can be extreme. Construction control costs of the earth-core rockfill dam will also be increased significantly if several filter layers are required to prevent piping.

However, there are some unfavorable factors to membranes compared to earth cores:
Limited life: Earth cores can last indefinitely as they are not subject to deterioration. They can only be damaged by leaks. Most membranes deteriorate with time due to weathering, chemical action or other causes, and may require heavy repairs during the lifespan of the dam.
Higher cost: At a location where suitable soil material for an earth core is available within a reasonable distance, a membrane would generally be more expensive.
Limitation on height: The highest existing membrane-type dam is 160 m while earth core dams have reached up to and beyond 300 m. 
Possibility of leakage: Leakage on initial filling has occurred in several dams through cracks in membranes. Another vulnerable location is the joint between the membrane and the cut-off. This latter problem has been resolved by provision of a horizontal toe slab and grout curtain in place of a vertical cut-off. Though leakage through the membrane does not usually endanger the dam, it may require lowering of the reservoir and expensive repairs. Again, better compaction of rockfill, resulting in lesser deformations, and use of thinner, more flexible membranes are proving to be effective measures against membrane cracking and consequent leakage.
[bookmark: _Toc523818493][bookmark: _Toc523819715][bookmark: _Toc523822092][bookmark: _Toc523822291][bookmark: _Toc531645216]Foundation requirements and treatment 
Bedrock foundations that are hard and erosion resistant are the most desirable for rockfill dams.  Foundations consisting of river gravels or rock fragments are acceptable, but the foundation should be inspected and a positive cut-off to bedrock should be used. The foundation should be selected and treated from the viewpoint of providing minimum settlement to the rockfill embankment. The overburden and the upper weathered layer of rock are removed from the core contact area.

All materials in cracks, faults, or deep pits that may eventually erode into the rockfill, either from the foundation or the abutment, should be covered with filters or removed and backfilled with concrete. For an earth-core rockfill dam, all joints and cracks beneath the core and the filters should be cleaned and filled with concrete. The usual method of treating the foundations to prevent under seepage is cement grouting beneath the cut-off; in addition, potential pervious zones upstream from the impervious membrane can be blanketed with impervious material.

Foundation treatment must be sufficient to satisfy the following criteria:
Minimum leakage
Prevention of piping
Limited settlement
Sufficient friction development between abutments and foundation to ensure sliding stability
The rockfill in the shell zones may be placed on river-bed material provided it can support the weight of the dam with an adequate margin of safety against shear and without excessive settlement. When so placed, the stability of the dam may be governed by the shear strength of the foundation material rather than that of the placed rockfill. River-bed boulder, gravel and sand deposits are often as strong and compact as placed rockfill, sometimes even stronger. No useful purpose is served by removing such deposits from under the shell zones.
[bookmark: _Toc523818494][bookmark: _Toc523819716][bookmark: _Toc523822093][bookmark: _Toc523822292][bookmark: _Toc531645217]Membrane cut-offs 
Of critical importance in the functioning of a rockfill dam are the prevention of seepage beneath the dam and the effecting of a watertight seal between the membrane and the foundation. To prevent seepage beneath the dam, foundations are usually grouted. The need for grouting and the extent required should be based on careful study of the site geology, on a visual examination of the drill cores from the rock foundation, and on drill-hole water-loss values. If no such data are available, it should be assumed that grouting will be required, except where the reservoir is completely drawn down each year and grouting requirements can be based on seepage observations during the first few years of operation.

Cut-off walls excavated to various depths into bedrock are generally used to prevent leakage in the upper few meters of the foundation, to facilitate grouting operations, to provide a watertight seal with the membrane, and to support the downward thrust of the membrane. Figures 3.29 and 3.30 illustrate typical cut-off wall details.
[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 3 29  Details of concrete membrane at cut-off wall .jpg]
[bookmark: _Toc531645397]Figure 329: Details of concrete membrane at cut-off wall
[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 3 30  Details of asphalt-concrete membrane at cut-off wall- .jpg]
[bookmark: _Toc531645398]Figure 330: Details of asphalt-concrete membrane at cut-off wall

Drainage galleries are sometimes used in conjunction with cut-off walls to facilitate later grouting and to determine seepage locations and quantities.

Recently, designers have used the doweled cut-off slab shown on Figure 3.31 in conjunction with concrete facings to provide the foundation membrane seal. Doweled cut-off slabs have the advantage of not requiring extensive excavations in rock, thereby allowing grouting operations to begin earlier, speeding completion time, and reducing design costs. Doweled cut-off slabs can be used where the bedrock is sound and few under-seepage problems are expected. When uncertainty concerning the permeability of upper portions of the foundation contact exists, such as for soft rock, a cut-off wall into bedrock can provide increased protection and allow an examination of questionable material.




[image: ]
[bookmark: _Toc531645399]Figure 331: Doweled cut-off slab used with upstream concrete membrane

A minimum width and depth of 1 meter is recommended for cut-off walls in sound rock; deeper walls should be used in unsound, broken, or closely jointed rock. The width of the doweled slab should be determined by foundation, construction, or grouting requirements. In addition to preventing under seepage, both the cut-off wall and the doweled cut-off slab must be designed to provide adequate support for the thrust of the membrane. The cut-off should extend along the entire upstream contact between the membrane and the foundation.
[bookmark: _Toc523818495][bookmark: _Toc523819717][bookmark: _Toc523822094][bookmark: _Toc523822293][bookmark: _Toc531645218]design of rockfill dam sections
The upstream and downstream slopes of a dam should be based on the type of impervious membrane and its location. Rockfill dams having central or sloping cores have slopes ranging from 1:2 to 1:4 upstream and downstream; usually tending toward 1:2or slightly steeper when all conditions are favorable. However, dams with upstream membranes usually have upstream slopes of from 1:1.3 to 1:1.7 & downstream slopes approximating the natural slope of the rock.

Most asphaltic-concrete-faced dams have been constructed with upstream slopes of 1:1.6 to 1:1.7 to facilitate construction of the membrane; whereas, most concrete-faced rockfill dams have slopes of 1:1.3 to 1:1.4. A review of available literature indicates that very few failures have occurred for these slopes. Therefore, small rockfill dams with good foundations could have 1:1.3 to 1:1.4 upstream slopes for concrete membranes, and 1:1.7 upstream slope for asphaltic-concrete facings. Downstream slopes of 1:1.3 to 1:1.4 may be used in all cases.
[bookmark: _Toc523818496][bookmark: _Toc523819718][bookmark: _Toc523822095][bookmark: _Toc523822294][bookmark: _Toc531645219]Rockfill dam with earth cores
No rockfill dam has ever failed because of inadequate slope stability. For earth core dam, stability is determined as for other embankment dam, i.e., by circular arc or wedge methods of analysis. The latter, based on plane surfaces of failure, is more appropriate, albeit the results by either method are generally close. 

The rockfill zones in the dam are free draining and retain no pore pressures. So long as the core thickness is less than the dam height, it will usually have little influence on the outer slopes of the dam.

Since rockfills have large voids, it is necessary to design the filters or transition zones between the core and the rockfill with due care. In many dams conventionally designed graded filters of processed material have been provided.
In view of the non-accessibility of internal membranes for inspection and repairs, as well as reduced factor of safety of the dam against horizontal sliding, upstream face membranes are preferred in the vast majority of cases. Nevertheless, internal membranes have certain advantages. They cover a smaller area, for the same height. The vertical membrane can be directly joined to the foundation cut-off and is protected from weathering and outside damage, accidental or deliberate.

The upstream and downstream slopes for central or sloping earth-core rockfill dam depends on the size and soil properties of the earth core, the width of filter zones required, type of foundation material, drawdown requirements, construction sequence, etc., with each site presenting its own unique problems. Generally, the upstream and downstream slopes of a typical earth-core rockfill dam are 1:2 or slightly steeper where all conditions are favorable, but may be as flat as1: 4 (or flatter) for unfavorable conditions. A typical embankment section for a central earth-core rockfill dam is shown on Figure 3.32.

[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 3 32  Typical Section of Central Core Rockfill Dam- .jpg]
[bookmark: _Toc531645400]Figure 332: Typical Section of Central Core Rockfill Dam

Note: Gradation differences between impervious core and rockfill may require multiple filters to prevent piping.
[bookmark: _Toc523818497][bookmark: _Toc523819719][bookmark: _Toc523822096][bookmark: _Toc523822295][bookmark: _Toc531645220]Dams with upstream membranes
With an upstream face membrane, all the rockfill is downstream from the water loading and an ample factor of safety is available against horizontal sliding.

As the frictional resistance coefficient on a horizontal plane through the dam or through the dam and foundations would not be less than 0.7 and generally be more, this ensures adequate safety against horizontal sliding.

Due to high interlock strength and the absence of pore pressures, there is also an adequate margin of safety against sliding on any inclined plane through the fill.

From past experience, nearly all dams with upstream face membrane have outer slopes of 1:1.3 to 1: 1.4. If weaker rock is used, or the angle of internal friction is less, flatter slopes may have to be given. In some dams with asphaltic membranes, the upstream slope has been made flatter for convenience in laying and compacting the asphaltic concrete.
[bookmark: _Toc523818498][bookmark: _Toc523819720][bookmark: _Toc523822097][bookmark: _Toc523822296][bookmark: _Toc531645221]Membrane or facing
[bookmark: _Toc523818499]Cement-concrete membranes
The design of the concrete face membrane has so far been largely empirical, based on judgment and experience. In earlier established practice, the membrane thickness was kept to about 1% of the height subject to a minimum of 30 cm and placed directly on the rubble cushion or transition zone. Joints were given in both directions with spacing of 12 to 18 m over the dam face but at a closer spacing near the perimeter. A perimetral joint was placed a small distance away from the junction of the face membrane with the valley sides. Reinforcement at about 0.5% of the sectional area is usually given in both directions but did not pass the joints. For a slab thickness of up to 60 cm the reinforcement is placed centrally but for larger thicknesses provided in two layers, one near each of the two faces.

For dams of low and moderate height, a constant membrane thickness of 0.25 m to 0.30 m is recommended. The average thickness of this type of membrane is also approximated by (Fell, et al, 2005, Singh and Varshney, 1995);

T = 0.3 + 0.003 H ………………………………………..……………………… (3-25)

Where, T is the thickness (m) and H is the depth measured below the water surface (m).
[bookmark: _Toc523818500]Asphaltic-concrete membranes
The second most common facing for rockfill dams is asphaltic concrete.  Asphaltic-concrete membranes have several advantages over cement-concrete membranes. They are more flexible and can tolerate larger settlements without cracking. Unlike cement concrete, they do not require formed joints, which are costly and time consuming. To some extent any fine cracks that may form are self-healing. Generally, they can be constructed more rapidly and are thus less costly than cement-concrete membranes. 

The asphaltic-concrete used generally consists of well-graded aggregates from 2.5 to 3.8 cm maximum size to fine sand size and containing about 10% of fine rock dust passing the 75mm sieve.

Pure asphaltic binder, 8 to 10% by weight of aggregates, is used. The material is mixed and placed hot. An air content of 2 to 3% after compaction is considered optimum. The asphaltic- concrete is placed by a standard road paver in one to three layers of approximately equal thickness depending on total thickness required. Each layer is placed in strips 3.0 to 3.5 m wide, upslope, at right angles to the axis of the dam. Rolling should be done shortly after placing. Smooth drum rollers, either vibratory or standard tandem type, can be used.

Selection of the thickness and number of layers of asphaltic-concrete, protection of the finished surface from damage and the need for drainage layers under the sealing layers are based on experience.

Basically, a watertight membrane, usually multilayered, sometimes with a seal-coat finish, is constructed on a porous layer which itself is supported on well-compacted, accurately trimmed transition material on the rockfill.
[bookmark: _Toc523818501][bookmark: _Toc523819721][bookmark: _Toc523822098][bookmark: _Toc523822297][bookmark: _Toc531645222]Rubble cushion or zone of selected, compacted material behind the membrane
A zone with a reasonably even surface on the upstream side to support the membrane and compact enough to transmit the water load to the main rockfill is required under the membrane. It is an additional advantage if in the case of leakage through the membrane, the relatively low permeability of this layer keeps the seepage flow in check. It creates no drawdown pressures on the membrane since in the event of a drawdown, it drains vertically into the highly pervious rockfill under it.

Present practice is to use a finer, well-graded material, with maximum size in the range of 4 to 10 cm, well-graded down to sand size, with 5 to 15% passing the 150sieve. In this zone for dams up to 100 m, a width of 4 m rubble cushion is generally considered adequate. Placement is in 40 to 50-cm thick layers compacted by four passes of a 10-tonne vibratory roller.

A typical section for a decked (upstream membrane) rockfill dam is shown on Figure 3.33. The interior section of the decked rockfill dam can be divided into three major zones, as shown on Figure 3.33. These zones can be described as follows:

Zone C: The larger downstream zone of the dam, consisting of the best quality, larger, compacted rock; this zone provides high stability to the section.

Zone B: Rock of lesser quality than zone C, such as that excavated from the spillway; used to minimize total dam costs.

Zone A: Well-graded, smaller rock and gravel; used to provide bedding for the upstream membrane and to retard extreme water losses when the membrane cracks.

In addition to these major zones, a well-graded sand and gravel base course for the membrane is sometimes necessary. A thin base course also serves as a leveling course and provides a good working surface.

[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 3 33  Typical Maximum Section of a Decked-Type Rockfill Dam- .jpg]
[bookmark: _Toc531645401]Figure 333: Typical Maximum Section of a Decked-Type Rockfill Dam

Note:	A – Well graded, selected, compacted rock used to provide bearing support for     membrane
B – Smaller sized rock from quarry and rock of lesser quality from foundations, compacted to reduce membrane settlement
        	C – Best quality, higher strength rock, compacted to provide section stability
For decked rockfill dams, zone C of the embankment should use the largest and best quality rock available. Large slabby rocks should not be placed in this fill because they tend to bridge, causing large voids that may result in excessive settlement should the rocks break. If possible, rock in zone C should be well graded.  

Optimally, zone B should be well graded from a maximum size of about 0.3 m and should have a high permeability after compaction. Zone A should be well graded from approximately about 75 mm down to 5 to 15 percent passing the No.100 sieve.  If a base course is not necessary, the gradation of zone A depends on the type of facing used and its method of construction. If a base course is not used, zone-A material should provide a smooth uniform bearing surface for the facing, yet be graded to retard large water loss should the facing crack.

The base course material should be well-graded, with a maximum size of 37.5 mm, 5 to 15 percent passing the No. 100 sieve, and 5 percent or less passing the No. 200 sieve

In general, material in zones-B and C should grade from fine rock upstream to coarse rock downstream, with the largest and strongest material placed in the lower downstream portions of zone-C.

For central earth-core rockfill dams, the larger and stronger rock should be placed in the outer rockfill zones. This rock should grade from fine rock next to the filter to coarse rock near the downstream slope.
[bookmark: _Toc523818502][bookmark: _Toc523819722][bookmark: _Toc523822099][bookmark: _Toc523822298][bookmark: _Toc531645223]Crest details
Crest width should be determined by the type of membrane used and by its operational requirements after construction. The crest should, however, be wide enough to accommodate construction of the upstream membrane; a minimum width of 4.5 m for large dams and not less than 3 m for low dams is recommended. 

Because concrete facings provide little resistance to wave run-up, increased freeboard is required to prevent wave run-up and over-splash. Coping or parapet walls may be used to reduce the height of embankment required (to reduce the volume of rockfill) for freeboard purposes. These walls should be constructed as integral continuations of the concrete face and reinforced accordingly. The coping (parapet wall) is constructed after the face slab, giving a relatively wide platform on which to work while the face slab is under construction.

When coping walls are used for run-up and over-splash protection, freeboard requirements of the embankment can be less than those for an earthfill dam. The design top of the rockfill should be above the maximum water surface. 

Parapet walls should also be used with asphaltic-concrete facings in lieu of increasing the height of the dam to retard wave run-up and over-splash. Galvanized corrugated metal has been used for a number of Small Embankment Dam and appears to be performing well. Generally, parapet wall heights of about 3m have been used successfully.
[bookmark: _Toc523818503][bookmark: _Toc523819723][bookmark: _Toc523822100][bookmark: _Toc523822299][bookmark: _Toc531645224]Materials for rockfill dams
A great variety of rock types have been used in the construction of rockfill dams. The types of rock have ranged from hard, durable, granite and quartzite to weaker materials, such as graywacke sandstone and slaty shale. The rock to be used in rockfill dams should be sound and should not be liable to disintegration by weathering, nor should it split or crush under the loads to which it will be subjected. The rock should also be free of unstable minerals that would weather mechanically or chemically, causing the rock to disintegrate.

The most satisfactory rock types are likely to be massive igneous or metamorphic rocks, albeit their weathering resistance has to be checked. Rocks which will split into flat pieces on blasting are undesirable. Sedimentary rocks such as sandstones and limestones have also been successfully used. In general, granites, diorites, gneisses, basalts, dense sandstones and limestones, dolomitic quartzites and massive schists are likely to prove satisfactory. River-bed deposits of boulder gravel have been used on several high dams. 

Shales, slates, laminated schists and porous or chalky limestones are likely to be unsatisfactory. The use of relatively soft rock is not, however, entirely ruled out. Siltstones, schists and argillites have been used on several dams of medium heights.

If, after wetting, a blasted rockfill is strong enough to support construction trucks or dumpers and a 10-tonne vibratory roller, it may be considered suitable for use in compacted rockfill. If the rock breaks down and does not remain free-draining after compaction, it is necessary to provide zones of hard, pervious rockfill for internal drainage. 

The grading specification on any dam project will depend on the nature of the rock. For hard rock portion, quarry-run rock is suggested. The maximum size shall be that which can be incorporated in the layer, and provides a relatively smooth surface for compaction; not more than 50% shall pass a 2.5 cm sieve, and not more than 6% shall be clay-size fines. Within these limits the rock should be well graded.

In general quarry-run rock is satisfactory without artificial re-grading. The maximum limit of fines has to be specified to ensure direct contact between larger rock fragments and free-draining characteristics of the fill.

Dumped fill is now rarely used and, if at all, is placed near the downstream slope. In current practice for compacted rockfill, the maximum size is limited by layer thickness. Dumped rock fills constructed by massive lift thickness placement generally had no limit on the maximum rock fragment size. The largest rock fragment in rock dumps is the largest rock size that the available construction equipment could move and dump in the fill.

Optimum rockfill loose lift thicknesses are generally about 0.5 to 0.8 m with maximum rock sizes limited to two thirds of the lift thickness. Larger rock sizes can be incorporated into the fill provided the rock does not protrude above the fill surface to hinder compaction. Lifts approaching or exceeding 1 m are generally beyond the effective compaction limit of conventional 10 to 20 ton vibratory steel drum rollers commonly used on modern day rockfills.
[bookmark: _Toc523818504][bookmark: _Toc523819724][bookmark: _Toc523822101][bookmark: _Toc523822300][bookmark: _Toc531645225]Testing of rockfill material
Large-size triaxial shear machines as well as direct shear apparatus have been used for this purpose. From the design point of view, the important feature is that the shear strength decrease appreciably with increased confining stress. The fall in strength is related to particle breakage and will be less for rock of high intrinsic compressive strength and for well-graded material. The angle of internal friction of most rockfills lies between 35 and 45°.
[bookmark: _Toc523818505][bookmark: _Toc523819725][bookmark: _Toc523822102][bookmark: _Toc523822301][bookmark: _Toc531645226]Rockfill placement
Limiting settlement is critical in the construction of rockfill dams because excessive settlement may rupture the upstream membrane or cause joint separation with subsequent water loss. Experience has shown that rock material placed in thin layers and compacted by vibratory rollers forms a more stable mass in which settlement is minimal. 

For decked rockfill dams, the embankment should preferably be completed before construction of the upstream membrane begins. This reduces the probability of serious membrane cracking by allowing initial settlement to occur.

Settlement of rockfill material has also been correlated with the application of water; it has been shown that rockfill material placed dry and subsequently wetted may settle appreciably. 

For central earth-core rockfill dams, such as that shown on Figure 3-32 the upstream and downstream rockfills should be compacted in less than 2 m lifts, often 1 m or less by vibratory compactors to provide the most stable section possible. The fill should be thoroughly wetted to facilitate compaction. Compaction effort has negligible impact on layers of larger thickness. 

In a number of dams, the rockfill is zoned. Zoning may be done for one or more of the following reasons:
Design factors such as permeability, transition requirements and permissible settlements.
Effective utilization of different qualities of available rock.
Effective utilization of different gradings of rock material, available in natural deposits or obtained by blasting.
Adequate compaction compatible with economy.
When zoning is done, a smaller layer thickness and better compaction will be specified closer to the impervious membrane or core. Towards the downstream slope requirements are less rigid and larger layer thickness or less compaction or both may be used.

Watering during fill placement to the extent of about 20% of volume of rock is beneficial for any quality of rock, but is especially desirable for types of rocks that lose strength on saturation. If due to environmental or other reasons, the use of adequate water is not possible, weak rock may be placed in thinner layers of 0.6 m or less and compaction coverage increased to six passes instead of the usual four, to achieve satisfactory density. Strength and low compressibility of rockfill composed of weaker rocks are attained by high density, whereas for hard rock density may be lower and its strength derived from tight interlocking of competent rocks.
[bookmark: _Toc523818506][bookmark: _Toc523819726][bookmark: _Toc523822103][bookmark: _Toc523822302][bookmark: _Toc531645227]Seismic design 
It is the general opinion of many dam designers that large downstream zones of quarried rock compacted in thin lifts provide maximum stability against seismic shaking and maximum resistance to the flow of large quantities of water through the section if cracking occur. Thus, it is recommended that where seismic activity is expected, decked or membrane-type rockfill dams containing large downstream zones of compacted rockfill be used. The rockfill should, preferably, be well-graded, angular rock fragments of high strength and durability. To accommodate the larger downstream zones, it is recommended that where questionable earthquake conditions are encountered, the downstream slope of the decked rockfill be flattened to 1:1.7 in all cases. The upstream slope of the embankment should also be flattened if additional conservative design measures are warranted.

The foundation of the dam should, preferably, be firm rock; however, free-draining foundations (cobbles, boulders, rock fragments, etc.) may be used if their unit weight is similar to that of the rockfill material. Trench-type foundation cut-offs are also recommended. In addition, it may be desirable to provide a thicker zone A beneath the membrane, to require better quality rock for zone B, and to reduce the lift thickness to a maximum of 1 m within zone C. Still another precaution would be using a thicker membrane on the upstream slope and, in the case of a concrete membrane, placing reinforcing in each face.

Stability analysis of a rockfill dam is similar to that of an earth dam in many respects. Because of relatively large size of fragments in a rockfill dam, it is not practicable to conduct laboratory tests for the determination of its engineering properties such as Φ. Generally, the shear strength of the rockfill is estimated from the angle of repose. The stability analysis is conducted by using conventional methods, such as the Swedish-circle method, the wedge method, etc. A number of modifications have, however, been made in these methods to make them more suitable for the rockfill dams.
[bookmark: _Toc523818507][bookmark: _Toc523819727][bookmark: _Toc523822104][bookmark: _Toc523822303][bookmark: _Toc531645228]deformation of rockfill dams
During construction of such embankment dam, internal deformations take place due to changes in total stresses and pore pressures and due to creep. The deformations are influenced by foundation deformations and load transfer between different zones of the dam. After the dam is completed significant movements of the crest may take place during the first filling of the reservoir. Thereafter, the rate of movement generally diminishes with time though time-dependent creep may continue at a slow rate for several years. The movements may be resolved into three directional components:
Vertical (settlement);
Horizontal in the upstream-downstream direction normal to the dam axis;
Horizontal in the cross-valley direction, parallel to the dam axis.
[bookmark: _Toc523818508]

Significance of deformations
Monitoring of deformations is important for the safety of the dam. Failures, except those resulting from unforeseeable catastrophic events such as earthquakes or overtopping, generally give advance warning signals such as increased rate of deformation, strain discontinuities, cracking, and leakage or pore pressure build-up. Excessive deformation leading to cracking of the earth core may result in failure while in the case of a membrane-type dam, cracking of the membrane may require expensive repairs.
[bookmark: _Toc523818509]Settlements
Sound, hard, well-graded rock compacted in layers of relatively small thickness is least susceptible to settlement. If raising of the dam is not done too rapidly, the greater proportion of settlement will take place during construction.

Sluicing during construction was found to be an important factor in reducing settlements.
To limit settlements: 
gradation of rockfill be controlled, 
rockfill be placed in as thin layers as possible, say 0.50 m in thickness, 
compaction be done by three passes of a 10-tonne or heavier vibrating roller and 
be wetted before and during compaction using 40% water by volume. 
The construction level of the crest has to be adjusted above the design level to allow for anticipated settlements.
[bookmark: _Toc523818510]Horizontal deformations 
Cross-valley movements from the abutments towards the deepest portion of the valley occur under self-load of the dam.

The cross-valley movement results in tensile strains close to the abutments and compressive strains in the central portion of the fill. These may reduce the contact pressures of earth cores on abutments, resulting in risk of hydraulic fracturing for earth core dams.
[bookmark: _Toc523818511]Deformations in upstream-downstream direction, normal to axis of a dam 
These are mainly caused by the first filling of the reservoir. For dams with upstream face membranes the water pressure is applied on the upstream face, which results in additional vertical settlements and downstream movement of the crest.

Generally, poorly sluiced and not well-compacted rockfills are observed to have higher long term deformations than well-sluiced and compacted layers. Hence, both horizontal and upstream-downstream deformations can be minimized by use of sound rock, applying water (sluicing) and compacting in thin layers. 
[bookmark: _Toc429150554][bookmark: _Toc523818512][bookmark: _Toc523819728][bookmark: _Toc523822105][bookmark: _Toc523822304][bookmark: _Toc531645229]filters and drains
Filters and drains are mechanisms designed to control seepage at the foot of a dam. The aim of all seepage ‘filter’ drains is to lower the phreatic surface (the ‘seepage line’) within the embankment to prevent water from emerging from the downstream slope where erosive and absorptive flows could cause slumping of the material and endanger the whole structure.
Trenches dug into the subsoil beneath the downstream face and toe, at the time of construction, and filled with rock and gravel (the latter helping to limit the movement of finer embankment material into the drains) and continued to a collector drain network at least 3-5 m below the toe line, can safely bring seepage lines down to allow flow out from beneath the embankment.

Filter design for the drainage layers and internal zoning of a dam is a critical part of the embankment design. It is essential that the individual particles in the foundation and embankment are held in place and do not move as a result of seepage forces. This is accomplished by ensuring that the zones of material meet “filter criteria” with respect to adjacent materials. In a zoned embankment dam the coarseness between the fine and coarse zones may be such that an intermediate or transition section is required. Drainage layers should also meet these criteria to ensure free passage of water. All drainage or pervious zones should be well compacted. Where a large carrying capacity is required, a multilayer drain should be provided. Geotextiles (filter fabrics) should not be used in or on embankment dams.
[bookmark: _Toc523818513][bookmark: _Toc523819729][bookmark: _Toc523822106][bookmark: _Toc523822305][bookmark: _Toc531645230]transition filter design
Transition filters are required between impervious zones of fine grained soils and pervious zones or drains of coarse material to prevent migration of soil grains from the former to the later. Following successive sections show steps for such filter design.
[bookmark: _Toc523818514][bookmark: _Toc523819730][bookmark: _Toc523822107][bookmark: _Toc523822306][bookmark: _Toc531645231]Gradation design of sand and gravel filters
As per National Engineering Handbook, (USDA, NRCS), criteria for determining the grain size distribution (gradation) of sand and gravel filters needed to prevent internal erosion or piping of soil in embankments or foundations of hydraulic structures are presented in detail.
[bookmark: _Toc523818515][bookmark: _Toc523819731][bookmark: _Toc523822108][bookmark: _Toc523822307][bookmark: _Toc531645232]Basic purpose of filters and drains
Filters are placed in embankment zones, foundations, or other areas of hydraulic structures for two purposes:
To intercept water flowing through cracks or openings in a base soil and block the movement of eroding soil particles into the filter. Soil particles are caught at the filter face, reducing the flow of water through cracks or openings and preventing further erosion and enlargement of the cracks or openings.
To intercept water flowing through the pores of the base soil, allowing passage of the water while preventing movement of base soil particles. Without filters, piping of susceptible base soils can occur when seepage gradients or pressures are high enough to produce erosive discharge velocities in the base soil. The filter zone is generally placed upstream of the discharge point where sufficient confinement prevents uplift or blow-out of the filter.
[bookmark: _Toc523818516][bookmark: _Toc523819732][bookmark: _Toc523822109][bookmark: _Toc523822308]

[bookmark: _Toc531645233]Determining filter gradation limits
The upper and lower limits of filter gradations are determined using the following steps:

Step 1: Plot the gradation curve (grain-size distribution) of the base soil material. Use enough samples to define the range of grain sizes for the base soil or soils. Design the filter using the base soil that requires the smallest D15 size for filtering purposes. Base the design for drainage purposes on the base soil that has the largest D15 size. 

Step 2: Proceed to step 4 if the base soil contains no gravel (material larger than No. 4 sieve). 
Step 3: Prepare adjusted gradation curves for base soils that have particles larger than the No. 4 (4.75 mm) sieve. Obtain a correction factor by dividing 100 by the percent passing the No. 4 (4.75 mm) sieve. Multiply the percentage passing each sieve size of the base soil smaller than No. 4 (4.75 mm) sieve by the correction factor determined above. Plot these adjusted percentages to obtain a new gradation curve. Use the adjusted curve to determine the percentage passing the No. 200 (0.075 mm) sieve in step 4. 

Step 4: Place the base soil in a category determined by the percent passing the No. 200 (0.075 mm) sieve from the re-graded gradation curve data according to table 3–16.

Step 5: To satisfy filtration requirements, determine the maximum allowable D15 size for the filter in accordance with the table 3–17. If desired, the maximum D15 may be adjusted for certain non-critical uses of filters where significant hydraulic gradients are not predicted, such as bedding beneath riprap and concrete slabs. For fine clay base soil that has d85 sizes between 0.03 and 0.1 mm, a maximum D15 of ≤0.5 mm is still conservative. For fine-grained silt that has low sand content, plotting below the "A" line, a maximum D15 of 0.3 mm may be used. 

Step 6: If permeability is a requirement, determine the minimum allowable D15 in accordance with table 3–18. Note: The permeability requirement is determined from the d15 size of the base soil gradation before regarding. 

Step 7: The width of the allowable filter design band must be kept relatively narrow to prevent the use of possibly gap-graded filters. Adjust the maximum and minimum D15 sizes for the filter band determined in steps 5 and 6 so that the ratio is 5 or less at any given percentage passing of 60 or less. Criteria are summarized in table 3-19. 

[bookmark: _Toc531645344]Table 314: Regarded gradation curve data
	Base soil category
	%finer than No 200 sieve (0.75mm after regarding where applicable)
	Base soil description 

	1
	>85
	Fine silt and clays

	2
	40-85
	Sands, Silts, clays and silty and clayey sands

	3
	15-39
	Silty and clayey sands gravel

	4
	<15
	Sands and gravel





[bookmark: _Toc531645345]Table 315: Filtering criteria and maximum D15
	Base soil category
	Filtering criteria

	1
	 9*d85 but not less than 0.2mm

	2
	 7 mm

	3
	

 A=%Passing #200 sieve after regarding

	4
	If 4*d85 is less than 0.7mm, use 0.7mm
If  4*d85 of base soil after regarding



[bookmark: _Toc531645346]Table 316: Permeability Design Criteria
	Base soil category
	Minimum D15

	All categories
	 4*d15 of the base soil before regarding but not less than 0.1mm



[bookmark: _Toc531645347]Table 317: Other Filter Design Criteria
	Design Element 
	Criteria

	To prevent gap-graded filters
	The width of the designed filter band should be such that the ratio of the maximum diameter to the minimum diameter at any given percent passing value  60% is  5 

	Filtered band limits
	Coarse and fine limits of a filter band should each have a coefficient of uniformity of 6 or less.



This step is required to avoid the use of gap-graded filters. The use of a broad range of particle sizes to specify a filter gradation could result in allowing the use of gap-graded (skip-graded) materials. These materials have a grain size distribution curve with sharp breaks or other undesirable characteristics. Materials that have a broad range of particle sizes may also be susceptible to segregation during placement. The requirements of step 9 should prevent segregation, but other steps are needed to eliminate the use of any gap-graded filters. 

Gap-graded materials generally can be recognized by simply looking at their grain size distribution curve. However, for specification purposes, more precise controls are needed. In designing an acceptable filter band using the preliminary control points obtained in steps 1 through 6, the following additional requirements should be followed to decrease the probability of using a gap-graded filter. 

First, calculate the ratio of the maximum D15 to the minimum D15 sizes determined in steps 5 and 6. If this ratio is greater than 5, adjust the values of these control points so that the ratio of the maximum D15 to the minimum D15 is no greater than 5. If the ratio is 5 or less, no adjustments are necessary.  Label the maximum D15 size as Control point 1 and the minimum D15 size as Control point 2. Proceed to step 8. The decision on where to locate the final D15 sizes within the range established with previous criteria should be based on one of the following considerations:

1. Locate the design filter band at the maximum D15 side of the range if the filter will be required to transmit large quantities of water (serve as a drain as well as a filter). With the maximum D15 size as the control point, establish a new minimum D15 size by dividing the maximum D15 size by 5, and locate a new minimum D15 size. Label the maximum D15 size Control point 1 and the minimum D15 size Control point 2. 

2. Locate the band at the minimum D15 side of the range if it is probable there are finer base materials than those sampled and filtering is the most important function of the zone. With the minimum D15 size as the control point, establish a new maximum D15 size by multiplying the minimum D15 size by 5, and locate a new maximum D15 size. Label the maximum D15 size Control point 1 and the minimum D15 size Control point 2. 

3. The most important consideration may be to locate the maximum and minimum D15 sizes, within the acceptable range of sizes determined in steps 5 and 6, so that a standard gradation available from a commercial source or other gradations from a natural source near the site would fall within the limits. Locate a new maximum D15 and minimum D15 within the permissible range to coincide with the readily available material. Ensure that the ratio of these sizes is 5 or less. Label the maximum D15 size Control point 1 and the minimum D15 size Control point 2.

Step 8: The designed filter band must not have an extremely broad range of particle sizes to prevent the use of possibly gap-graded filters. Adjust the limits of the design filter band so that the coarse and fine sides have a coefficient of uniformity of 6 or less. The width of the filter band should be such that the ratio of maximum to minimum diameters is less than or equal to 5 for all percent passing values of 60 or less. 

Other filter design criteria in step 8: To prevent gap-graded filters, both sides of the design filter band will have a coefficient of uniformity, defined as follow:

 …………………………………………………………………..……… (3-26)
Initial design filter bands by this step will have CU values of 6. For final design, filter bands may be adjusted to a steeper configuration, with CU values less than 6, if needed. This is acceptable so long as other filter and permeability criteria are satisfied. 

Calculate a maximum D10 value equal to the maximum D15 size divided by 1.2. (This factor of 1.2 is based on the assumption that the slope of the line connecting D15 and D10 should be on a coefficient of uniformity of about 6.) Calculate the maximum permissible D60 size by multiplying the maximum D10 value by 6. Label this Control point 3. 

Determine the minimum allowable D60 size for the fine side of the band by dividing the determined maximum D60 size by 5. Label this Control point 4.

Step 9: Determine the minimum D5 and maximum D100 sizes of the filter according to table 3–20. Label as Control points 5 and 6, respectively.

[bookmark: _Toc531645348] Table 318: Maximum Permissible Particle Size Criteria
	Base soil category
	Maximum D100
	Minimum D5* mm

	All categories
	 3 inches (75mm)
	0.075mm (#200 sieve)




The minus No. 40 (0.425mm) material for all filters must be non-plastic as determined in accordance with ASTM D4318.
Step 10: To minimize segregation during construction, the relationship between the maximum D90 and the minimum D10 of the filter is important. Calculate a preliminary minimum D10 size by dividing the minimum D15 size by 1.2. (This factor of 1.2 is based on the assumption that the slope of the line connecting D15 and D10 should be on a coefficient of uniformity of about 6.) Determine the maximum D90 using table 3–21. Label this as Control point 7. Sand filters that have a D90 less than about 20 mm generally do not require special adjustments for the broadness of the filter band. For coarser filters and gravel zones that serve both as filters and drains, the ratio of D90/D10 should decrease rapidly with increasing D10 sizes.

Step 11: Connect Control points 4, 2, and 5 to form a partial design for the fine side of the filter band. Connect Control points 6, 7, 3, and 1 to form a design for the coarse side of the filter band. This results in a preliminary design for a filter band. Complete the design by extrapolating the coarse and fine curves to the 100 percent finer value. For purposes of writing specifications, select appropriate sieves and corresponding percent finer values that best reconstruct the design band and tabulate the values.

Step 12: Design filters adjacent to perforated pipe to have a D85 size no smaller than shown in table 3-21. For critical structure drains where rapid gradient reversal (surging) is probable, it is recommended that the D15 size of the material surrounding the pipe be no smaller than the perforation size.

Additional design considerations: Note that these steps provide a filter band design that is as well graded as possible and still meets criteria. This generally provides the most desirable filter characteristics. However, in some cases a more poorly graded filter band may be preferable; for example, if more readily available standard gradations are needed or where onsite filters are used for economy. The design filter band obtained in steps 1 through 12 may be adjusted to a steeper configuration in such cases. The width of the filter band should be maintained so that the ratio of the maximum diameters to the minimum diameters at a given percent finer is no greater than 5 below the 60 percent finer value. Only the portion of the design filter band above the previously established minimum and maximum D15 sizes should be adjusted. The design band may be adjusted so that the coefficients of uniformity of both the coarse and fine sides of the design band are less than 6, but not less than 2, to prevent use of very poorly graded filters.

[bookmark: _Toc531645349]Table 319: Segregation criteria and filters used adjacent to perforated collector pipe
	Base soil category
	If D10 is: (mm)
	Then max D90 (mm)
	
	criteria adjacent to perforated collector pipe

	All categories
	< 0.5
0.5-1.0
1.0-2.0
2.0-5.0
5.0-10
>10
	20
25
30
40
50
60
	
	Noncritical drains where surging or gradient reversal is not anticipated

Critical drains where surging or gradient reversal is anticipated
	The filter d85 must  the perforation size 
The filter d15 must  the perforation size



Note that the requirements for coefficient of uniformity apply only to the coarse and fine limits of the design filter band. It is possible that an individual, acceptable filter whose gradation plots completely within the specified limits could have a coefficient of uniformity greater than 6 and still be perfectly acceptable. The design steps of this procedure will prevent acceptance of gap graded filters, which is the main concern associated with filters having a high coefficient of uniformity, and it is not necessary to closely examine the coefficient of uniformity of a particular filter as long as it plots within the design filter band.

Box 3-4:
Worked Example-4: Step-by-step Design of Filters

Given: Fine clay base soil i.e. Category-1; the most important function of the filter being designed is to act as a filter. 

Step 1: Plot the gradation curve of the base soil material. Refer to figure below for the plotted grain size distribution curve for this example i.e. clay base soil, labeled Base soil. The plotted curve is from the following data:

[bookmark: _Toc531645350]Table 320: Base soil material data gradation curve
	Sieve size
	No 10
	No 200 
	0.05mm
	0.02mm
	0.005mm
	0.002mm

	% Passing
	100
	90
	80
	60
	40
	32



Step 2: Proceed to step 4 if base soil contains no gravel (material larger than the No. 4 sieve).
The example base soil has 100 percent finer than the No. 4 sieve, and the grain size distribution curve does not need to be re-graded. Proceed to step 4.

[image: ]
[bookmark: _Toc531645402]Figure 334: Grain size distribution curve for fine clay base soil

Step 3: Not applicable because the base soil contains no particles larger than the No. 4 sieve

Step 4: Place the base soil in a category determined by the percent passing the No. 200 (0.075 mm) sieve from the re-graded gradation curve data according to table 3–16.
The example soil has 90 percent finer than the No. 200 sieve. From table 3–16, the soil is in category 1.

Step 5: To satisfy filtration requirements, determine the maximum allowable D15 size for filter according to table 3–17. The filtering criterion for base soil category 1 is (table 3–17): The maximum D15 of the filter will be less than or equal to 9 times the d85 of the base soil, but not less than 0.2 mm. The d85 size of the base soil is 0.06 mm. Thus, the maximum D15 of filter is ≤ 9 x 0.06 = 0.54 mm (not < 0.2 mm). This is labeled as Maximum D15 in table 3-16.

Step 6: If permeability is a requirement, determine the minimum allowable D15 according to table 3–18. Note: The permeability requirement is determined from the d15 size of base soil gradation before re-grading. The permeability criterion for all categories of base soils is that the filter will have a minimum D15 of no less than 4 times the d15 of the base soil (before any re-grading of the base soil), but will not be less than 0.1 mm in any case. The example 1 base soil does not have a meaningful d15 size. The data show that the base soil has 32 percent finer than 0.002 mm, the smallest commonly determined particle size. Therefore, use the default value of 0.1 mm for the minimum D15 of the filter. This value is the preliminary value for minimum D15. Proceed to step 7 for any needed adjustments. 

Step 7: The width of the allowable filter design band must be kept relatively narrow to prevent the use of possibly gap-graded filters. Adjust the maximum and minimum D15 sizes for filter band determined in previous steps 5 and 6 so that the ratio is 5 or less, at any given percent passing of 60 or less. Adjustments may be required based on the following considerations. For example 1, the ratio of the maximum D15 to the minimum D15 sizes is equal to 0.54/0.1=5.4. Because the value is slightly greater than 5, a slight adjustment is needed in this step minimum D15 is the control because filtering is stated as the most important purpose. Label this as Control point 2. Determine an adjusted maximum D15 size for the final design filter band as equal to the minimum D15 size, 0.10 x 5 = 0.50 mm. This is the final Control point 1 labeled in figure 3-34. Go to step 8.

Step 8: The designed filter band must not have an extremely broad range of particle sizes to prevent using possibly gap-graded filters. Adjust the limits of the design filter band so that coarse and fine sides of the filter band have a coefficient of uniformity of 6 or less. Width of the filter band should be such that the ratio of maximum to minimum diameters is less than or equal to 5 for all percent passing values of 60 or less. For example 1, calculate a value for maximum D10 by dividing the maximum D15 size of 0.5 mm (determined in step 7) by 1.2 = 0.42 mm. Determine the value for the maximum D60 size by multiplying the value of D10 by 6 = 0.42 x 6 = 2.5 mm. Label this as Control point 3. Determine the minimum allowable D60 size for the fine side of the band by dividing the determined maximum D60 size by 5:

; Label this Control point 4. ……………………………………………….. (3-27)

Step 9: Determine the minimum D5 and maximum D100 sizes of the filter according to table 3–20. This table shows that filters must have a D5 greater than or equal to 0.075 mm, equal to the No. 200 sieve size. Label this value as Control point-5 in Figure 3-34. It also shows that filters must have a D100 of less than or equal to 3 inches. Label this value as Control point 6 in Figure 3-34
 
Step 10: To minimize segregation during construction, the relationship between the maximum D90 and the minimum D10 of the filter is important. Calculate a preliminary minimum D10 size by dividing the minimum D15 size by 1.2. Determine the maximum D90 using table 3-21. Label this as Control point 7. Calculate the minimum D10 size of the preliminary filter band as equal to the minimum D15 value of 0.1 mm (obtained in step 6) divided by 1.2:


. Table 3-21 lists maximum D90 sizes for filters for a range of D10 sizes. Because the D10 value is less than 0.5 mm, the maximum D90 size is 20 mm. Label this value as Control point 7 in Figure 3-34.

Step 11: Connect Control points 4, 2, and 5 to form a partial design for the fine side of the filter band. Connect Control points 6, 7, 3, and 1 to form a partial design for the coarse side of the filter band. Complete the design of the filter band by extrapolating the coarse and fine curves to the 100 percent finer value. For purposes of writing specifications, select appropriate sieves and corresponding percent finer values that best reconstruct the design band and tabulate values.
Refer to Figure 3-34 for an illustration of the complete filter design. Note that adjustments have been made in straight line portions of the design band to intercept even values for percent passing at standard sieve sizes and to prevent the use of very broadly graded filters. Final design specified gradation is shown in table 3-23.

Step 12: Design filters adjacent to perforated pipe to have a D85 size no smaller than perforation size. For critical structure drains where rapid gradient reversal (surging) is probable, it is recommended that the D15 size of the material surrounding the pipe be no smaller than perforation size. For this example, the filter will not be used around a perforated collector pipe, so step 12 is not applicable. Figure 3-34 Grain size distribution curve for fine clay base soil.

Filter thickness: If sufficient quantities of filter material are available at reasonable cost, it usually will be found economical to provide thicker layers than described above rather than to process material to meet the exact requirements for thin filter design. The thickness of the filter is determined by considering the quantity of seepage from the dam body but the minimum practical thickness of the horizontal filter is from 1.0m to 1.5m.

[bookmark: _Toc531645351]Table 321: Design Specification for Example of Soil in Table 3-22
	Sieve size
	1inch
	¾ inch
	No 4
	No 10
	No 20
	No 60
	No 140
	No 200

	%Passing
	100
	90-100
	70-100
	52-100
	30-75
	0-40
	0-15
	0-5



On top of this, as per Cedegren (1960), minimum filter thickness can be determined by using the following graph.

[image: ]
[bookmark: _Toc531645403]Figure 335: Graph for minimum filter thickness design

[bookmark: _Toc523818517][bookmark: _Toc523819733][bookmark: _Toc523822110][bookmark: _Toc523822309][bookmark: _Toc531645234]DESIGN OF SPILLWAYS
[bookmark: _Toc523818518][bookmark: _Toc523819734][bookmark: _Toc523822111][bookmark: _Toc523822310][bookmark: _Toc531645235]introduction
Spillways are hydraulic structures intended to bypass flood water which cannot be contained in the allotted storage space of reservoirs. 

Many failures of dams have been caused by:
Improperly designed  spillways
Spillways of insufficient capacity 
Malfunctions of spillway components
A reservoir will overflow if its capacity is less than the difference between the volumes of inflow and outflow. Hence, special precaution for embankment dams is necessary since any overtopping may lead to the dam failure. 

In embankment dams spillways can be located in a nearby valley in such a way that the dam body maintains its integrity, or instead of a surface spillway a shaft or tunnel spillway can be used. If such solution is found impractical, the spillway can be placed on a concrete structure incorporated with the earthfill or rockfill embankment structure.
[bookmark: _Toc523818519][bookmark: _Toc523819735][bookmark: _Toc523822112][bookmark: _Toc523822311][bookmark: _Toc531645236]primary functions of a spillway
For Storage and Detention Dams: To release the surplus water or flood water that cannot be contained in the allotted storage space.

For diversion Dams: To bypass flow exceeding those turned from the diversion systems.

Ordinarily, the excess is drawn from the top of the reservoir and conveyed through a constructed waterway back to the river or to some natural drainage channel. 
[bookmark: _Toc523818520][bookmark: _Toc523819736][bookmark: _Toc523822113][bookmark: _Toc523822312][bookmark: _Toc531645237]component parts of a spillway
A spillway generally has the following 5 components;
Approach channel / Entrance channel
Control structure
Discharge channel / conveyance features / waterways
Terminal Structures / Energy Dissipaters 
Exit channels
[image: ]
[bookmark: _Toc531645404]Figure 41: Components of a chute spillway

    Note: 1. River	2. Dam	3. Control structure
 4. Approach channel	5. Discharge channel	6. Terminal structure
[bookmark: _Toc523818521][bookmark: _Toc523819737][bookmark: _Toc523822114][bookmark: _Toc523822313][bookmark: _Toc531645238]Approach / entrance channel
It draws water from the reservoir and carries it to control structure;
It is required in those types of spillways in which the control structure is away from the reservoir, e.g. chute spillways;
They are not required for spillways which draw water directly from the reservoir.
[bookmark: _Toc523818522][bookmark: _Toc523819738][bookmark: _Toc523822115][bookmark: _Toc523822314][bookmark: _Toc531645239]Control structure
It is a control device which regulates the outflow from the reservoir;
It limits or prevents outflows below fixed reservoir levels;
It regulates releases when the reservoir rises above NPL or FRL;
There is definite relationship between discharge and head;
A control structure usually consists of Weir (sharp crested, broad crested, and ogee).
[bookmark: _Toc523818523][bookmark: _Toc523819739][bookmark: _Toc523822116][bookmark: _Toc523822315][bookmark: _Toc531645240]Discharge channel
This channel conveys water released through the control structure to the river downstream. The conveyance structure may be:
The downstream face of a concrete dam;
Open channel excavated along the ground surface;
Closed conduits placed through or under a dam;
Tunnels excavated through an embankment or natural terrain;
The conveyance channels may be rectangular, trapezoidal or circular in cross-sections; and of mild or steep slope depending where it is used.
[bookmark: _Toc523818524][bookmark: _Toc523819740][bookmark: _Toc523822117][bookmark: _Toc523822316][bookmark: _Toc531645241]Terminal structures (energy dissipaters)
 When spillways flow drop from the reservoir pool level to downstream river level the static head is converted to kinetic energy. The energy manifest itself in the form of high velocity which may cause;
 scour of the toe of the spillway and dam and other appurtenant structures;
scour the bed of the receiving river/gully;
 Terminal structures are provided at the downstream end to dissipate this excess energy.
[bookmark: _Toc523818525][bookmark: _Toc523819741][bookmark: _Toc523822118][bookmark: _Toc523822317][bookmark: _Toc531645242]Exit channels
 They are provided to convey the spillway discharge from the terminal structure to the river downstream.
An exit channel is not required for the spillway which discharges water directly into the river downstream.
 For spillways placed through abutments and saddles, exit channels are usually required.
[bookmark: _Toc523818526][bookmark: _Toc523819742][bookmark: _Toc523822119][bookmark: _Toc523822318][bookmark: _Toc531645243]location of spillways
Spillways should be located so that spillway discharge will not undermine the toe of the dam. They may be located either in the middle or at the edges. Therefore;
Place the spillways in the main gorge so that the flood flows will be confined within the banks of the river.
Locate and align the spillways so that the main direction of the flow in the downstream is maintained and unchanged.
If a suitable saddle can be found, they may be located away from the dam.
[bookmark: _Toc523818527][bookmark: _Toc523819743][bookmark: _Toc523822120][bookmark: _Toc523822319][bookmark: _Toc531645244]considerations in spillway design
In designing a spillway, the following factors have to be given due considerations
It must have adequate capacity.
It must be hydraulically and structurally safe.
Its surface should be erosion resistant.
It must be located so that its discharge will not erode or undermine the downstream toe of the dam.
Its capacity should not exceed that of the receiving river
[bookmark: _Toc523818528][bookmark: _Toc523819744][bookmark: _Toc523822121][bookmark: _Toc523822320][bookmark: _Toc531645245]types of spillways
Spillways are classified according to their most prominent features either as it pertains to the discharge carrier or some other components. They are also referred to as controlled or uncontrolled depending on whether they are gated or ungated. Spillways can be of the following major types;
Chute spillways;
Overflow or Ogee spillways; 
Free over-fall or straight drop spillways;
Side channel spillways;
Siphon spillways;
Shaft spillways;
Labyrinth Spillways 
 Baffled Chute Spillways 
 Cascade Spillways
For small embankment dams, the most appropriate types from the above are chute, ogee and side channel spillways. However, ogee crest is the most efficient control structure for discharging flow over spillways. Therefore, ogee, side channel and chute spillways are considered here in the guideline.
[bookmark: _Toc523818529][bookmark: _Toc523819745][bookmark: _Toc523822122][bookmark: _Toc523822321][bookmark: _Toc531645246]Ogee (overflow) spillway
It has an ogee or S-shaped control structure. The shape is made to conform to the profile of the lower surface of nappe of a ventilated jet issuing from a sharp crested weir when the head over the weir is the design head (Figure 4.2). The nappe shaped profile is ideal. At design head the water flowing over the crest remains in contact with the surface of the spillway. The pressure at the spillway surface will be atmospheric for the design head.

[image: Picture22.jpg]
[bookmark: _Toc531645405]Figure 42: Sharp crested weir and ogee profile

The complete shape of the lower nappe, which is also the spillway crest surface, is described by separating it into two quadrants upstream and downstream from the high point (apex) of the lower nappe. The apex is normally defined as the crest axis (origin of coordinates), See Fig. 4.3.
[image: Picture23.jpg]
[bookmark: _Toc531645406]Figure 43: Ogee crest profile

[bookmark: _Toc523818530]Downstream profile 
The downstream profile of an ogee crest is defined by the following equation.
		 ……………………………………………………………….. (4-1)
Where, 
x and y are the coordinates of the point on the spillway surface, with the origin at the apex (see Fig 4.3). 
 Hd is the design head, excluding the head due to the velocity of approach, 
k and n are constants, which depend upon the inclination of the upstream face of  the spillway (See table 4.1).
[bookmark: _Toc531645352]Table 41: Downstream profile of an ogee crest
	U/s  Slope
	K
	n

	Vertical 
	2
	1.85

	1:3 (H:V) 
	1.936
	1.836

	2:3 (H:V)
	1.936
	1.81

	3:3 (H:V)
	1.873
	1.776



In the design of the ogee profile, the curved profile of the crest section is continued till it meets tangentially the straight sloping surface of the downstream face of the overflow section.

Upstream profile: The upstream profile is defined as a compound circular arc. It should be tangent to the upstream face and should have a zero slope at the crest (Fig. 4.4).
[image: F:\AGP Guideline\MOALR-SSIGL Final-Ver-6\SSIGL-12 Small Embankment Dam Ver-5\ogee-spillway new.jpg]
[bookmark: _Toc531645407]Figure 44: Upstream profile of ogee crest


[bookmark: _Toc531645353]Table 42: Definition of terms in figure 4.4 for upstream profile
	U/s  Slope 
	a/Hd 
	b/Hd 
	R1/Hd 
	R2/Hd 

	Vertical 
	0.175
	0.282
	0.5
	0.2

	1:3 (H:V) 
	0.139
	0.237
	0.68
	0.21

	2:3 (H:V)
	0.115
	0.214
	0.48
	0.27

	3:3 (H:V)
	0
	0.199
	0.45
	 



[bookmark: _Toc523818531]

Discharge over the ogee crest 
The discharge over the spillway crest is given by the equation below.
	 ……………………………………………………………………….. (4-2)
Where,
Co is coefficient of discharge, 
Le is effective crest length, 
Hd is the total head on the   crest 

	Hd = H + Ha ………………………………………………………………………….. (4-3)
		
Where, H is the water depth at crest and Ha is the head due to the velocity of approach 
[bookmark: _Toc523818532]Coefficient of discharge Co 
Ogee spillway has a relatively high value of the coefficient of discharge (Co) because of its shape. 
The maximum value of Co is about 2.20, if no negative pressure occurs on the crest. 
However, the value of Co is not constant. 
It depends upon the shape of the ogee profile, and also upon the following factors:
Depth of approach/ Height of spillway crest above the stream bed
Ratio of actual total head to the design total head.
Slope of the upstream face of spillway
Extent of the downstream submergence of crest
[bookmark: _Toc523818533]Depth of approach / height of spillway (P) above stream bed 
The velocity of approach depends up on the height of the spillway (P). 
As the height (P) increase, the velocity of approach decreases but the coefficient of discharge Co increases as given by the following equation. 

               ………………………………………………….. (4-4)
[image: ]
[bookmark: _Toc531645408]Figure 45: Variation of Co with the ratio (P/Hd)
For (P) up to about 2Hd, Co increases markedly. However, Co remains almost constant at 2.2 with further increase in P. 
P/Hd < 1, low ogee weir
P/Hd > 1, high ogee weir
For P ≥ 1.33 Hd, the head due to velocity of approach (Ha ) is negligible.
[bookmark: _Toc523818534]Actual Head (HO) different from Design Head (Hd)
When an ogee crest that is designed for a given design head (Hd) is operated under a different head (Ho), the discharge over the crest vary from the design discharge as given by Fig. 4.6.
[image: ]
[bookmark: _Toc531645409]Figure 46: Variation of C0 with head

[bookmark: _Toc523818535]Slope of the upstream face of spillway 
Fig 4.7 shows the variation of (Cinclined / Cvertical) with the ratio (P/Hd) for three different slopes of the upstream face. 
For low ogee weirs, the discharge coefficient increases with increase in upstream slope/flatter slope. 
For high weirs, the discharge coefficient decreases with increase in upstream slope. 
For small ratios of P/Hd, the actual coefficient Cinclined is slightly more than the coefficient Cvertical for the vertical face. 
As the ratio (P/Hd) increases, the ratio (Cinclined / Cvertical) decreases.
[image: ]
[bookmark: _Toc531645410]Figure 47: Variation of Co with slope of upstream face
[bookmark: _Toc523818536]Extent of the downstream submergence of crest 
The coefficient of discharge decreases due to downstream submergence. Figure 4.8 shows the variation of Csubmerged / Co, with the degree of submergence hd/He.
[image: ]
[bookmark: _Toc531645411]Figure 48: Variation of Co with downstream submergence
[bookmark: _Toc523818537]Effective length of crest, Le
Piers and abutments cause side contractions of the overflow.  Under such conditions, the effective length, Le, is less than the net length of the crest. The effect of the end contraction may be taken into account by reducing the net crest length as follows:
[image: ]……………………………………………………... (4-5)
Where, 
Le is the effective length of crest, L’ is the net (clear) length of crest, which is equal to the sum of the clear spans of the gate bays between piers, Hd is the actual total head of flow on crest, N is the number of piers, Kp is the pier contraction coefficient, and Ka is the abutment contraction coefficient.
The pier contraction coefficient, Kp, is affected by the shape of the pier nose, the thickness of the pier, the design head, and the approach velocity (Table 4.3).

[bookmark: _Toc531645354]    Table 43: Pier contraction coefficient
	Pier condition
	Kp 

	Square nosed pier 
	0.02

	Rounded nosed piers
	0.01

	Pointed nose piers
	0



The abutment contraction coefficient, Ka, is affected by the shape of the abutment, the angle between the upstream approach wall, the axis of flow, and the head in relation to the design head, and the approach velocity (Table 4.4). 

[bookmark: _Toc531645355]      Table 44: Abutment contraction coefficient
	Abutment condition 
	Ka 

	Square abutments at 90o 
	0.2 

	Rounded abutments at 90o 
	0.1 

	Rounded abutments at 45o 
	0



Box 4-1:
Worked Example-5: Design an ogee spillway crest profile with the following given data:
Height of spillway crest above river bed = 10 m
Design discharge/design flood = 75 m3/s
Number of spans = 3
Clear distance between piers = 3 m
Thickness of square-nosed piers = 1.2m
Abutments: square nosed
Sloping d/s face of the overflow section = 0.8 H: 1V
u/s face of the spillway is vertical
Discharge coefficient, C = 2.2
Solution:
In order to design the profile of the crest, the head on the crest need to be known. Thus, 

a) Design Head, Hd
Net length of crest, L’ = 3 x 3 = 9 m
First assume that L = L’
  →  → 


Check L:
For square-nosed pier, kp = 0.02; for square-nosed abutment, ka = 0.2
Therefore, 
Recalculate He,

Check L:

Recalculate He,
 →Take He = 2.70 m
Check L:

Recalculate He,
 →Take He = 2.70 m
Further calculation leads to the convergence of He to He = 2.70 m. Hence, total head over the crest, He = 2.70 m.
He = Hd + Ha, where Ha = head due to velocity of approach.
Calculate velocity of approach;
Va = Q/A, where A = area of flow u/s of the spillway = (3x3 + 2x1.2) x (2.7 + 10) = 144.8 m2
Va = 75/144.8 = 0.518 m/s
Hence,   (which is very small and can be neglected)
Therefore, Hd = He = 2.70 m

b) Ogee crest downstream profile
 ;
For a spillway with vertical u/s face, k = 2.0, and n = 1.85
Hence,  →  →Y = 0.215 X1.85
To determine the location where the d/s profile meets the straight slope tangentially;
Tangent of the equation at that point = slope of the d/s face
 →X = 3.846 m
The coordinates of the downstream ogee crest is given as;
	X (m)
	0.00
	0.50
	1.00
	1.50
	2.00
	2.50
	3.00
	3.846

	Y (m)
	0.00
	0.060
	0.215
	0.455
	0.775
	1.171
	1.641
	2.598


[image: ]PT

[bookmark: _Toc500351454]
[bookmark: _Toc531645412]Figure 49: Computed downstream crest profile
c) Upstream profile
For u/s vertical face, from table
a/Hd = 0.175 → a = 0.175Hd = 0.473 m
b/Hd = 0.282 → b = 0.282Hd = 0.770 m
R1/Hd = 0.5 → R1 = 0.5 Hd = 1.350 m
R2/Hd = 0.2 → R2 = 0.2 Hd = 0.540 m

Then, locate the center of the curve O with radius R1 and draw the arc. Locate C on radius R1 and draw the arc to complete the u/s profile.
y
x
a
b
R1
R2
O
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[bookmark: _Toc531645413]Figure 410: Generated Upstream crest profile

[bookmark: _Toc523818538][bookmark: _Toc523819746][bookmark: _Toc523822123][bookmark: _Toc523822322][bookmark: _Toc531645247]Side channel spillway
The control structure, i.e., the control weir, is placed approximately parallel to the upper portion of the discharge channel.

Flow over the crest falls into a narrow trough opposite the crest, turns approximately at a right angle, and then continues into the main discharge channel (Fig. 4.11).
[image: ]
[bookmark: _Toc531645414]Figure 411: Side channel spillway section

Side channels are definitely not considered for dams with a large design flood due to the limited overflow head of say 3 m. A side channel spillway combines an overflow section with a channel parallel to it, which carries the spillway discharge away to a chute or a tunnel. 

The simplest form of analysis of side channel spillway is based on the law of conservation of linear momentum, assuming that the only force producing motion in the channel results from the fall of water surface in the direction of spillway axis. The energy of the flow falling down the crest is assumed to be dissipated through its intermingling with the channel flow and offers no assistance in moving the water. 

Side channel spillways consist of three parts;

 Low Ogee Weir(Ogee Crest Control Structure)
 Side Channel Trough and Control (Discharge Channel)
 Chute (Discharge Channel)
When P/Hd < 1, the weir is a low ogee weir. The design of the profile follows the same procedure as that of the high ogee discussed in previous section. Flow in a side-channel spillway is an example of a spatially varied non-uniform flow. It is best solved by the application of the momentum principle.
[bookmark: _Toc523818539]Design considerations for side channel trough
 Side channel trough bottom slope should be less than the critical slope;
Subcritical flow prevails in the channel: low velocity and large water depth;
 Low drop: the fall height from the water surface at the reservoir to the water surface in the trough is small,
 No transverse velocity:  Since the drop height is low, the incoming flow will not develop high transverse velocity before it meets the channel flow.  This facilitates good diffusion with the bulk of water in the trough.
[bookmark: _Toc523818540]Cross-section of side channels
 Trapezoidal cross-section is the most common,
 When the width to depth ratio (B/y) is large, shallow water depth in the channel, poor diffusion of the incoming water producing turbulence and vibration,
Small B/y ratio provide best hydraulic performance,
 The smallest B is set on the basis of ease of construction,
The side slopes are set on the basis of stability of the slopes 

Since side channels may experience turbulence and vibration, they require competent foundation / rock foundation. Downstream control is achieved by constriction or raising the channel bottom to produce critical flow at the control section.
[bookmark: _Toc523818541][bookmark: _Toc523819747][bookmark: _Toc523822124][bookmark: _Toc523822323][bookmark: _Toc531645248]Chute spillway
[bookmark: _Toc523818542]General
A spillway whose discharge is conveyed from the reservoir to the downstream river level through a steep open channel (chute), placed either along a dam abutment or through a saddle.

It is often used in conjunction with embankment dams. The spillway profile may follow the natural or excavated earth or rock formation to convey the water to the river downstream.
Factors influencing the selection of chute spillways are;
 The simplicity of their design and construction, 
 Their adaptability to almost any foundation condition, and 
The overall economy often obtained by the use of large amounts of spillway excavation in the dam embankment. 
The main design consideration in chute spillways would be to fix the longitudinal bed profile of the channel and its sectional dimensions. The energy of the flow has to be suitably dissipated at the outlet (or terminal structure) before the flow enters the downstream channel.
[bookmark: _Toc523818543]Components of a chute spillway
Chute spillways consist of an approach channel (either curved or straight in alignment), control Structure, chute (conveyance or discharge channel), terminal Structure and exit Channel (refer to Fig. 4.1). If necessary, the curvature in the flow is confined to the approach (entrance) channel, because there the velocity of approach is low. Where discharge channel is required to be curved, its floor is sometimes super elevated to guide high velocity flow around the bend, thus avoiding piling up of flow towards outside of the curve. 
[bookmark: _Toc523818544]Approach channel  
The approach channel is an artificial channel leading the flow from the reservoir to the spillway. The two main hydraulic considerations in the design of approach channel are: 
The length and layout of the channel should be such as to result in minimum loss of head. This will increase the spillway discharge for a given reservoir water level.
The flow approaching the spillway should be distributed as uniformly as possible. This is important since uneven flow over the spillway would create unsatisfactory flow conditions on the chute and in the energy dissipater.
Several layouts are possible depending upon the topography and other site conditions. 
The following guidelines may be used for preparing a preliminary layout for the approach channel.
The bed of the approach channel below spillway crest may be at least 1/5th the design head on the spillway,
The approach velocity for the design discharge may be generally not more than 3 m/s. Limit the Froude number of the flow Fr < 0.7; (i.e. subcritical flow).
A straight alignment of the approach channel would result in nearly uniform distribution of discharge over the spillway. 
To avoid huge excavations, curved layout may become inevitable. A minimum straight length of the order of 1 to 1.5 times the width of the spillway is recommended upstream of the spillway crest. The ratio (R/y) radius of curvature to the depth of flow at the crest should be as large as possible, but not smaller than about 3. 
In some cases, a converging alignment towards the crest, from a wider channel to a channel width equal to the spillway width at crest, is also found to be effective in equalizing the flow distribution.
In the design of the approach channel, the friction head lost up to the spillway crest may be calculated by Manning’s formula as follows: 
	 ………………………………………………………………... (4-6)
Where,
	n = Manning’s coefficient of roughness
	V = Velocity in channel
	R = Hydraulic radius
	L = Length of channel
	Sf = Mean energy slope between two points
[bookmark: _Toc523818545]Crest profile of low ogee weir
When P/Hd < 1, the weir is considered as a low ogee weir. The ogee profile for low weir as recommended by USWES conforms to the following equations for different ratios of ha/Hd (see Fig. 4.11 and Table 4.5).
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[bookmark: _Toc531645415]Figure 412: Low ogee weir crest profile



[bookmark: _Toc531645356]  Table 45: Equations of the downstream profile of low ogee weir
	Value of ha/Hd
	Applicable P/Hd range
	Equation of the downstream profile

	0.0
	≥ 1.00
	

	0.08
	1.00 – 0.57
	

	0.12
	0.57 – 0.30
	



In no case the radius of the reverse curve shall be less than 10 d except at the toe of the ogee crest where it can be 5 d or 2Hd.

The profile of upstream should merge in 450 slopes, and the coordinates for the different ha/Hd are given below.

[bookmark: _Toc531645357]      Table 46: Upstream profiles of low ogee weir
	
x/Hd
	ha/Hd = 0.00
	0.08
	0.12

	
	y/Hd

	-0.000
	0.0000
	0.0000
	0.0000

	-0.020
	0.0004
	0.0004
	0.0004

	-0.060
	0.0036
	0.0035
	0.0035

	-0.100
	0.0103
	0.0101
	0.0099

	-0.120
	0.0150
	0.0147
	0.0144

	-0.140
	0.0207
	0.0203
	0.0199

	-0.150
	0.0.239
	0.0235
	0.0231

	-0.160
	0.0275
	0.0270
	0.0265

	-0.175
	0.0333
	0.0328
	0.0323

	-0.190
	0.0399
	0.0395
	0.0390

	-0.195
	0.0424
	0.0420
	-

	-0.200
	0.0450
	-
	-


[bookmark: _Toc523818546]Longitudinal profile of the discharge channel (chute)
The slope in the initial reaches of the discharge channel should be more than critical (supercritical), so that the channel does not affect the discharging capacity of the crest and the control section remains at the crest. Where different slopes are encountered along the length of the channel, the steeper slopes are provided at the tail of the channel so that the likely scour is as far away as possible from the control structure.

The side walls have to be vertical at the crest where gate may be provided for controlling reservoir level. Downstream of crest, the steepest slopes permissible in the formation may be adopted to minimize cutting.

Discharge generally passes through critical stage at the control section and enters the discharge channel as supercritical flow. To avoid hydraulic jump formation below the crest, the flow must remain at supercritical stage throughout the length of the channel.

Sharp convex and concave vertical curves should be avoided to prevent unsatisfactory flow in the channel. Concave curves should have a sufficiently long radius of curvature to minimize the dynamic forces on the floor resulting from centrifugal forces. To avoid the tendency of separation of the flow from the floor and reduce the surface contact pressure, convex curves should be substantially flatter than the trajectory of free-discharging jet issuing under a head equal to the specific energy of the flow as it enters the curve. The curvature should approximate to the parabolic shape given below.
  …………………………………………………… (4-7)
Where,
	θ = Slope angle of the floor upstream
	k = 1.5
The radius of curvature for concave curves should not be less than the one given by the following equation;
	 …………………………………………………………………………… (4-8)
Where,
	γ = unit weight of water
	d = depth of flow
	V = the velocity
	P = permissible intensity of pressure
In no case shall the radius be less than 10d, except at the toe of the crest where it can be 5d.
[bookmark: _Toc523818547]Convergence and divergence
A flare or widening at the extreme lower end is sometimes provided to reduce the energy per unit width of water entering the stilling basin (terminal structure). The maximum permissible side wall divergence is 1 in 3F (where F is the Froude Number), if cross waves of excessive height are to be avoided.
[bookmark: _Toc523818548]Free-board
The desirable freeboard for the side walls of the chute (discharge channel) is reasonably represented by the following expression;

	 …………………………………………………… (4-9)

Where, V and d are mean velocity and depth in the chute reach under consideration, in m/s and m, respectively.

The side walls of the chute may be kept vertical or sloping, except at the crest (control section) it is made vertical. As a general principle, rectangular chute channel is designed.

Box 4-2:
Worked Example-6: Design an chute spillway crest profile with the following given data:
Spillway crest elevation = 2200 m
Height of spillway crest from stream bed = 4 m
Design discharge = 150 m3/s
Downstream tail water elevation corresponding to 150 m3/s = 2160.0 m

The spillway length consists of 3spans of 5m clear width each. The thickness of each spillway pier may be assumed to be 1.5m. Assume any data required. 
Solution:

a) Design of approach channel
   (Assume C = 2.18)
Take Le = 5 x 3 = 15 m (clear width) and assume He = Hd
 → Hd = 2.76 m
Upstream water level = Crest elevation + Hd = 2200 + 2.76 = 2202.76 m
River bed level = 2200 – 4 = 2196 m
Water depth in approach channel = 2202.76 – 2196 = 6.76 m = y
For a trapezoidal approach channel with 1:1 side slopes
Channel width, B = total length of spillway = 15 + 1.5 x 2 = 18 m
Area of approach channel, A = (B + y)y = (18 + 6.76)x6.76 = 167.38 m2
Velocity of approach, Va = 150/167.38 = 0.9 m/s
Approach velocity head, Ha = (0.9)2/19.62 = 0.041 m
Wetted perimeter,  =  = 34.12 m
Hydraulic radius, R = 167.38/34.12 = 4.9 m
Assuming the length of approach channel = 100 m, friction head loss up to spillway crest (n = 0.019);

Upstream TEL = upstream water level Ha – hf = 2202.76 + 0.041 – 0.004 = 2202.8 m
Head over the crest including due to velocity of approach, He = 2202.8 – 2200 = 2.8 m
Hd = 2.8 – 0.041 = 2.76 m
Effective crest length, Le = 15 – 2(Nkp + ka)He = 15 – 2 (2x0.01 + 0.1)x2.8 = 14.33 m
Corrected He:  150 = 2.18 x 14.33 x He3/2 → He = 2.85 m
 Corrected Hd = 2.85 – 0.04 = 2.8 m
b) Downstream crest profile
  Ha/Hd = 0.04/2.8 = 0.015 (lie between 0 and 0.08) and P/Hd = 4/2.8 = 1.43 > 1,
Hence, the downstream profile is given by the following equation;
 →  				(i)
Position of downstream apron of the spillway:
The downstream apron should be positioned in such a way that it shall not affect C, or
           
Hence, maximum apron elevation = TEL – (hd + d) = 2202.8 – 4.76 = 2198.04 m
Discharge intensity downstream of spillway crest, q = 150/18 = 8.33 m2/s
If d is the water depth, velocity downstream = 8.33/d m/s
Specific Energy = d + V2/2g = 4.78 m
Therefore,  
By trial-and-error, d = 0.965 m
The downstream spillway profile is designed between crest (2200 m) apron level (2198.04 m).
Maximum ordinate, y = 2200 – 2198.04 = 1.96 m & corresponding value of x from eq. (i) is;
      
The downstream profile between x = 0 and x = 3.24 are shown in the following table;
	X (m)
	0.000
	0.500
	1.000
	1.500
	2.000
	2.500
	3.000
	3/240

	Y (m)
	0.000
	0.070
	0.242
	0.498
	0.831
	1.236
	1.710
	1.960



Similarly, the upstream spillway profile is calculated and tabulated in the following table (for Ha/Hd = 0.015 ≈ 0 and P/Hd >1)

	x/Hd
	y/Hd
	X (m)
	Y (m)

	-0.000
	0.000
	0.0000
	0.0000

	-0.020
	0.0004
	-0.0560
	0.0011

	-0.060
	0.0036
	-0.1680
	0.0101

	-0.100
	0.0103
	-0.2800
	0.0288

	-0.120
	0.0150
	-0.3360
	0.0420

	-0.140
	0.0207
	-0.3920
	0.0580

	-0.150
	0.0239
	-0.4200
	0.0670

	-0.160
	0.0275
	-0.4480
	0.0770

	-0.175
	0.0333
	-0.4900
	0.0932

	-0.190
	0.0399
	-0.5320
	0.1117

	-0.195
	0.0424
	-0.5460
	0.1187

	-0.200
	0.0450
	-0.5600
	0.1260



The upstream crest is joined at angle of 450 to the bottom.
c) Design of chute (Discharge carrier)
The flow at the toe of the spillway should be supercritical. 
      → d < yc, the flow is supercritical.
The discharge channel should be supercritical; but with milder slope for little distance from toe.

Critical velocity, Vc = q/yc = 8.33/1.92 = 4.34 m/s
Provide a rectangular chute channel of 18 m width. At critical flow;
A = 18 x 1.92 = 34.56 m2; P = 18 + 2 x 1.92 = 21.84 m
R = A/P = 1.58 m
Critical slope,      
A steeper slope of 1/200 is provided for the 20 m distance from the toe of the spillway.
Bed elevation at the end of 1/200 slope = 2198.04 – 20/200 = 2197.94 m
Bucket radius at the toe = 2Hd = 2 x 2.8 = 5.6 m.

The water depth and velocity of flow in the beginning are taken the same as at the toe of the spillway as there would not be much change in 20 m distance. The entire design is now like that of a rectangular channel. Wherever the slope is changed, transition curve (concave or convex) may be designed.

From RL 2197.94 up to RL 2160, the slope of the chute may be steepened depending on site contour; say 8:1 to 4:1.

In this case, use 6:1 for the first 20 m fall (up to 2177.94 m) and then a slope of 2:1 for the rest of the reach. With the above assumption, the TEL at the starting point of new slope of 6:1 (RL 2197.94) is equal to 2202.8 – 0.1 = 2202.7 m.

The calculations of water depth, velocity, etc. can be carried out for the entire reach (RL = 2198.04 to RL = 2160 m) of the chute channel carried by dividing the channel length into small reaches, as shown in Table below.
National Guidelines for Small Scale Irrigation Development	MOA
National Guidelines for Small Scale Irrigation Development	MOA

100
SSIGL 12: Small Embankment Dam Study and Design
101
SSIGL 12: Small Embankment Dam Study and Design
[bookmark: _Toc531645358]Table 47: Calculation of water depth for the chute channel
	Distance from start of 6:1 slope (m)
	Length, L (m)
	 
Drop in bed (m)
 
	Bed level (m)
	 
Depth, d (m)
 
	Velocity (q/d), (m/s)
	 
Velocity head (m)
 
	Specific Energy (m)
	TEL = Sp. Energy + Bed Level (m)
	Area, A (m2)
	Wetted Perimeter, P (m)
	Hydraulic Radius, R (m)
	R4/3
	Energy Slope, Sf
	Average Sf
	hf = Lx Sf (m)
	Actual TEL (m)
	Froude Number, Fr

	-1
	-2
	-3
	-4
	-5
	-6
	-7
	-8
	-9
	-10
	-11
	-12
	-13
	-14
	-15
	-16
	-17
	-18

	0
	0
	 
	2197.94
	0.965
	8.63
	3.8
	4.76
	2202.7
	17.37
	19.93
	0.872
	0.833
	0.0323
	 
	 
	2202.7
	2.8

	40
	40
	6.6
	2191.34
	0.9
	9.26
	4.37
	5.27
	2196.61
	16.2
	19.8
	0.818
	0.765
	0.0405
	0.0364
	1.456
	2201.24
	 

	
	
	
	
	0.8
	10.41
	5.53
	6.33
	2197.67
	14.4
	19.6
	0.735
	0.663
	0.059
	0.0457
	1.282
	2200.87
	 

	
	
	
	
	0.66
	12.62
	8.12
	8.78
	2200.12
	11.88
	19.32
	0.615
	0.523
	0.1099
	0.0711
	2.844
	2199.9
	 

	
	
	
	
	0.67
	12.43
	7.87
	8.54
	2199.88
	12.06
	19.34
	0.624
	0.533
	0.1046
	0.0685
	2.74
	2199.96
	4.85

	80
	40
	6.6
	2184.74
	0.65
	12.82
	8.37
	9.02
	2193.76
	11.7
	19.3
	0.606
	0.513
	0.1157
	0.1113
	4.452
	2195.43
	5.58

	
	
	
	
	0.61
	13.66
	9.5
	10.11
	2194.85
	10.98
	19.22
	0.571
	0.474
	0.1421
	0.1234
	4.936
	2194.94
	

	122
	42
	6.9
	2177.84
	0.59
	14.12
	10.16
	10.75
	2188.59
	10.62
	19
	0.559
	0.46
	0.1565
	0.1493
	6.271
	2188.58
	5.87

	Start of Slope 2:1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	40
	17.84
	2160
	0.57
	14.61
	10.89
	11.46
	2171.46
	10.26
	19.14
	0.536
	0.435
	0.1771
	0.1668
	6.672
	2181.92
	8.81

	162
	
	
	
	0.46
	18.11
	16.71
	17.17
	2177.17
	8.28
	18.92
	0.438
	0.333
	0.3555
	0.256
	10.75
	2177.84
	

	 
	
	
	
	0.45
	18.51
	17.46
	17.91
	2177.91
	8.1
	18.9
	0.429
	0.324
	0.3817
	0.2691
	11.3
	2177.29
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Design of transition vertical curves
Design of curve No. 1: At the junction of 200:1 and 6:1 slopes, a convex curve shall be provided.


tan θ = slope of the angle of the floor upstream of the junction point = 1/200
Since tan θ is small, cos2θ will be approximately unity.
                                                                (ii)                                  
Differentiating with respect to x, we get,   
The curve meets the downstream slope where dy/dx = -1/6 (negative because y decreases as x increases)


The coordinates of the curve profile are calculated between x = 0 and x = 2.31 m using equation 

(ii). Y values are negative.
	x (m)
	0
	0.5
	1.0
	1.5
	2.0
	2.31

	y (m)
	0
	0.0113
	0.0400
	0.0863
	0.1500
	0.1984



Design of curve No. 2: At the junction of 6:1 and 2:1 slopes, a convex curve shall be provided.

From the above table, the specific energy at this point = d + hv = 0.45 + 17.46 = 17.91 m
In a similar manner, the value of x = 17.91 m, and the equation of the curve is given by
 , and the coordinates of the curve profile are given below
	x (m)
	0
	1.0
	5.0
	10.0
	15.0
	17.91

	y (m)
	0
	0.176
	1.070
	2.600
	4.600
	5.970



Design of Curve No. 3: At the junction of 2:1 and 4:1 slopes, a concave curve shall be provided.
Minimum radius of concave curve at the toe of the chute = 10d = 10 x 0.45 = 4.5 m.




[bookmark: _Toc523818549][bookmark: _Toc523819748][bookmark: _Toc523822125][bookmark: _Toc523822324][bookmark: _Toc531645249]STABILITY ANALYSIS OF EMBANKMENT DAM 
[bookmark: _Toc523818550][bookmark: _Toc523819749][bookmark: _Toc523822126][bookmark: _Toc523822325][bookmark: _Toc531645250]data required for stability analysis of embankment dam
Stability analyses of Small Earthfill Dams require estimations of two important seepage parameters: location of the phreatic line and quantity of seepage discharge. Stability analysis of such dam is to be made based on the effective stress, which is a method of analysis in which the pore pressures that exist on the potential failure surface within the dam and the foundation are estimated and allowed for, separately from normal stress. 

This stability of dam needs to be analyzed to prevent them from failure and consecutive damage they may result in. Such failures are generally catastrophic if the structure is breached or significantly damaged. Routine deformation monitoring and monitoring of seepage from drains in and around such dams is useful to anticipate any problems and permit remedial action to be taken before structural failure occurs. Most dams incorporate mechanisms to permit the reservoir to be lowered or even drained in the event of such problems. Another solution can be rock grouting – pressure pumping Portland cement slurry into weak fractured rock.

Consequently, to analyze the stability of a preliminary section of a dam, the following major data are required:
Cross section of the dam;
Shear strength parameters (Cohesion, C, and Angle of internal friction, Ø) for each zone of the dam (for shell material, core material, foundation material, Filter material and Rock toe);
Unit weight (Bulk unit weight, saturated unit weight and submerged unit weight) of the materials in each zone;
Top level of the dam, maximum water level (MWL), full reservoir level (FRL), low water level (LWL) that is the level beyond which the reservoir will not be depleted and tail water level (TWL), finalized on the basis of project requirements.
[image: ]
[bookmark: _Toc531645416]Figure 51: Schematic cross section of embankment dam showing water levels
[bookmark: _Toc523818551][bookmark: _Toc523819750][bookmark: _Toc523822127][bookmark: _Toc523822326]

[bookmark: _Toc531645251]dam failure and its causes 
Failure of an earthfill embankment dam may be caused due to either hydraulic failure, seepage failure and/or structural failure. These are described one by one in following sections.
[bookmark: _Toc523818552][bookmark: _Toc523819751][bookmark: _Toc523822128][bookmark: _Toc523822327][bookmark: _Toc531645252]Hydraulic failure 
This type of failure may be caused by:
a) Overtopping: If the actual flood discharge is much more than the estimated flood discharge or the free board is kept insufficient or there is settlement of the dam or the capacity of spillway is insufficient or blocked then it results in overtopping of the dam. During the overtopping the crest of the dam may be washed out and the dam may collapse. 
b) Erosion: If the stone protection of the upstream side is insufficient, then the upstream face may be damaged by erosion due to wave action. The downstream side also may be damaged by tail water, rain water, etc. The toe of the dam may also get damaged by the water flowing through the spillways.
c) Cracking due to frost action: Frost in the upper portion of a dam may cause heaving of soil with dangerous seepage and consequently failure. Thus provision of an additional free board of up to a maximum of say 1.5m can prevent such phenomenon. 
[bookmark: _Toc523818553][bookmark: _Toc523819752][bookmark: _Toc523822129][bookmark: _Toc523822328][bookmark: _Toc531645253]Seepage failure 
Controlled seepage or limited uniform seepage is inevitable in all embankments and it does not produce any harm. However, uncontrolled or concentrated seepage through the dam or the foundation may lead to piping or sloughing and the subsequent failure of the dam. The crumbling of the toe of the dam is known as Sloughing. When the reservoir runs full for a longer time, the downstream base of the dam remains saturated. Due to the force of the seepage water the toe of the dam goes on crumbling gradually. Ultimately the base of the dam collapses. 

This type of failure is caused by piping either through the dam or through the foundation. Due to a continuous seepage flow through the body of a dam and through the subsoil below the dam, its downstream side gets eroded or washed out and a hollow pipe like groove/gulley is formed which extends gradually towards the upstream through the base of the dam. These phenomenon is known as piping or undermining. This effect weakens the dam and ultimately causes the failure of the dam.  
   
The methods of seepage control for embankment dams can be grouped into two broad categories:
· Methods which prevent or reduce the seepage, such as complete vertical barriers (viz., rolled-earth cut-offs, steel sheet piles, and concrete walls), grout curtains, upstream impervious blanket, and thin sloping membrane. 
· Methods which control the seepage water that has entered the dam body are embankment zoning, horizontal blanket drains, chimney drain, rock toe, toe drains.
Usually, a combination of these methods are used.
[bookmark: _Toc523818554][bookmark: _Toc523819753][bookmark: _Toc523822130][bookmark: _Toc523822329][bookmark: _Toc531645254]Structural failure 
This type of failure may be caused by: 
a) Sliding of the side slopes: Inadequate slope, poor construction material and compaction causes sliding of upstream and downstream slopes due to sudden drawdown and steady seepage respectively; 
b) Damage by burrowing animals: some burrowing animals like craw-fish, snakes, squirrel, rats etc. cause damage to the dam by gigging hole through the foundation and body of the dam;
c) Damage by earthquake: Due to earthquake cracks may develop on the body of the dam and the dam may eventually collapse. 
d) Foundation slide and compression: this will happen due to loose/weak foundation material and poor foundation compaction during construction. 
e) Flow slide: this happens due to liquefaction of weak sand or silt in the dam and foundation due to loads.
[bookmark: _Toc523818555][bookmark: _Toc523819754][bookmark: _Toc523822131][bookmark: _Toc523822330][bookmark: _Toc531645255]Additional causes of dam failure 
Inadequate spillway capacity, 
Piping through the embankment, 
Foundation or abutments failures, 
Spillway design error, 
Geological instability caused by changes to water levels during filling, 
Poor surveying, 
Poor maintenance, especially of outlet pipes, 
Extreme rainfall, 
Earthquakes and human activities, 
Poor operation of reservoirs: sudden drawdown.
[bookmark: _Toc523818556][bookmark: _Toc523819755][bookmark: _Toc523822132][bookmark: _Toc523822331][bookmark: _Toc531645256]stability analysis of embankment dams 
[bookmark: _Toc523818557][bookmark: _Toc523819756][bookmark: _Toc523822133][bookmark: _Toc523822332][bookmark: _Toc531645257]Stability conditions of earth dam 
The stability of earth dam is that property which enables it to stay in position safely. A dam is stable if the resultant of all forces acting on the dam does not result in movement. Thus there are certain degrees of stability. If the forces resisting movement are in exact balance with those forces tending to produce movement, the dam would be barely stable and the factor of safety would be unity. This would be a dangerous condition because the slightest increase in the acting forces would result in failure. 

On the other hand, if the ratio of the forces resisting movement to those tending to produce movement is 1.5, we have a factor of safety of 1.5, which is generally considered adequate in structures of earth or rock. For stability analysis of embankment dams, we need to consider stabilities of slopes and foundation. Consequently, the following conditions have to be realized and assured for safety of the structure:
Safety of upstream and downstream slope during & immediately after construction,
Safety of upstream slope during sudden drawdown condition,
Safety of downstream slope during steady seepage condition,
Stability of foundation against horizontal shear,
Stability against earthquake loads,
[bookmark: _Toc523818558][bookmark: _Toc523819757][bookmark: _Toc523822134][bookmark: _Toc523822333][bookmark: _Toc531645258]Forces acting on embankment dams
The stability analysis on embankment dams is based on the effective stress, which is a method of analysis in which the pore pressures that exist on the potential failure surface within the dam and the foundation are estimated and allowed for, separately from normal stress.


There are various methods which are commonly used for stability analysis of earth dams: 
The Ordinary, or Fellenius method;
Simplified Bishop (1955); 
Janbu (1957); 
Spencer (1967); 
Morgestern and Price (1965); 
Corps of Engineers. 
The shear strength at failure on any surface within an earth dam is directly related to the normal stress on that surface and has the relationship expressed by Columb's equation.

S = C+ N' tan ' ……………………………………………………………………..…..…. (5-1)

S = C'+ (N - u) tan ' ……………………………………………………………….......…. (5-2)

Where, S is Shear strength of the failure surface,
C'is Cohesion intercept in terms of effective stress,
N is Total normal stress acting on the failure surface,
U is Pore water pressure acting on the failure surface,
N' = N – u, is effective normal stress,
' is Angle of shearing resistance in terms of effective, stress.

The differences between these methods are mainly: what equations of statistics are included and satisfied and which inter-slice forces are included and what is the assumed relationship between the inter-slice shear and normal forces?  

[bookmark: _Toc531645359]Table 51: Equations of statics satisfied
	Method
	Moment Equilibrium
	Force Equilibrium

	Ordinary or Fellenius
	Yes
	No

	Bishop's Simplified
	Yes
	No

	Janbu's Simplified
	No 
	Yes

	Spencer
	Yes
	Yes

	Morgenstern-Price
	Yes
	Yes

	Corps of Engineers-1
	No 
	Yes

	Corps of Engineers-1
	No 
	Yes



The most commonly employed method for stability analysis of dams is the Limit Equilibrium Methods. All limit equilibrium methods employ the same definition of the factor of safety stated as:

	 ……………………………………………………. (5-3)
 
Where,
S is shear force on the bottom of the slice;
F is shear strength of the soil i.e. shear strength required for equilibrium;
[bookmark: _Toc523818559][bookmark: _Toc523819758][bookmark: _Toc523822135][bookmark: _Toc523822334][bookmark: _Toc531645259]Procedure for stability analysis 
Slope stability analysis involves the following procedures: 
a) Explore and sample foundation and borrow sources; 
b) Characterize the soil strength;
c) Establish the 2-D idealization of the cross section, including the surface geometry and the subsurface boundaries between the various materials of the dam; 
d) Establish the seepage and groundwater conditions in the cross-section as measured or as predicted for the design load conditions; 
e) Select loading conditions for analysis; 
f) Select trial slip surfaces and compute factors of safety using appropriate method; 
g) Repeat step (f) until the “critical” slip surface has been located; 
h) Compare the computed factor of safety and with expected ranges of values;
[image: Forces acting on Earthen Dam]
[bookmark: _Toc531645417]Figure 52: Forces acting on earthen dam

For the case of seismic design, pseudo-static analysis is carried out. Such method of stability analysis is recommended for reasonably well-built dams on stable soil or rock foundations, if estimated peak ground accelerations are less than 0.2g. A pseudo-static analysis represents the effects of earthquake shaking by accelerations that create inertial forces as defined below:  

, and ………………………………………………………. (5-4)

…………………………………………………………….. (5-5)

The horizontal coefficient of acceleration Kh can be determined from the acceleration contours based on a design base earthquake, DBE (Refer Appendix-VIII).
[bookmark: _Toc523818560][bookmark: _Toc523819759][bookmark: _Toc523822136][bookmark: _Toc523822335][bookmark: _Toc531645260]Loading conditions for the stability analysis 
Loading conditions vary from the commencement of construction of the embankment until the time when its implementation has been completed and has a full reservoir pool behind it. Prominent loading conditions are:  
End of Construction 
Sudden drawdown 
Steady seepage, normal pool 
Earthquake



[bookmark: _Toc531645360]Table 52: Loading conditions and minimum FoS (USACE)
	Case
	Loading Condition
	Critical Slope
	FOSmin

	I
	End of construction
	Upstream
	1.3

	
	
	Downstream
	1.3

	II
	Sudden drawdown
	Upstream
	1.3

	III
	Steady state Seepage
	Upstream
	1.5

	
	
	Downstream
	1.5

	IV
	Steady state Seepage with earthquake
	Upstream
	1.1

	
	
	Downstream
	1.1


Exercises based on such stability analysis have been covered by Geoslope software as presented separately in GL 21:  Major Application Software’s Guideline for SSID.

To ensure dam stability, the following condition should be investigated
The slope must be safe against surface slipping. To ensure this the slope must be no steeper than the angle of repose.
The dam must be safe against sliding on the foundation
The mass of the embankment must be safe against a circular arc failure or composite linear failure. This is likely to occur within an earth core or weak foundation.
In general, design of an embankment dam must meet the following safety requirements:
There is no danger of overtopping. For this purpose, spillway of adequate capacity and sufficient freeboard must be provided;
The seepage line is well within the downstream face so that horizontal piping may not occur;
The upstream and downstream slopes are flat enough to be stable with the materials used for the construction of embankment for all conditions during construction, operation, and sudden drawdown;
The shear stress induced in the foundation is less than the shear strength of the foundation material. For this purpose, the embankment slopes should be sufficiently flat;
The upstream and downstream faces are properly protected against wave action and the action of rain water, respectively;
There should not be any possibility of free passage of water through the embankment; 
Foundation seepage should not result in piping at the downstream toe of the dam.
The top of the dam must be high enough to allow for the settlement of the dam and its foundation;
The foundations, abutments, and embankment must be stable for all conditions of operation (steady seepage and sudden drawdown) and construction.

[bookmark: _Toc531645361]Table 53: Loading cases and Minimum Factor of Safety (Fos)
	Loading condition
	Critical slope
	Fos

	During/End of construction
	
	1.30

	Sudden drawdown
	upstream
	1.30

	Steady state seepage
	Downstream
	1.50

	The above conditions with earth quake
	Upstream and downstream
	1.10



Lessons Learned From Analysis of Failure of “The Baldwin Hills Reservoir” 
Foundations in erodible rocks must be thoroughly explored to disclose any pre-existing cavities or other defects;
The total prevention of leakage into a reservoir foundation over the lifetime of the facility may be unattainable under usual circumstances;
Associated faults that lie in close proximity and sub-parallel to an active fault should be regarded as susceptible to movement in a seismic event;
The possibility of differential fault movement unrelated to tectonic activity must be considered;
Potential effects of ground subsidence must be recognized in designing dams and reservoirs;
External causes and effects of subsidence must be closely monitored;
Foundation discontinuities should be given special treatment in construction;
Rigid buried elements such as cemented drains should not be incorporated into designs where differential settlement is a possibility;
Drains should be amply sized and provided with access, where possible, to facilitate maintenance;
Application of sprayed asphalt as a reservoir seal must be questioned as to its long-term effectiveness;
Earth linings preferably should have appreciable plasticity;
Erodible embankment and foundation elements must have adequate filter protection;
Structures placed across faults should be conservatively designed to accommodate predictable movements;
The use of heavy construction equipment must be carefully controlled to avoid damage of critical reservoir features on soft foundations;
Surveillance of a reservoir must be extended to its environs and to the consequences of adjacent developments and physical changes.





[bookmark: _Toc523818561][bookmark: _Toc523819760][bookmark: _Toc523822137][bookmark: _Toc523822336][bookmark: _Toc531645261]DAM OUTLET WORKS 
[bookmark: _Toc523818562][bookmark: _Toc523819761][bookmark: _Toc523822138][bookmark: _Toc523822337][bookmark: _Toc531645262]purposes of outlet works
An outlet work is a structure designed to regulate or release water impounded on upstream side of a dam. It can release incoming flows at a retarded rate, as does a detention dam; it can divert incoming flows into canals or pipelines, as does a diversion dam; or it can release stored water at rates agreed by downstream needs, by evacuation considerations, or by a combination of multiple-purpose requirements. 
[bookmark: _Toc523818563][bookmark: _Toc523819762][bookmark: _Toc523822139][bookmark: _Toc523822338][bookmark: _Toc531645263]components of outlet works 
Components on outlet works vary according to the purposes and type of dam structure. However, all dam outlet works must have an inlet, water passage/conduit, means of water control and an out let structure in common. The water passage may be through, underneath or around the dam.
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[bookmark: _Toc531645418]Figure 61: Partial view of small earth dam structure showing some outlets
[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 6 2 Typical outlet Plan & Cross Section, MoWR, 2002, (intake & collar are modified).jpg]
[bookmark: _Toc531645419]Figure 62: Typical outlet plan & cross section, MoWR, 2002, (intake with modified collar)
[bookmark: _Toc523818564][bookmark: _Toc523819763][bookmark: _Toc523822140][bookmark: _Toc523822339][bookmark: _Toc531645264]classification of outlet works structures
Outlet works structures can be classified according to their purpose, their physical and structural arrangement, or their hydraulic operation. An outlet works that empties directly into a river could be designated a “bottom outlet”; one that discharges into a canal could be designated a “canal outlet”; and one that delivers water into a closed pipe system could be designated a “pressure pipe outlet.” 

An outlet works may be described according to whether it consists of an open-channel or closed-conduit waterway, or whether the closed waterway is a conduit in cut-and-cover or in a tunnel. An outlet works may also be classified according to its hydraulic operation: whether it is gated or ungated or, for a closed conduit, whether it flows under pressure for part or all of its length or only as a free flow waterway.
[bookmark: _Toc523818565][bookmark: _Toc523819764][bookmark: _Toc523822141][bookmark: _Toc523822340][bookmark: _Toc531645265]location of outlet works
An outlet works is a structure or combination of structures which provide a controlled water from a reservoir. The outlet is invariably located at lower elevation than the spillway crest, thereby permitting regulation of the reservoir even when the pool is below this level.

The outlet is placed at low levels in order to utilize the maximum amount of live storage. Such outlets may be termed as bottom outlets in order to distinguish them from high level outlets in diversion works.

The establishment of the intake level and the elevations of the outlet controls and the conveyance passageway, as they relate to the reservoir storage levels, are influenced by many factors. Primarily, to attain the required discharge capacity, the outlet must be placed sufficiently below the minimum reservoir operating level to provide the head required for outlet works flows. Outlet works for small detention dams are generally constructed near riverbed level because permanent storage space, except for silt retention, is ordinarily not provided. Dams that impound water for irrigation, for domestic use, or for other conservation purposes, must have outlet works low enough to draw the reservoir down to the bottom of the allocated storage space; however, the outlet works may be placed above the riverbed, depending on the established minimum reservoir storage level.
It is common practice to make an allowance in a storage reservoir for inactive storage to accommodate sediment deposition, for fish and wildlife conservation, and for recreation. The positioning of the intake sill then becomes an important consideration; it must be high enough to prevent interference from the sediment deposits, but at the same time, low enough to permit either a partial or a complete drawdown below the top of the inactive storage.
[bookmark: _Toc523818566][bookmark: _Toc523819765][bookmark: _Toc523822142][bookmark: _Toc523822341][bookmark: _Toc531645266]data required for design of outlets
For designing of Outlet works, the following data are required: 
Dimensions of the dam (top width, top level, upstream slope, downstream slope);
High flood level, full reservoir level, dead storage level, minimum drawdown level;
Reservoir operation data showing desired releases at different operation levels;
Details of downstream channel for carrying outlet discharge (width, depth, full supply level);
Highest command level of the irrigable area;
Irrigation water release (command area, irrigation duty);
Geological information along outlet conduit.
[bookmark: _Toc523818567][bookmark: _Toc523819766][bookmark: _Toc523822143][bookmark: _Toc523822342][bookmark: _Toc531645267]general design criteria
The basic design criteria for outlets are listed hereunder:
Capacity of outlet should be adequate to meet the requirement of water at a predetermined level downstream, under varying reservoir operation level;
It should be possible to regulate the outlet discharge according to varying downstream requirements;
It should be possible for the outlet to function free from interference of sediment deposits;
The outlet works should be placed on firm foundation, so that serviceability is not affected by settlement;
The outlet should release water at a safe velocity in the channel;
It should be capable of discharging silt laden water for flushing silt load, if specifically desired by the planner;
It should have sufficient capacity to evacuate the dam if it is planned accordingly.
These criteria should be fulfilled while fixing the location of outlet in plan and elevation as well as in design of various component parts of outlet works.
[bookmark: _Toc523818568][bookmark: _Toc523819767][bookmark: _Toc523822144][bookmark: _Toc523822343][bookmark: _Toc531645268]determination of required outlet capacity
Outlet works are designed to release water at specific rates. These rates are dictated by;  
Irrigation water demand;
downstream needs; 
flood control regulation, 
storage considerations, 
power generation needs (where the outlet works is used as penstock for small power-plants), and 
Legal requirements. 
In case of irrigation alone, it is the maximum demand and downstream needs which limits size of our outlet work.

Delivery of such irrigation water is usually determined from project or farm needs and is related to the consumptive use and to the special water requirements of the irrigation system, if any. Delivery for domestic use can be similarly established. Releases of flows to satisfy prior rights must generally be included with other needed releases. Minimum downstream flows for pollution abatement, fish preservation, and associated needs are often accommodated through other required releases. A small bypass pipe is often used to provide these minimum releases.

Irrigation outlet capacities are determined from reservoir operation studies. They must be based on a consideration of a critical period of low runoff when reservoir storages are low and daily irrigation demands are at their peak. The most critical draft from the reservoir, considering such demands (commensurate with remaining reservoir storage) together with prior rights and other needed releases, generally determines the minimum irrigation outlet capacity. These requirements are stated in terms of discharge at either a given reservoir content or a given water surface elevation. Occasionally, outlet capacity requirements are established for several reservoir contents or alternative water surfaces. 
[bookmark: _Toc523818569][bookmark: _Toc523819768][bookmark: _Toc523822145][bookmark: _Toc523822344][bookmark: _Toc531645269]design steps of outlet structures
The followings are general steps which should be followed for designing outlet structures.
Fixing sill level of the outlet;
Design conceptual layout;
Determine shape and size of structure by:
Determining the design discharge;
Determining type of flow and calculating losses with assumed sizes;
Checking adequacy of size for delivering design discharge;
Formulation and design of inlet structures;
Locating and specifying control devices; and
Designing of terminal device.
[bookmark: _Toc523818570][bookmark: _Toc523819769][bookmark: _Toc523822146][bookmark: _Toc523822345][bookmark: _Toc531645270]hydraulic design of outlet works
[bookmark: _Toc523818571][bookmark: _Toc523819770][bookmark: _Toc523822147][bookmark: _Toc523822346][bookmark: _Toc531645271]Flow situations in outlet works
Hydraulics of outlet works usually involves either open-channel (free) flow or full conduit (pressure) flow. Analysis of open-channel flow in outlet works, either in an open waterway or in a partly-full conduit, is based on the principle of steady non-uniform flow conforming to the law of conservation of energy. On the other hand, full-pipe flow in closed conduits is based on pressure flow, which involves a study of hydraulic losses to determine the total heads needed to produce the required discharges.
[bookmark: _Toc523818572][bookmark: _Toc523819771][bookmark: _Toc523822148][bookmark: _Toc523822347][bookmark: _Toc531645272]Outlet hydraulic grade line
The MoWR Guideline 2002, states that effective position of a hydraulic grade line (HGL) at the outlet end of a conduit influences the discharge capacity curve for the outlet works, and also has a bearing on the design of the outlet structure. If the outlet is submerged by tail water, the hydraulic grade line will be at the elevation of the water surface standing over the submerged jet. Generally, it is desirable to have free flow at the outlet. This is particularly true if a spreading floor transition is used with the outlet structure, because submergence interferes with the proper spreading of the jet. 

For a free outlet, it has been assumed by some designers that the HGL is at the crown of the pipe, and by some that it is at the center. In fact, it may be neither. If the pipe velocity is high so that the jet discharges with essentially parallel streamlines, then effectively the jet is at atmospheric pressure, and the effective position of the HGL may be taken at the center of pipe. At lower velocities there is a pronounced convergence of streamlines at the outlet portal due to the downward inclination of the surface streamline. This produces internal pressure in the jet and is reflected in an increase in the elevation of the HGL. This elevation cannot be determined by a piezometer reading at the invert of the outlet because the pressure is not hydrostatically distributed; however, a line drawn through upstream piezometer readings may be extended to intersect the plane of the outlet, as shown in figure 6.2 and the intersection of depth y above the invert of the pipe represents the effective position of the HGL. 

The effective position of the HGL has been determined from models for both round and square pipe. The results are shown in table 6-1, which gives the variation of y/B0 or y/D0 versus the Froude number, Fr. The Froude number is calculated from: 


For the square pipe: and ........…………….……………………………………… (6-1)

For the round pipe: ........…………….…………………………………………….. (6-2)
Where,	B0 is Width of the pipe (if square shape),
D0 is Diameter of the pipe (if circular shape),
Y is Depth of flow (m),
V is Velocity (m/s).

[image: POSITION OF HGL]
[bookmark: _Toc531645420]Figure 63: Position of HGL at outlet works (typical)

Effective position of the hydraulic grade line for 1) Circular pipe, free or supported jet; 2) Square pipe, free unrestrained jet; 3) Square pipe, partial jet support (i.e. outlet structure) are presented in table 6-1.

[bookmark: _Toc531645362]Table 61: Effective position of hgl based on shape of outlet
	Outlet Type
	Fr
	1.0
	1.2
	1.4
	1.6
	1.8
	2.0
	2.2
	2.4

	1
	y/D0
	0.75
	0.70
	0.60
	0.53
	0.51
	0.50
	0.50
	0.50

	2
	y/B0
	0.80
	0.75
	0.67
	0.60
	0.55
	0.52
	0.51
	0.50

	3
	y/B0
	0.92
	0.91
	0.89
	0.87
	0.85
	0.83
	0.81
	0.80


Source: MoWR, 2002; 		Note: Numbers 1, 2, and 3 are as defined above.

It has been found that the value of y/D0 is little affected by presence of a level floor or vertical sidewalls at the conduit outlet. Apparently, since there is only a line of contact between the jet and the boundary at the plane of the outlet, the jet is not effectively supported and additional pressure is not developed. However, for a square pipe, there is a significant difference in y/B0 for a free unrestrained jet and a jet supported at the outlet by the walls and floor of an outlet structure. This must be obvious from the fact that y/B0 would be unity for a fully supported jet and it is somewhat less than unity for the partial support obtained with diverging sidewalls.
[bookmark: _Toc523818573][bookmark: _Toc523819772][bookmark: _Toc523822149][bookmark: _Toc523822348][bookmark: _Toc531645273]Internal pressure and water hammer on conduits
Outlet pipes must be designed to withstand internal pressure of water and water hammer pressure. The pressure exerted on the walls of outlet pipe by the flowing water under the head in the reservoir creates hoop tension, for which the circumferential tensile stress produced is given by:

 ........…………………………………………………………………………... (6-3)
Where, s is circumferential tensile stress (kg/cm2)
d is diameter of pipe (m)
t is thickness of pipe (m)
p is internal static pressure (kg/cm2)

Using the above formula for known values of allowable permissible circumferential tensile stress and water hammer, the required steel thickness could be determined.

The water hammer pressure which could be caused due to sudden closure of the outlet valve might lead to bursting of the conduit (particularly if free standing steel conduit) unless it is accounted for in the design. The maximum pressure developed in outlet conduits due to water hammer is given by:

	 ........…………………………………………………………………..…... (6-4)
Where,	V is velocity of water just before closing valve (m/s),
	d is diameter of conduit (m)
t is thickness of conduit (pipes steel), (m)
k is Modulus of elasticity of pipe material (usually =0.01 for steel; 0.02 for cast iron; 0.1 for cement concrete)

The circumferential tensile stress caused by water hammer pressure may be calculated using equation given in (eq. 6-3) above. Moreover, Table 6.2 summarizes water hammer pressure for most commonly used diameter of pipes.
[bookmark: _Toc531645363]Table 62: Water hammer pressure for different diameters of pipe
	SN
	Pipe Diameter (cm)
	Water Hammer Pressure (Kg/cm2)

	1
	7.5-25
	8.4

	2
	30-40
	7.7

	3
	50
	6.3

	4
	60
	6.0

	5
	75
	5.6

	6
	90
	4.9

	7
	105-135
	4.9


Source: MoWR, 2002

[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 6 4  Typical Arrangement of Dam Outlet Structure.jpg]
[bookmark: _Toc531645421]Figure 64: Typical arrangement of dam outlet structure (Source: MoWR, 2002)

[bookmark: _Toc523818574][bookmark: _Toc523819773][bookmark: _Toc523822150][bookmark: _Toc523822349][bookmark: _Toc531645274]Structural aspects of outlet structure
In almost all cases, the design of encasement concrete is governed by the external fill load than the internal pressure including water hammer. The loads on the cut and cover conduits could be calculated considering the arrangement of culverts. Thus, the load will be` weight of the dam fill (Pv) and top slab at top (wv) and the lateral pressure on the side ·wall due to the fill (Ph). The weights of the walls and loading at the top slab produce an upward reaction from the bottom slab (PG), at times although not influential load of water in the culvert could be added to this load.

Pv = s *h  .................…………………………………………………………………..….. (6-5)

Wv = t*c  ........………………………………………………………………..…………….. (6-6)

Ph= Ka*s*hs ........……………………………………………………………………..….... (6-7)

Where, s is unit weight of dam body fill,
h is height of dam fill above top slab of outlet.
t is thickness of slab,
c is unit weight of concrete.
Ka is active earth pressure coefficient,
hs is height of dam fill to bottom of conduit.

PG=Pv+Wv ........…………………………………………………………………..…..……. (6-8)

[image: ]
[bookmark: _Toc531645422]Figure 65: Pressure distribution around conduit
[bookmark: _Toc523818575][bookmark: _Toc523819774][bookmark: _Toc523822151][bookmark: _Toc523822350][bookmark: _Toc531645275]Valves for outlets
Valve is one of the water control devices used for low heads unlike vertical slide gates and radial gates which are commonly used for high heads. At higher heads, difficulties are often encountered when operating outlet gates at partial opening, particularly for very small opening. Some gates are operated either completely open or completely closed. This is a problem where the inlet is not accessible because of its low level during most part of the year. In many cases, however, there will be only one outlet, and closer regulations may be required than can be obtained within the operating limitations of an outlet gate. Moreover, in case of Small Embankment Dam, it may not be possible to use an outlet gate at all because of access limitations. A valve may be used to advantage in these situations.

Outlet valves are normally installed at the downstream end of the conduit, and usually discharge to atmosphere. Since the conduit upstream is pressurized at full reservoir head when the valve is closed, it is necessary to use a steel lining inside concrete conduits. The lining must extend for a considerable length preceding the valve and be designed to resist the full internal water pressure. Alternatively, a smaller diameter free standing penstock may be constructed inside the concrete conduit.
[bookmark: _Toc523818576][bookmark: _Toc523819775][bookmark: _Toc523822152][bookmark: _Toc523822351][bookmark: _Toc531645276]Design of inlet 
This structure is mounted on the upstream face of a dam body on reservoir side to allow irrigation water enter the water passage/conduit. On small low head conduits, a simple earth retaining headwall with a square lip is often used at the inlet (refer figure 6-2) for which it is customary to allow an inlet loss of 0.5 V2/2g. In-fact, this loss can be reduced to 0.05V2/2g by using a streamlined bell-mouth inlet. However, the corresponding increase in capacity may only be 5% to 10% and this may not be enough to justify the complicated construction associated with the bell-mouth inlet. 
On high head outlets a streamlined inlet is necessary if cavitation is to be avoided. Low pressures occur at the inlet if a square edged inlet is used because of the local high velocity in the region of the contracted jet. The jet will diminish to 0.61 times the area of the inlet opening. The velocity head produced by the jet contraction is greater than the velocity head in the conduit by a factor of (1/0.61)2=2.7. If the reservoir is above the center-line of the pipe at the inlet by a height H, then the pressure head at the crown will be:

 ………………………………………………………………….. (6-8)
Where, 	P/ is pressure head, is D0 is the pipe diameter, 
g is acceleration due to gravity, 
Vis the average conduit velocity.

In most cases, it will be found that the pressure obtained by the above will be sub atmospheric.
[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 6 6  Typical Inlet part of Outlet Structure-l.jpg]
[bookmark: _Toc531645423]Figure 66: Typical inlet part of outlet structure (MoWR, 2002)
[bookmark: _Toc523818577][bookmark: _Toc523819776][bookmark: _Toc523822153][bookmark: _Toc523822352][bookmark: _Toc531645277]Design of water passage/conduit
This is the conveyance part of outlet structure for an earth dam, which can either be a tunnel or cut-and-cover conduits. The tunnel (not recommended for Small Embankment Dam) is driven through virgin rock of the dam abutments, whereas the conduit is laid in a shallow excavation (cut) and back filled up to the crest of the dam (cover). 

The advantage of conduits over tunnel is the lower cost and relatively simple construction procedure. Conduits are constructed in the open using cast in place concrete with steel lining/ steel pipe. Corrugated metal pipe can also be used on smaller dams for lower head outlets.
[image: C:\Users\Abera\Desktop\Final GL\0Sketches\Small Embankment Dam Drawings\Figure 6 7  Typical Water Passage (Design of Small Earth Dams, USBR), without collar-.jpg]
[bookmark: _Toc531645424]Figure 67: Typical water passage (design of small earth dams, USBR), without collar

The size of an outlet conduit for a required discharge varies according to an inverse relationship with the available head for producing that discharge. 

The size of outlets should be determined to satisfy the design discharge at a minimum of 1 meter head available at the dead storage level.
HT=hL + hV …………………………………………………………….............................. (6-9)
Where:
HT is total head needed to overcome various losses to produce the discharge
hL is the cumulative losses of the system in-terms of velocity head
hV is velocity head at outlet exit.

The losses consist of trash rack losses, entrance losses, gate or valve losses, bend losses, expansion, contraction losses and friction loss in the pipeline. If these are expressed in terms of velocity head, the above relation may be written as:

HT=KLV2/2g ……………………………………………………………........................... (6-10)
KL =K+f*L/D …………………………………………………………….......................... (6-11)



Then, 	Q = A1 (2g HT /KL)1/2
K is all head loss excluding friction loss taken
KL is constant, which is obtained after considering all the losses in the system
V is velocity in the portion of the conduit (m/s)
A1 is cross sectional area of the conduit (m2)
g is acceleration due to gravity (m/s2)
Q is discharge passing through conduit at a predetermined reservoir elevation (m3/sec)
f is Pipe friction factor (normally taken as 0.01)
L is Length of pipe (m)
D is Diameter of pipe (m)

Minimum size of conduit should not be less than 400mm to avoid silt deposition in the conduit, evacuation of reservoir, release for downstream users etc.

This relationship can also be expressed by the following equation:

	HT = K1*hv or HT = K2*(Q/a)2 …………………………………………………………….. (6-12)
Where:
HT is Total available head for producing flow, (m)
K1 and K2 are coefficients,
hv is velocity head, (m)
Q is required outlet works discharge, (m3/s) and
a is required area of the conduit
[bookmark: _Toc523818578][bookmark: _Toc523819777][bookmark: _Toc523822154][bookmark: _Toc523822353][bookmark: _Toc531645278]Design of control devices and losses
This is a mechanism to control flow out of the reservoir. Such regulation of the gate for a conduit or tunnel is from a control house or hoist house located above the reservoir at the top of a vertical control tower, well, or shaft. 

Generally two sets of control are used. The first set consists of service gates or valves for controlling or regulating the flow during reservoir operation. The second set consists of emergency gates to be utilized only to effect closure in the event of failure of operating gates or when dewatering of conduit is required for inspection and maintenance.

Service gates/valves may be of vertical slide gates or valve type. Vertical slide gates type is generally used for high heads. Emergency gates/valves are installed on the upstream side of service gates/valves. 

The mid length location has the advantage that an access bridge is not required. However, the upstream half of the conduit or tunnel is inaccessible for regular inspection. In an emergency a bulkhead may be placed over the inlet by divers, and the length upstream 'from the gate may be drained. The service valve is located at the downstream end of the conduit. The entire conduit would be pressurized at reservoir pressure when the valve is closed.

As per MoWR guideline, 2002, the full gate discharge capacity of an outlet works can be computed from knowledge of the available head losses. The available differential head 'h' is utilized by producing velocity head and overcoming losses. The head 'h' is measured from the reservoir surface to the tail water level, if the outlet is submerged, or to the effective position of the hydraulic grade line at the outlet, if it is free.

HL= htr + htrex + hsg + hfg + hi + hc + hf + hex ………………………….………….……... (6-13)

Where, htr is trash rack loss (m). When the trash rack structure consists of racks of bars, the loss depends on the bar thickness, depth, and spacing and is given by:

………………………….………….…………..…..…..… (6-14)
Where,  is factor depending on shape of trash rack bars; for round bars =1.79,
d is diameter of bar,
a is clear distance between bars,
 is inclination of bars from horizontal,
g is gravitational acceleration.
Vtr is velocity of approach, 

For trash racks, approach velocity ranges from 0.61-1.5m/s; where maximum value losses are desired, assume 50% of the trash rack area is clogged which will result in twice the velocity through the trash rack.

Retardation loss after the trash rack, htrex (m) is given by:

	 ………………………….………….…………..…….……… (6-15)
Where, A is area of conduit,
Atr is net rock area.
	Vtr is velocity of flow (=Q/A)

For example, a ratio of A/Atr of 0.1034 is adopted.

Stop-log (groove) loss, hsg (m) is given by hsg = KsgV2/2g …………..……..………………… (6-16)

Where, Ksg is factor which accounts for the loss due to groove, 0.20,
	V and g as stated above

Loss due to flat gates, hfg (m) is given by hfg = KfgV2/2g …………..……..………………….. (6-17)

Where, Kfg is factor which accounts for the loss due to groove, 0.20,
	V and g as mentioned above

Inlet loss, hi (m) is given by hi = KiV2/2g …………..……..………………………………….… (6-18)

Where, Ki is factor which accounts for the loss due to groove, 0.05,
	V = velocity of flow (Q/A), at this time, A= area of the pipe at bell mouth,

Contraction loss, hc (m) is given by hc = KcV2/2g …..……..……..……………………………. (6-19)



Where, Kc is factor which accounts for contraction and given by:

	 …………..……..…………………………………………………….… (6-20)
a2 = area of neck of pipe (half of the conduit)
a1 =full area of the conduit
V = velocity of flow (=Q/a1)

Friction loss, hf {m) is computed by:

	 …………..……..…………………………………………………….….. (6-21)
Where,
 is friction factor which depends on roughness of the conduit (k) and turbulence of the flowing water, which is characterized by the Reynolds number, Re =VD/ ……….. (6-22)
l is length of conduit,
D is diameter of conduit,
V is velocity of flow.

Exit loss, hex (m) is given by:
	Hex = KexV2/2g …………..……..…………………………………………………..…… (6-23)	
Where,
Kex - factor which accounts for exit condition = 1.0,
V = velocity of flow.
After calculating the total head loss (HL), effective head can be calculated from:

Heff = HT + HL …………..……..………………………………………………………….. (6-24)

Where, Heff is effective head,
HT is total available head = FRL - (bottom invert level + D/2)………..……………… (6-25)
D is diameter of the pipe,
HL is total head loss.

Hydraulic-jump in basins, baffle or impact-block dissipaters, stilling wells, or other stilling devices are normally used to dissipate the energy of flow at the downstream end of the outlet works as shown in following figure (Figure 6-7).
[image: Impact Basin for Pipe Outlet]
[bookmark: _Toc531645425]Figure 68: Impact basin for pipe outlet, USBR


[bookmark: _Toc523818579][bookmark: _Toc523819778][bookmark: _Toc523822155][bookmark: _Toc523822354][bookmark: _Toc531645279]FOUNDATION PREPARATION & TREATMENT FOR EMBANKMENT DAMS
[bookmark: _Toc523818580][bookmark: _Toc523819779][bookmark: _Toc523822156][bookmark: _Toc523822355][bookmark: _Toc531645280]foundation preparation
[bookmark: _Toc523818581][bookmark: _Toc523819780][bookmark: _Toc523822157][bookmark: _Toc523822356][bookmark: _Toc531645281] General requirements
The term foundation includes both the valley floor and the abutments. The essential requirements of a foundation for an embankment dams are that it provides stable support for the embankment under all conditions of saturation and loading, and that it provide sufficient resistance to seepage to prevent excessive loss of water.
Although the foundation is not actually designed, certain provisions for treatment are made in designs to ensure that the essential requirements are met. Various methods of stabilization of weak foundations, reduction of seepage in pervious foundations, and types and locations of devices for the interception of under-seepage must depend upon and be adapted to local conditions. The importance of adequate foundation treatment is emphasized by the fact that approximately 40% of all earthfill dam accidents and 12% of all failures are attributed to foundation failures (USBR, 1987).

The degree of foundation preparation which is necessary for embankment dam depends on:
The type of dam,
The height of the dam,
Topography of the dam site,
Erodibility, strength, permeability, compressibility of the soil/rock in the dam foundation,
Groundwater,
Climate.
Foundation preparation for the ‘general foundation,’ i.e. the foundation beneath the bulk of the embankment is quite different from that for the cut-off foundation, i.e. the foundation under the earthfill core of an earth and rockfill dam prepared to cut-off standard, or the plinth of a concrete faced rockfill dam. 
[bookmark: _Toc523818582]General foundation
To remove low strength and compressible materials so as to provide a foundation of adequate strength and compressibility to support the embankment. In most cases the general foundation will be of higher strength than the embankment, and will not dictate the embankment stability. Also, in most cases, permeability will not be critical factor for the general foundation.
[bookmark: _Toc523818583]Cut-off foundation
To remove highly permeable and erodible material below the general foundation level so as to provide a low permeability non erodible foundation. In many cases, e.g. in soil foundations or rock foundations which are permeable to great depth, a low permeability non-erodible cut-off foundation cannot be economically achieved by excavation alone and other design measures are required.
[bookmark: _Toc523818584][bookmark: _Toc523819781][bookmark: _Toc523822158][bookmark: _Toc523822357][bookmark: _Toc531645282]
General foundation preparation under earthfill
a) Rock foundation 
Remove topsoil and weak compressible soil. In most of the cases this will involve removal of colluvial soil and rock, including boulders to expose an in situ rock foundation which may be weathered, variably weathered or in some cases fresh (un-weathered). An adequate foundation can usually be identified by near blade refusal of a small bulldozer or excavator;
Where there are unfavourably oriented weak seams in the rock, e.g. bedding surface shears or landslide rupture (slide) surfaces, these will influence stability and may need to be removed, or the design modified to accommodate them;
Slope modification may be necessary (see later sections),
The surface should be cleaned of loose soil and rock prior to placing earthfill, e.g. by a grader, backhoe or excavator; it may be desirable to moisten the surface prior to placing earthfill to maintain adequate moisture in the earthfill for compaction, and treat open joints to prevent erosion of the soil into the joint.
b) Soil foundation
Remove topsoil and weak compressible soil,
Where soils are fissured, or have landslide slip planes, these may need to be removed as they influence the stability, or the design modified to accommodate them,
Slope modification may be necessary (see later sections),
The surface may be proof rolled with a steel drum or tamping foot roller,
The surface should be cleaned of loose soil and rock prior to placing earthfill, e.g. by grader, backhoe or excavator. It may also be necessary to scratch and moisten the surface prior to placing the first layer of soil to assist in bonding the embankment to the foundation.
[bookmark: _Toc523818585][bookmark: _Toc523819782][bookmark: _Toc523822159][bookmark: _Toc523822358][bookmark: _Toc531645283]General foundation preparation under rockfill
Rockfill will generally be underlain by a rock foundation. 
Remove topsoil, soil and weathered rock which has strength lower than the rockfill. In most of the cases, this will involve exposing highly or moderately weathered rock. An adequate foundation may be identified by blade refusal of a bulldozer but for high dams light ripping may be necessary;
Where there are unfavourably oriented weak seams in the rock, e.g. bedding panes or landslide slip planes, may need to be removed or the design modified to accommodate them as they will influence stability.
It is unlikely that slope modifications will be required under rockfill other than overhanging cliffs being treated by removing the overhanging rock, or filling the re-entrant below the overhang with concrete.
The surface should be cleaned of loose soil and rock with a bulldozer, grader, backhoe or excavator sufficient to ensure the rockfill is supported on the rock foundation.
If there are wide, erodible seams in the rock, oriented such that they are likely to carry seepage water from the storage, it may be necessary to cover them with concrete, shotcrete under the upstream rockfill, or preferably by a filter layer under the downstream rockfill.


[bookmark: _Toc523818586][bookmark: _Toc523819783][bookmark: _Toc523822160][bookmark: _Toc523822359][bookmark: _Toc531645284]General foundation preparation under horizontal filter drains
These are required if the foundation is soil or erodible rock
Remove topsoil and weak compressible soil,
Where soil or rock in the foundation is fissured or has landslide rupture (slide) surfaces or unfavourably oriented bedding surface shears are present, these will influence stability and may need to be removed, or the design modified to accommodate them;
Slope modification is not required except to remove overhangs. However, if earthfill is to be placed on top of the filter drain, slope modification may be required,
The surface should not be rolled prior to the placing of the filter. Rolling will destroy the soil structure and reduce the permeability,
Immediately before placing the filter material, the surface should be cleaned of loose soil and rock. Final clean-up should involve an air or air-water jet to “blow” away loose material.
[bookmark: _Toc523818587][bookmark: _Toc523819784][bookmark: _Toc523822161][bookmark: _Toc523822360][bookmark: _Toc531645285]Cut-off foundation for embankment dams
The requirements for excavation below general foundation level to achieve a suitable cut-offs are:
the desire to achieve a low permeability foundation,
the depth and hence volume and cost of excavation required to achieve a cut-off,
the extent of grouting planned in the foundation below the cut-off,
the protection downstream to control foundation erosion,

High groundwater levels, e.g. in alluvial soils, may determine the practical depth to which a cut-off may be taken, since dewatering is usually expensive. 

Having defined the cut-off foundation, the further objective when placing the earthfill is to ensure a low permeability contact between the earthfill and the foundation. This is done by:
Modifying the shape of the foundation surface to provide a surface suitable for earthfill compaction;
Using compaction equipment which facilitates compaction but does not damage the foundation;
Using more deformable, less erodible soils adjacent to the contact – i.e. using higher plasticity soils placed wet of optimum water content;
Filling erodible seams or open joints in the rock prior to placing the core material
[bookmark: _Toc523818588]Cut-off in rock
Remove rock with open joints, and with other fractures leading to a permeable structure.
Remove rock with clay in filled joints, roots, etc., which may erode under seepage flows to yield a high permeability rock.
Carry out slope modification and treatment.
Where the exposed rock is susceptible to slaking by wetting and drying or breakdown under trafficking, it should be covered with a cement-sand grout, pneumatically applied mortar or concrete (minimum thickness 50 mm and preferably not less than 150 mm). Generally, this should be done immediately the foundation is exposed, but it may also be done after a second clean-up immediately before placing the earthfill core.
Remove from the surface, using light equipment and with an air or air-water jet, all loose soil and rock, and debris. The surface may need to be moistened immediately before placing earthfill to maintain the earthfill moisture content.
If the rock in the floor or the sides of the cut-off trench displays open joints or other features which would allow erosion of the earthfill into them, it should be cleaned of loose material and covered by a cement-sand grout, pneumatically applied mortar or concrete. This is particularly critical on the downstream side of the cut-off trench. If there are only a few such features they might be treated dentally.
Under no circumstances should the surface of the cut-off foundation be rolled, even if it is a weathered rock. Rolling will disturb the rock leading to a higher permeability material.
[bookmark: _Toc523818589]Cut-off in Soil
Remove soil with open fissures, open joints, roots, root holes, permeable layers (e.g. sand and gravel) and other permeable structures,
 Remove dispersive soils, if possible,
Carry out slope modification,
If the soil on the sides of the cut-off trench displays permeable layers or features which would allow erosion of the earthfill into them, it should be trimmed and cleaned, and covered with a filter layer or layers which are designed to control such erosion.
Remove loose and dry soil and debris, with light equipment, possibly with the aid of an air jet. The base of the cut-off should be watered to within 2% dry and 1% wet of optimum water content and rolled before placing the first layer of fill, to compact any soil loosened by the construction work.

Width and batter slopes for cut-off in embankment dams
The width of cut-off trench adopted depends on:
The rock or soil quality at cut-off foundation level;
The size of the dam;
The type of embankment.
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[bookmark: _Toc531645426]Figure 71: Cut-Off trench details

Cut-off width, W
For cut-off in rock, the width depends on the quality of the rock, e.g. for low permeability non-erodible rock, W/H may be as low as 0.25, and there has been cases where W/H = 0.1 has been used. 
For cut-off foundations on more permeable erodible rock W/H may be taken as the full core width, commonly > 0.5 H and up to 1 H.
The width should not be less than 3 m even for Small Embankment Dam (requirement for compaction and excavation equipment widths) and preferably 6 m.
For cut-off in soil, it is advisable to make W/H  1. The idea is to give a lower seepage gradient for these more erodible conditions.
If the depth to an acceptable cut-off is excessive, these guidelines may be waived, provided other measures are adopted, e.g. multi-line curtain and consolidation grouting, and erosion protection in the base and sides of the cut-off.

Batter slope: The batter slope for the cut-off trench should be:
Not steeper than 0.5H:1V, so that the earthfill can be compacted against the sides of the trench,
Sufficiently flat to avoid arching effects in the cut-off trench. As a guide, if h/W > 0.5 say, the batter slope should be reduced to 1H: 1V or 1.5H:1V.
The batter slopes may be determined by stability during construction, e.g. by joints in rock, or by the strength of the soil. The presence of groundwater will also affect stability. For soils, it would not be uncommon to require batter slopes between 1H:1V and 1.5H:1V and possibly flatter.
[bookmark: _Toc523818590][bookmark: _Toc523819785][bookmark: _Toc523822162][bookmark: _Toc523822361][bookmark: _Toc531645286]Slope modification and seam treatment
Slope modification: Excavation of near vertical or overhanging surfaces and/or backfilling with concrete is required.

For general foundation: it is done to allow compaction of earthfill and avoid cavities under rockfill due to overhangs in rock in the abutment.

For cut-off foundation:
To allow compaction of earthfill to give a low permeability contact between the earthfill and the foundation;
To allow maintenance of positive pressure of the earthfill on the abutment,
To limit cracking of the earth core due to differential settlement over large discontinuities in the abutments (as shown in Figure 7.2)
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[bookmark: _Toc531645427]Figure 72: Slope modification to reduce differential settlement & cracking of earthfill core

To allow earthfill to be compacted and maintain positive pressure on the abutments, steep foundation surfaces should be flattened to about 0.5H:1V either by excavation or by backfilling with concrete (See Figures 7.3 and 7.4).
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[bookmark: _Toc531645428]Figure 73: Slope modification in cut-off foundation for inter-bedded sandstone and siltstone, near horizontal bedding
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[bookmark: _Toc531645429]Figure 74: Slope modification in cut-off foundation for inter-bedded sandstone & siltstone, steeply dipping bedding

In some geological environments these requirements for slope modification may necessitate virtually the whole of the cut-off area being excavated or covered with concrete. It should be noted that in some cases there will be tendency for the rock to pluck out on joints, repeating the over-steepening problem. In these cases backfill concrete or possibly pre-splitting with light blasting may be necessary.

Seam treatment: It is common practice to require that seams of clay or extremely weathered rock which occur in the cut-off foundation should be excavated and filled with concrete. This is done to avoid erosion of the seams allowing seepage to bypass the earth core and filters. It is suggested that the depth of excavation and backfill should be 2 to 3 times the width of the seam. 

USBR (1984) recommends that openings narrower than 50 mm should be cleaned to a depth of three times the opening width, and seams wider than 50 mm and up to 1.5 m should be cleaned to a depth of three times the width of the opening or to a depth where the seam is 12 mm wide or less, but not greater than 1.5m depth.

For foundations with continuous seams filled with dispersive or erodible soil and rock, a horizontal filter drain may be needed downstream of the earthfill core to allow foundation seepage to emerge in a controlled manner.

Dental concrete, pneumatically applied mortar, and slush concrete

USBR (1984) recommends the following on the placement and quality of dental concrete, pneumatically applied mortar or concrete and slush concrete.

Dental concrete: Dental concrete is used to fill irregularities in the foundation due to joints, bedding, sheared zones, overhangs, or excavated surfaces. Slabs of dental concrete should have a minimum thickness of 150 mm. Thin areas of dental concrete over rock projections in a jagged rock surface are likely places for concrete cracking and should be avoided by using a sufficient thickness of dental concrete or by avoiding continuous slabs of concrete over areas containing numerous irregularities.

Pneumatically applied mortar or concrete (shotcrete): Shotcrete is concrete or mortar that is applied pneumatically at high velocity with the force of the jet impacting on the surface serving to compact the concrete or mortar. Practice today is to use wet mixed shotcrete because it is easier to control.

Slush grout: Is neat cement grout or sand-cement slurry that is applied to cracks in the foundation. Slush grout should be used to fill only narrow surface cracks. It should not be used to cover exposed areas of the foundation. Slush grout may consist of cement and water, or sand, cement and water. To ensure adequate penetration of the crack, the maximum particle size in the slush grout mixture should be no greater than one-third the crack width.
[bookmark: _Toc523818591][bookmark: _Toc523819786][bookmark: _Toc523822163][bookmark: _Toc523822362][bookmark: _Toc531645287]foundation treatment for embankment dams
Because different treatments are appropriate for different conditions, foundations are grouped into three main classes according to their predominant characteristics:
Foundations of rock
Foundations of coarse-grained material (sand and gravel)
Foundations of fine-grained material (silt and clay)
Ordinarily, coarse-grained, pervious foundations present no difficulties in the matter of settlement or stability for a small dam; conversely, fine grained, weak foundations subject to settlement or displacement usually present no seepage problems.

Rock foundations are generally considered to be the more competent type of foundation and usually do not present any problem for Small Embankment Dam. Even foundations of weaker rock are generally preferred over soil foundations. The selection of a rock foundation is undoubtedly justified where the rock mass is generally homogeneous and competent throughout zones of the foundation that will be affected by the dam and reservoir.
[bookmark: _Toc523818592][bookmark: _Toc523819787][bookmark: _Toc523822164][bookmark: _Toc523822363][bookmark: _Toc531645288]Methods of treating rock foundations
Foundation rock surfaces against which fill is to be placed must be properly treated to ensure that fractures, fault zones, steep faces, rough areas, weathered zones, etc., do not lead to seepage and piping in the interface zone between foundation and fill. Treatment of deficient foundation zones is especially critical for the areas beneath the impervious core and the filter and drainage zones immediately downstream of the impervious zone.

If erosive leakage, excessive uplift pressure, or high water losses can occur through joints, fissures, crevices, permeable strata, or along fault planes, consideration should be given to grouting the foundation.

Whether or not a foundation should be grouted should be determined by examining the site geology and by analyzing the water losses through foundation.
[bookmark: _Toc523818593][bookmark: _Toc523819788][bookmark: _Toc523822165][bookmark: _Toc523822364][bookmark: _Toc531645289]Foundation grouting
Foundation grouting is a process of injecting under pressure a fluid sealing material into the underlying formations through specially drilled holes to seal off or fill joints, fractures, fissures, bedding planes, cavities, or other openings. It is done from a line or lines of holes at the cut-off level of the dam into the dam foundation. Unless the geologic conditions dictate otherwise, the foundation should be grouted to a depth below the surface of the rock equal to the reservoir head above the surface of the rock.

The grouting is carried out to:
Reduce leakage through the dam foundation, i.e. through the defects;
Reduce seepage erosion potential;
Foundation grouting takes two forms:
Curtain grouting,
Consolidation grouting
Curtain grouting is designed to create a thin barrier (or curtain) through an area of high permeability. It usually consists of a single row of grout holes which are drilled and grouted to the base of the permeable rock, or to such depths that acceptable hydraulic gradients are achieved.

The holes are drilled and grouted in sequence to allow testing of the permeability of the foundation before grouting and to allow a later check on the effectiveness of grouting from the amount of grout accepted by the foundation (‘grout take’). 

Consolidation grouting is designed to give intensive grouting of the upper layer of more fractured rock, in the vicinity of the dam core, or in regions of ‘high’ hydraulic seepage gradient, e.g. under the plinth for a concrete face rockfill dam. It is usually restricted to the upper 5 to 15 m. While carried out in sequence, consolidation grouting is commonly applied to a predetermined hole spacing.

Apart from consolidation grouting, which may be carried out to a predetermined depth and hole spacing, grout should be carried out sequentially to achieve a predetermined standard of water tightness. This will usually require the successive halving of hole spacing from primary to secondary and to tertiary holes, etc. Whether the required standard has been achieved will normally be determined on the basis of water pressure test Lugeon value on the grout stage prior to grouting and/or on grout take – the volume (or weight of cement) of grout per meter of grout hole. 

The ‘Lugeon Unit’ (Lu) is a key unit in grouting practice and extensively used. The unit is a measure of rock permeability or hydraulic conductivity. Lugeon tests are usually carried out in the area of the grout curtain to decide the need for grouting the foundation and later to determine the adequacy of grouting. Lugeon test procedures may be referred from USBR (1987), Robin Fell, et al, (1992), Varshney and Singh (1995), etc.

One Lu is roughly equivalent to a coefficient of permeability of 1.3x10-5 cm/s; this degree of permeability is encountered in nearly tight foundations which require almost no grouting. The lower limit of Lu values at which grouting of the dam foundation is usually done is 3 - 5. 

The following chart (Table 7.1) gives the range of Lu values for grout curtain below embankment dams.

[bookmark: _Toc531645364]Table 71: Range of Lugeon (Lu) values for grout curtain below embankment dams
	Embankment Dams
	Suggested curtain standard (Lu)

	Narrow core, earth/rockfill
	

	Single-row curtain
	3 – 7

	Multiple-row curtain
	5 – 10

	Wide core, earth/rockfill and membrane faced
	

	Single-row curtain
	5 – 10

	Multiple-row curtain
	7 – 15

	Exceptions
	

	If foundations contain material able to be removed by seepage:
	

	Single-row curtain
	3

	Multiple-row curtain
	5

	If water lost by seepage is sufficiently valuable to warrant considerable expenditure to stop it, or is environmentally hazardous:
	

	Single-and multiple-row curtain
	1– 3



The foundations for most dams more than 15 m high built on rock, and for some which are smaller, are treated by grouting. An example of a typical grout is shown in Figure 7.5.


       [image: ]
(a) Section across river
       [image: ]
(b) Section through dam

[bookmark: _Toc531645430]Figure 75: Example of embankment dam foundation grouting

The grouting of a dam foundation is usually performed along a single line of grout holes spaced 3 to 6 m on center. This creates some tightening deep in the foundation and some reduction in permeability. However, multiple lines of grout holes are necessary when severely fractured or highly permeable rock is encountered.

Foundation grouting is generally performed with a mixture of cement and water, starting with a ratio of 5:1. If considerable “take” in a hole is experienced, the grout mixture is progressively thickened. Grout mixes usually vary between 10: l and 0.8:1. If the grout take is excessive, sand is added to give the gout additional bulk. In some cases, bentonite is combined with the sand in small quantities, about 2% by weight of the cement, to obtain a more pump-able grout mix and some expansion of the grout. 
[bookmark: _Toc523818594][bookmark: _Toc523819789][bookmark: _Toc523822166][bookmark: _Toc523822365]

[bookmark: _Toc531645290]Methods of treating sand and gravel foundations
Generally, sand and gravel foundations have sufficient strength to adequately support loads induced by the embankment and reservoir. The two basic problems in pervious foundations are;
The amount of under-seepage, and
The forces exerted by the seepage.
A special problem may exist in foundations consisting of low density sands and gravels. The loose structure of saturated sands and gravels is subject to collapse under the action of a dynamic load.
Various methods of seepage and percolation control can be used, depending on the requirements for preventing uneconomical loss of water and the nature of the foundation in regard to stability from seepage forces. 

There are two approaches to control seepage, namely;
To curtail seepage as much as possible, and 
To provide safe exit to whatever seepage still goes through. 
Measures to curtail seepage flow automatically result in reduction of seepage pressures. Safe exit implies collection of seepage water at safe gradients and without removal of soil particles.

Seepage Curtailment
Two categories of measures can be used for this purpose. The first and preferred method is to provide a complete cut-off from the impervious zone of the dam through pervious strata, which is bound to the impervious layer below; such a cut-off is called a positive cut-off. Under certain situations a partial cut-off, which does not penetrate the full depth of the pervious strata, may be considered. If a positive cut-off is found impracticable or uneconomical due to large depth or nature of the strata, an alternative is to provide a horizontal impervious blanket from the impervious zone of the dam upstream in the river valley, under the reservoir.

Cut-off trenches: The cut-off trenches with sides sloping or vertical are excavated below the dams and filled with well-compacted impervious material. The trench should be provided up to bedrock or other impervious strata. For moderate pervious foundations positive cut-off up to hard stratum is provided (see Fig. 7.6). 
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[bookmark: _Toc531645431]Figure 76: Positive cut-off to impervious stratum

Partial cut-off trench: is effective in stratified foundations by intersecting more impervious layers in the foundation and by increasing the vertical path of seepage. A cut-off going to 80% of the total depth of pervious strata reduces the seepage discharge by only 50%. Thus, with a partial cut-off, the reliance is primarily on the length of the seepage path. Therefore, for treatment of deep pervious foundation where it is not economically possible to provide a positive cut-off, partial cut-off along with upstream blanket is provided to reduce the discharge and seepage pressure.

Upstream impervious blanket: When a positive cut-off is too expensive, the alternative of a horizontal impervious blanket may be considered. It extends upstream from the core zone and reduces seepage by prolonging the path of seepage and thus reducing the gradient of seepage flow. It is more effective when there are vertical seams or joints in the reservoir bed or where a naturally existing impervious layer at the top can be supplemented to serve as a blanket (Fig. 7.7).
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[bookmark: _Toc531645432]Figure 77: Upstream impervious blanket

The following guidelines may be adopted in the selection of the most suitable and economic measures of seepage control. 
Positive cut-off is generally the most suitable measure if the depth of pervious stratum is moderate. 
When the pervious stratum is quite deep and extensive and its permeability is between 10-3 to 10-5 m/s, an upstream blanket combined with downstream relief wells and drainage trenches have been found to be quite effective.
When the permeability of the pervious stratum is quite high, of the order of 10-3 m/s or higher, and the stratum is quite deep, grout curtains and diaphragms are generally economical.

Safe Drainage of seepage water
The methods used for safe drainage of the seepage water without causing adverse effects on the foundation and adjacent structures include toe drain, drainage trenches and relief wells.

Toe drain and drainage trenches: They are used to collect the seepage from the horizontal drainage blanket which discharges into the spillway-stilling basin or into the river channel below the dam (Figure 7.8).  Drainage trenches can be used to control seepage where the top stratum is thin and the pervious foundation is shallow so that the trench can be built to penetrate the aquifer substantially. The filter comprising the drainage layers should be designed in accordance with the filter criteria.


[image: ]
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[bookmark: _Toc531645433]Figure 78: Arrangement of toe drain and drainage trench

Relief wells: they are used for the drainage of foundation if it consists of a deep pervious stratum which is stratified and whose permeability increases with depth. Relief wells are provided at or near the downstream toe of the dam to collect water seeping through the foundation and to reduce the pore pressure in the foundation.
[bookmark: _Toc523818595][bookmark: _Toc523819790][bookmark: _Toc523822167][bookmark: _Toc523822366][bookmark: _Toc531645291]Methods of treating silt and clay foundations
Foundations of fine-grained soils are usually impermeable enough to preclude the necessity of providing design features for under-seepage and piping. The main problem with these foundations is stability.  In addition to the obvious danger of bearing failure of foundations of saturated silts and clays, the designs must take into account the effect of foundation saturation of the dam and of appurtenant works by the reservoir.

If the clay layer is shallow and underlain by a firm stratum, it may be found economical to remove the layer. For a shallow clay layer and a dam of small height, a 'shear key' helps to attain stability. A shear key consists of a trench excavated to the bottom of the clay layer and backfilled with compacted, well-graded, rockfill material protected by filters. The trench may be provided under the downstream toe of the dam and will add to shear strength as well as provide drainage (See Fig. 7.9).
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[bookmark: _Toc531645434]Figure 79: Shear key (P = Pervious, I = Impervious)

Vertical drains: A gain in shear strength of a clay layer can be accelerated by providing vertical drains. As the length of the drainage path is reduced, consolidation takes place faster, resulting in transfer of vertical load to the soil as inter-granular stress and consequent increase in shear strength. The rate of construction can also be so regulated as to limit pore pressures at the end of construction to safe limits.


[bookmark: _Toc523818596][bookmark: _Toc523819791][bookmark: _Toc523822168][bookmark: _Toc523822367][bookmark: _Toc531645292]COFFER DAM FOR RIVER DIVERSION DURING CONSTRUCTION 
[bookmark: _Toc523818597][bookmark: _Toc523819792][bookmark: _Toc523822169][bookmark: _Toc523822368][bookmark: _Toc531645293]need for coffer dam 
Diversion of the river during the construction period is necessary, whenever a dam is built across a river. The extent of the diversion problem will vary with the size and flood potential of the river. At some dam sites diversion may be costly and time-consuming and may affect scheduling of construction activities, as in the case of earth and rockfill dams, while at other sites no great difficulties are encountered in this regard. Selection of the most appropriate scheme for handling the flow of the stream during construction is important to the economy of the dam.

Coffer dams are temporary structures constructed in the riverbed to provide an enclosed area where the actual construction might be executed. Coffer dam can serve both for temporary diversion as in case of river diversion headwork construction or as temporary storage which finally be part of main dam body as in case of storage dam. If a river diversion scheme is to be implemented, it increases the problem of the designer who must envisage all possible ways of river diversion and make his/her design adaptable to each of these ways. Its layout has to be decided on the site conditions, nature of river course, and program of works for the season. 
[bookmark: _Toc523818598][bookmark: _Toc523819793][bookmark: _Toc523822170][bookmark: _Toc523822369][bookmark: _Toc531645294]design considerations and procedures 
The one-to-one ratio of height to width of cellular cofferdams makes their use effective in the construction of dams and other projects on rivers. On major rivers, however, it may be advisable to specify the river diversion scheme and design the embankment accordingly. In a narrow valley, the river is diverted through a tunnel or conduit. In wider valleys, parts of the embankment on the two abutments are constructed while letting the river flow through the central region of the valley. 

This central part of the embankment is constructed only at the end and is known as the ‘closure’ section. The construction of the closure section is carried out rapidly to prevent overtopping of the dam and, hence, special design details (viz., providing extra filter drains, different designs for different embankment sections in order to use the material available on the two abutments, and so on) and construction details (such as compacting the closure section at higher water content, keeping a reserve of borrow material to achieve a rapid construction rate for closure, etc.) are specified. If coffer dams of large volumes are used for diversion purposes, it would be economical to incorporate these into the dam embankment. 

The coffer dam being a temporary structure is normally designed for a flood with frequency less than that for the design of the main structure. The choice of a particular frequency shall be made on practical judgment keeping in view the construction period and the stage of construction of the main structure and its importance. Accordingly, the design flood is chosen. For seasonal cofferdams (those which are constructed every year and washed out during the flood season), and the initial construction stages of the main structure, a flood frequency of 20 years or more can be adopted. For coffer dams to be retained for more than one season and for the advanced construction stage of the main structure, a flood of 100 years frequency may be adopted.
[bookmark: _Toc523818599][bookmark: _Toc523819794][bookmark: _Toc523822171][bookmark: _Toc523822370][bookmark: _Toc531645295]height of cofferdams
Freestanding cofferdams consisting of a single row of circular cells now can be designed for a height of up to 29 meters. Special layouts with cloverleaf cells or double rows of circular cells can be used for even higher heads. The term freestanding denotes the absence of an inside berm. The height for specific project depends on amount of incoming flood, construction season length, function of coffer dam (diversion, detention or combination of both) , part of the dam or not , use of  dewatering pump and diversion canal/conduit.
[bookmark: _Toc523818600][bookmark: _Toc523819795][bookmark: _Toc523822172][bookmark: _Toc523822371][bookmark: _Toc531645296]cofferdam layout
The construction plant arrangement and the location of access roads into and around the cofferdam must be planned in the cofferdam sizing and layout. Additional clearances for pump sumps and drainage ditches inside the toe of berms and cells also must be provided. Flooding gates must be safely located. Safe excavation slopes in earth and rock must be planned so that cells are not undermined.
[bookmark: _Toc523818601][bookmark: _Toc523819796][bookmark: _Toc523822173][bookmark: _Toc523822372][bookmark: _Toc531645297]construction of cofferdam 
Cofferdam is constructed with sheet piles around the site where the well foundation is to be done and an island is formed. The shape and size of coffer dam depends upon the site condition. The water inside the coffer dam is pumped out or retained for future storage is supposed to be part of the main dam. The period available for construction of cofferdams is generally limited and depends upon the post-monsoon pattern of the river course and quantum of discharge and program of work of various items of permanent nature. Cofferdam construction for the portions nearer to the river banks where velocities may not be high may be of earthen type cofferdams and when the work advances into the river portion, composite type cofferdams consisting of single sheet piles backed with earthen embankments may be provided. Suitable protection on the river side has to be provided to avoid dislodging of sheet piles due to scour of soil backing.
[bookmark: _Toc523818602][bookmark: _Toc523819797][bookmark: _Toc523822174][bookmark: _Toc523822373][bookmark: _Toc531645298]dewatering
There are two major considerations in the dewatering of a cellular sheet-pile cofferdam. First, a proper defense is necessary against infiltration of water from outside the cofferdam. Here we are dealing with water either coming through the sheet-pile membrane-splits, windows, or holes-or passing underneath it. Second, water that has penetrated this outer defense must be controlled. Water that inundates the cell must be quickly drained, and water that passes through or under the inner row of sheet-piles must be adequately intercepted to prevent movement of soil particles. Such inflows, if large and uncontrolled, can cause quickness, loss of passive restraint at the inside bottom of the cell, and possible eventual collapse.

[bookmark: _Toc523818603][bookmark: _Toc523819798][bookmark: _Toc523822175][bookmark: _Toc523822374][bookmark: _Toc531645299]DAM SAFETY, INSTRUMENTATION AND SURVEILLANCE
[bookmark: _Toc523818604][bookmark: _Toc523819799][bookmark: _Toc523822176][bookmark: _Toc523822375][bookmark: _Toc531645300]perspectives and scope of dam safety
Reservoirs constitute a potential hazard to downstream life and property. The floodplain at risk in the event of catastrophic breaching may be extensive, densely populated and of considerable economic importance. In such instances dam failure can result in unacceptable fatalities and economic damage. Thus, the purpose of a dam safety program is to recognize potential hazards and reduce them to acceptable levels. Safe dams can be built, and dam safety potential deficiencies can usually be corrected with the proper application of current technology when adequate resources are made available. 

The degree of application of these practices requires reasonable judgments based on the size of the dam and reservoir and the hazards to people and property from failure. The safety of a dam should be accorded the highest priority throughout all phases of its development and use, including the planning, design, construction, and operation and maintenance phases. 
[bookmark: _Toc523818605][bookmark: _Toc523819800][bookmark: _Toc523822177][bookmark: _Toc523822376][bookmark: _Toc531645301]dam safety legislation
Although dam safety is always an underlying consideration in the design, construction, operation, and monitoring of a dam, the passage of legislation on Safety of Dams has placed additional emphasis on dam safety.

Legislation to cover the construction and safe long-term operation of dams has assumed greater importance as the number and size of dams at risk has steadily increased. The situation is dynamic and most countries have introduced or reviewed national legislation in the wake of catastrophic disasters.
[bookmark: _Toc523818606][bookmark: _Toc523819801][bookmark: _Toc523822178][bookmark: _Toc523822377][bookmark: _Toc531645302]dam safety requirements 
To meet the dam safety requirements, the design, construction, operation, and modification of an embankment dam must comply with the following technical and administrative requirements:
[bookmark: _Toc523818607][bookmark: _Toc523819802][bookmark: _Toc523822179][bookmark: _Toc523822378][bookmark: _Toc531645303]Technical requirements
The dam, foundation, and abutments must be stable under all static and dynamic loading conditions.
Seepage through the foundation, abutments, and embankment must be controlled and collected to ensure safe operation. The intent is to prevent excessive uplift pressures, piping of materials, sloughing removal of material by solution, or erosion of this material into cracks, joints, and cavities. In addition, the project purpose may impose a limitation on allowable quantity of seepage. The design should include seepage control measures such as foundation cut-offs, adequate and non-brittle impervious zones, transition zones, drainage material and blankets, upstream impervious blankets, adequate core contact area, and relief wells.
The freeboard must be sufficient to prevent overtopping by waves and include an allowance for settlement of the foundation and embankment.
The spillway and outlet capacity must be sufficient to prevent over-topping of the embankment by the reservoir.
[bookmark: _Toc523818608][bookmark: _Toc523819803][bookmark: _Toc523822180][bookmark: _Toc523822379][bookmark: _Toc531645304]
Administrative requirements
Environmental responsibility;
Operation and maintenance manual;
Monitoring and surveillance plan;
Adequate instrumentation to monitor performance;
Documentation of all the design, construction, and operational records;
Emergency Action Plan: Identification, notification, and response sub-plan;
Schedule for periodic inspections, comprehensive review, evaluation, and modifications as appropriate.
[bookmark: _Toc523818609][bookmark: _Toc523819804][bookmark: _Toc523822181][bookmark: _Toc523822380][bookmark: _Toc531645305]embankment dam instrumentations 
The main purpose of instrumentation is to furnish reliable information that the pore pressures and movements which actually develop in a given dam do not exceed appreciably the values assumed by the designer. Also, records of measurements help in the analysis of any problem or difficulty that may develop in the performance of the dam. Further, such observations help in checking designs and building confidence in designing and making dams of greater heights and magnitude in future.
[bookmark: _Toc523818610][bookmark: _Toc523819805][bookmark: _Toc523822182][bookmark: _Toc523822381][bookmark: _Toc531645306]Key monitoring parameters 
Those loads or triggers that can be directly measured and that are associated with a potential mechanism of unsatisfactory performance should be identified. The following typical parameters are subject to monitoring:
Pore pressures in embankments or foundations (piezometer).
Seepage quantities (seepage weir or relief well discharge).
Soil particles carried in seepage flows (turbidity measurement).
Deformation of embankments or natural slopes (slope inclinometer and surface survey monument).
Deterioration of slope protection (systematic visual observation and photographs).
Erosion (systematic visual observation, photographs, and surveys).
Seismic motions (accelero-graph).
Earth pressures on concrete structures (earth pressure cell).
[bookmark: _Toc523818611][bookmark: _Toc523819806][bookmark: _Toc523822183][bookmark: _Toc523822382][bookmark: _Toc531645307]Need for devices to be installed 
Instruments are devices which need to be installed in an embankment dam to monitor sustainability of safety and service of the dam. These can be attained by measuring: 
Pore pressures at different locations, 
Settlement, and 
Horizontal movement of the dam. 
The measurements from these instruments: 
Enable the concerned authorities to compare the measured quantities with the corresponding design values used during construction, 
Provide a reliable basis for analyzing the performance of the dam, 
For taking suitable steps to overcome a problem which may develop, 
Provide valuable data for use in future designs of dams. 


The instruments which need to be installed in an embankment dam are; 
Piezometers  for measuring pore water pressure, 
Internal instruments for measuring;
Horizontal movements, 
Foundation settlement, and 
Embankment compressions. 
Surface monuments for measuring horizontal movements and settlements.
These instruments can be either internal instruments which are installed within the embankment during construction, or surface monuments consisting of concrete-embedded steel rods installed accurately along straight lines. The installed instruments should be simple in design with minimum fast moving spare parts, and should require no maintenance as most of the instruments would be embedded. The installation procedure should cause least interference in construction activities. The method of observation should also be simpler.

[image: C:\Users\Abera\Desktop\aa.jpg]
[bookmark: _Toc531645435]Figure 91: Typical instrument locations for embankment dams

Measuring devices are generally installed in the maximum section of the dam where maximum values of deformation, load-transfer effects between adjacent zones and pore pressure build-up may be expected.

Periodic readings of measuring devices should be made, the frequency depending on such factors as construction activity, rate of reservoir filling and movements occurring in the dam.
[bookmark: _Toc523818612][bookmark: _Toc523819807][bookmark: _Toc523822184][bookmark: _Toc523822383]

[bookmark: _Toc531645308]Staff gauges for water level and flood level measurement
Staff gauge is used to measure reservoir water level and flood levels passing through the spillway and hence used to measure:
The level of outflows in the spillway: Here, staff gauge constructed from the reinforced concrete should be installed on the spillway wall at the control structure.
The reservoir water level: In this case, staff gauges constructed from reinforced concrete at 1m vertical intervals between full reservoir level and minimum draw down level should be installed on the u/s slope of the dam.
[bookmark: _Toc523818613][bookmark: _Toc523819808][bookmark: _Toc523822185][bookmark: _Toc523822384][bookmark: _Toc531645309]Surface monuments 
Soil movements expressed in the form of vertical settlement may cause development of cracks, instability and excessive loss of freeboard. This can be detected in time using protected and permanent bench marks. Levels can be run to check settlement from each bench mark located at appropriate locations and protected from any disturbance. The reading can be made at suitable intervals of time say before, during and after the reservoir is full. For this purpose monuments should be provided along the crest of the dam at suitable interval.
Furthermore, monuments consisting of concrete embedded steel rods can be accurately installed along straight lines 15-30 m apart so that the horizontal movement can be readily obtained by measuring the offset from a transit line.

Data acquisition and management

Logical planning of data acquisition and processing is essential if the purpose of an instrumentation program is to be fully realized. Unless observations are reliable and the information is interpreted quickly, the value of a program will be severely diminished. 

Within the operating plan, the frequency of monitoring should be determined on a rational basis, reflecting the objectives and the individual parameters under scrutiny. The monitoring routine should provide for observations at the different seasons and with significant changes in retained water level. Representative monitoring frequencies for embankments may range as indicated in Table 9-1.

[bookmark: _Toc531645365]Table 91: Representative monitoring frequencies
	Parameter
	Frequency

	Water level
	Daily wherever possible

	Seepage
	Daily or weekly

	Piezometers
	Once or twice weekly (e.g. construction), extending to three to six monthly (routine)

	Settlement  - deformation
	Daily (e.g. suspected serious slip), extending to three to six monthly (routine)


Source: Hydraulic Structures, Novak, P., Moffat, A.I.B., Nalluri, C. and Narayanan, R. 2007;

Surveillance

Embankment dams require regular surveillance if they are to be maintained in a safe and operationally efficient state. As with all structures, they are subject to a degree of long-term but progressive deterioration. Some of the latter may be superficial in relation to structural integrity, but the possibility of concealed and serious internal deterioration must be considered.
The primary objective of a surveillance program is to minimize the possibility of catastrophic failure of the dam by the timely detection of design inadequacies or regressive changes in behavior. A further objective is to assist in the scheduling of routine maintenance or, when necessary, of major remedial works.

Surveillance embraces the regular and frequent observation and recording of all aspects of the service performance of a dam and its reservoir. It includes routine observation and inspection, the monitoring and assessment of seepage and instrumentation data and the recording of all other relevant information, including hydrological records.




[bookmark: _Toc523818614][bookmark: _Toc523819809][bookmark: _Toc523822186][bookmark: _Toc523822385][bookmark: _Toc531645310]RESERVOIR WATER MANAGEMENT AND OPERATION
[bookmark: _Toc523818615][bookmark: _Toc523819810][bookmark: _Toc523822187][bookmark: _Toc523822386][bookmark: _Toc531645311]introduction
Reservoirs are one of the human interventions built worldwide and still increasing to be built for different purposes. Dams and other similar structures are constructed to create such reservoirs for irrigation, hydroelectric power generation, flood control and water supply, either as single-purpose or in combination. Single purpose reservoirs are developed to serve only one purpose, which may be flood control or any of the conservation uses such as irrigation, power generation, navigation, industrial use, municipal water supply, etc. on the other hand, multipurpose reservoirs are developed to serve more than one purpose which may be a combination of any of the conservation uses with or without flood control. 

Construction of dams to store water in such reservoirs for irrigation, electricity and freshwater demand still growing, which are necessary for the sustainable development of the country’s economy. Therefore, in order to meet the main objective set forth in planning of reservoirs and to achieve maximum benefits out of the storage, it is very important to evolve guidelines for operation of such reservoirs. Because, without proper regulation schedules, the reservoir may not meet its objective for which it was planned and may also pose danger to the structure itself, settlements and the environment.

At the same time, dams pose vast challenges with respect to social and environmental impacts, optimization of reservoir operations and dam safety. Dams modify the river regime, change water quality, trap river sediment and create a barrier for migrating fish, resettlement and land clearance. It needs to note that climate change also causes rainfall patterns to shift, leading to seasonal increases or decreases in reservoir inflow. Therefore, either in the existing reservoirs or proposed projects, such challenges ask for specialized knowledge and tools from a wide range of disciplines in support for making planning decisions as well as for real time operation rules.
[bookmark: _Toc523818616][bookmark: _Toc523819811][bookmark: _Toc523822188][bookmark: _Toc523822387][bookmark: _Toc531645312][bookmark: _Toc447620895]reservoir water management 
[bookmark: _Toc523818617][bookmark: _Toc523819812][bookmark: _Toc523822189][bookmark: _Toc523822388][bookmark: _Toc531645313]Need for reservoir water management 
Water is a natural resource used for multiple purposes as already described in the introduction such as irrigation, hydroelectric power generation, navigation, etc., beside industrial and domestic uses. The main source of water is rain water in the form of surface run-off in the form of rivers, streams, and open water bodies such as reservoirs and lakes. It is note that the water resources in the form of flow in the river changes seasonally and from year to year, due to temporal and spatial variations in precipitation, which means the availability and quantity of water resources depends on seasonality. Therefore, to meet the needs of water during the scarce period or during dry season, commonly storage reservoir are constructed on river courses. 

Reservoirs used to store water (excess or flood water) and can be used in a number of ways to control how water flows through downstream waterways while generating hydroelectric power, and can be used for irrigation uses when there is water shortage. Hence, the design of such engineering structures is used principally to store water (as reservoirs) for different developments and household uses. Based on the size and storage capacity of reservoirs, they can be categorized as large dams, micro dams, diversion weirs, etc. either for single or multi-purpose. 
The commonly and standard types of dam structure and reservoir characteristics such as, dead storage (inactive zone), live storage (buffer and conservation zones), and flood control zones and spill at maximum reservoir water level (MWL) as presented in Figure 10-1 below. In the design, inactive zone should consider the development of silt accumulations in the reservoirs which is the main challenging factor in the designing processes. 

[image: C:\Users\surafel\Pictures\Reservoir_Zones.gif]

[bookmark: _Toc531645436]Figure 101: Standardized type of dam and reservoir characteristics

Reservoirs can be used to balance the flow in highly managed systems, taking in water during high flows and releasing it again during low flows. This requires careful control of water levels in the reservoir using spillways. When a major storm approaches, the dam operators calculate the volume of water that the storm will add to the reservoir. If the forecast storm water will overfill the reservoir, water is slowly let out of the reservoir prior to, and during, the storm. If done with sufficient lead time, the major storm will not fill the reservoir and areas downstream will not experience damaging flows. Accurate weather forecasts are thus essential so that dam operators can correctly plan drawdown of the volume of water prior to a high rainfall event. Therefore, based on the water balance analysis, the amount of water storage, types of the dam size and purpose, it needs a proper monitoring and management of the reservoir water resources by setting operation rules and scheduling.
[bookmark: _Toc523818618][bookmark: _Toc523819813][bookmark: _Toc523822190][bookmark: _Toc523822389][bookmark: _Toc531645314]Water balance analysis
In order to make ready of the reservoir operation system, the following important input parameters such as, reservoir capacity curve, reservoir surface area, the amount of sediment deposition (as part of dead storage), losses (evaporation and seepage loses), inflows to the reservoir and direct rainfall over the reservoir, and the amount of water releases from the reservoir to downstream (outflow), etc. are considered. The water balance analysis is based on the continuity equation (U.S. Army Corps of Engineers, 1985) given as:

I = O + L + S …………………………………………………………………………… (10-1)

Where, I is inflow, 
O is outflow, 
L is reservoir losses such as evaporation, diversion, etc. and 
S is change in the reservoir storage volume
[bookmark: _Toc523818619][bookmark: _Toc523819814][bookmark: _Toc523822191][bookmark: _Toc523822390][bookmark: _Toc531645315]reservoir operation
[bookmark: _Toc523818620][bookmark: _Toc523819815][bookmark: _Toc523822192][bookmark: _Toc523822391][bookmark: _Toc531645316]Considerations in reservoir operation scheduling
In many cases, reservoir operations are scheduled in monthly or seasonal basis depending on the purposes of the dam built for. Operation of a reservoir should be governed by the manner in which various uses of the reservoir either for single or combined. Despite the fact that operating the reservoir to meet the demands of end users, the priorities for allocation may be used as a guideline. In general five basic zones of reservoir space may be used in operating a reservoir for various functions. The various storage zones identified are typical storage allocations for various uses as shown in Figure 10-1.
[bookmark: _Toc523818621][bookmark: _Toc523819816][bookmark: _Toc523822193][bookmark: _Toc523822392][bookmark: _Toc531645317]System of reservoir
Scheduling of reservoir need to be operated as part of system and should be prepared for reservoir, based on an integrated plan of operation. Rule curves among the various reservoir operation rules in the system, it should, however, be noted that critical conditions may not be attained in all projects in the system at the same time. Therefore, to develop the rule curves for a system of reservoir, the reservoir storage zones take into consideration corresponding to the reservoir level in addition to reservoir routing, routed from the inlet to the outlet of the reservoir. 

To develop operation rules, some of the important aspects of reservoir operation that needs to be considered are: 

a. Collection of hydrological and water demand datasets for the analysis of operation rules;
b.  Develop the operation rule curves as a computer based system at the control station; 
c. Time and data base management system to access for regular update; 
d. Model to flow forecast, control decisions forecast with flexibility for modified data entry and updating, etc.
[bookmark: _Toc523818622][bookmark: _Toc523819817][bookmark: _Toc523822194][bookmark: _Toc523822393][bookmark: _Toc531645318]Reservoir operation rule curve 
Reservoir operation rule curves are fundamental guidelines for long term reservoir operation (Kangrang and Lokham, 2013) and optimum rule curve reservoir levels are derived from the best reservoir operation policy (Jain, Goel, and Agarwal, 1998). Curves are developed to obtain the highest monthly time reliability with the least number of critical failure months and to provide guidance or rules. Rule Curve (RC) is generally based on detailed sequential analysis of various critical combinations of hydrological conditions and water demands. These should be prepared according to the purpose of reservoir indicated storage volume of a reservoir in zones and releases during different times of the year, including operational policies. Once the rule curves are prepared, they should be constantly reviewed and, if necessary, modified so as to have the best operation of the reservoirs.  

Rule curve allows the user to estimate and define the operation of the reservoir under the assumption that operation is planned to maximize efficient uses of water. The operational decisions are based on the current state of the system and time of the year, which account for the seasonal variation of the reservoir inflows. The reservoir operation rules applied for Shumburit reservoir for instance, based on 75 percent of dependable rainfall yields using the 35 years of rainfall records in the form of runoff drained from the catchment in the reservoir.

Hobbs (1996) briefly outlined the procedure to obtain reservoir operation rule curves by identifying the critical periods of the year, during dry and wet periods (Figure 10-2).

[image: ]
[bookmark: _Toc531645437]Figure 102: Rule curve and maximum, average and minimum monthly inflow values

To develop reservoir operation rule curves, reservoir level zone, the lower (minimum reservoir water level) and upper (maximum reservoir water level) rules curves, will be defined as a range of reservoir elevations for each month. Nevertheless, if the reservoir is allowed to get too close to the upper rule curve it is possible that a very wet month could cause it to go over the curve. On the other hand, if the reservoir is allowed to get too close to the lower rule curve it is possible that in a very dry month the flow cannot be maintained in order to stay above the curve. Therefore, it will then be used every day to maintain and define an intermediate reservoir level between the upper and lower curves. 

In this particular analysis, for instance, the upper and lower rule curves for a given reservoir elevation indicated in Figure x3 for series of years (Xiaowan reservoir in China) presented to indicate the use of the rule curve. It can be observed from the figure that the reservoir never approaches the lower rule curve but it exceeds the upper rule curve several times.
[image: ]
[bookmark: _Toc531645438]Figure 103: Operation regime using rule curve tool for Xiaowan reservoir, China

To develop a rule curve it needs to collect all the necessary data sets such as reservoir storage zone, nature of inflows and outflows based on hydrological viabilities of the year, losses (evaporation and seepage), maximum and minimum reservoir water levels, and the volume-area-elevation curve. Then the procedure for developing the rule curve can be described as "backward-routing" approach. One assumes the reservoir would be empty or reaches lowest acceptable level at the most critical point in dry season. Then, using the principle of continuity, a reservoir level is computed moving back in time steps using the equation: 

Si=Si+1 + Oi - Ii …………………………………………………………………………… (10-2)

Where, Si is reservoir storage at beginning of period, 
Si+1 is reservoir storage at end of period, 
Oi is Outflow in period, and 
Ii is inflow in period. 

Since reservoir level is a function of storage, the series of storages may be converted to a time series of reservoir levels.
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[bookmark: _Toc531645321]APPENDIX I: Allowable Bearing Capacity of Different Materials

	Supporting
 ground type
	Description
	Compactness or Consistency
	Presumed bearing Value ton/m2

	

Rocks
	Basalt
	hard and sound
	400

	
	Slate, schist
	medium hard
	200

	
	Sandstone, limestone
	medium hard
	200

	
	Soft limestone
	Soft
	100

	
	Soft shale
	Soft
	60

	Non –cohesive soil
	
Gravel, sand and gravel
	dense
	40

	
	
	medium dense
	30

	
	
	loose
	20

	
	
sand
	dense
	30

	
	
	medium dense
	20

	
	
	loose
	10

	Cohesive soil
	
silt
	hard
	20

	
	
	stiff
	15

	
	
	medium stiff
	10

	
	
	soft
	5

	
	
clay
	hard
	30

	
	
	stiff
	20

	
	
	medium stiff
	10

	
	
	soft
	5


Source: MoWE, Design Guideline on Dam Design, April, 2002




[bookmark: _Toc531645322]APPENDIX II: Allowable stresses for design of Masonry and Concrete

a) Cement Masonry in 1:4 cement sand mortar 
Compressive stress
0.7 N/mm2 for well-constructed new masonry
0.4 N/mm2 for poorly constructed old masonry
Tensile stress
0.05 N/mm2 for Normal loading case
0.10 N/mm2 for extreme loading case
b) Mass concrete M 15
Compressive stress
4.0 N/mm2 for direct compressive stress
5 .0 N/mm2 for compressive bending stress
Tensile stress
0.3 N/mm2 for normal loading case
0.6 N/mm2 for extreme loading case








[bookmark: _Toc531645323]
APPENDIX III: Unified Soil Classification Including Identification and Description
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Source: Geotechnical Engineering, M.H. Hussein and J.A. DiMaggio, 2004

[bookmark: _Toc531645324]
APPENDIX IV: Performance Indicators of Dams and Required Surveillances

	SN
	Manifestation of Malfunction
	Possible Causes
	Required Surveillances
	Recommendation

	1
	Leakage at foundation downstream of the dam toe 
	Ineffective or absence of cut off, Ineffective of absence of filter and rock toe
	Check if design and or construction includes cut-off, horizontal filter or rock toe, Estimate flow quantity
	Construct rock toe, If flow quantity exceeds 2l/s, dewater reservoir and commence rehabilitation

	2
	Leakage at rock toe with or without sand boil
	Ineffective or absence of cut off, Ineffective of absence of filter and rock toe
	Color of leaking water
	If murky and containing colloids indicates piping/ particle migration and hence rehabilitate the filter

	3
	Crack at darn body (parallel to dam axis)
	Excessive darn body consolidation, Excessive foundation settlement or consolidation
	Review construction dairy if compaction was proper interms of moisture application, density attained and lift thickness, Measure extent of crack regarding width and depth, Review construction dairy if stripping was done and if foundation is pervious and weather horizontal filter/ drainage blanket was laid.
	If the crack is local, depth not more than 10% of dam height cut the crack widely and moist it properly to fill in with cohesive soil with very good compaction to attain prescribed density under optimum moisture content. If the crack is extensive and when depth is more than 10% of dam height this calls for intensive investigation.


Source: MoWE, Design Guideline on Dam Design, April, 2002
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APPENDIX V: Summarized Embankment Dam Design Flow Chart
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[bookmark: _Toc531645326]APPENDIX VI: Indicative Engineer's Field Crew Organization on Dam Construction

[image: ]




[bookmark: _Toc531645327]APPENDIX VII: Typical Embankment Dam Types: (A) Earthen (B) Rockfill
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(A) Earthen Types
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(B) Rockfill Types






[bookmark: _Toc531645328]APPENDIX VIII: Seismic Hazard Map of Ethiopia
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Table 7.2 Unified Soil Classification Including Identification and Description”

Major Division fy:‘h“n)l Typical Name . Labaratory Classification Criteria®
A. Coarse-grained soils (more than half of material larger than No. 200 sieve)’
1. Gravels (more than half of coarse fraction larger than No. 4 sieve)®
Clean gravels litle GW  Well-graded gravels, Wide range in grain sizes Dio/Dio >4
or no fines) gravelsand mixtures,  and substantial amounts 1< Do/ DigDaa < 3
Kittle or no fines of all intermediate Dy, Dan, Do = sizes corresponding to 10, 30, and
particle sizes 60% on grain-size curve
GP  Poorly graded gravelsor  Predominantly one size, ora  Not meeting all gradation requirements for GW.
gravelsand mixtures,  range of sizes with some
little or o fines intermediate sizes missing
Gravels with fines M Silty gravels, gravel- Nonplastic fines or fines with  Atterberg limits Soils above A line with
(appreciable sand-silt mixtures low plasticity (see ML soils)  below A 4<PI<7 are borderline
amount of fines) line or PI < 4 cases, require use of
dual symbols
GC Clayey gravels, gravel-  Plastic fines (see CL sails) Atterberg
sand-clay mixtures it above
Aline with P> 7
2. Sands (more than half of coarse fraction smaller than No. 4 sieve)”
Clean sands (litle SW  Well-graded sands, Wide range in grain sizes and  Dgo/Dyo > 6
or no fines) gravelly sands, litle substantial amounts of all 1< Dy/DioDsa < 3
or o fines intermediate particle sizes
SP Poorly graded sandsor  Predominantly one size, ora ot meeting all gradation requirements for SW
gravel-sands, lttle range of sizes with some
or no fines intermediate sizes missing
Sands vith fines SM Silty sands, sand-silt Nonplastic fines or fines with  Atterberg Soils with Atterberg limits
(appreciable mixtures low plasticity (see ML soils)  Limits below above A line while
amount of fines) Alineor PL<4 4 PI< 7 are borderline
sC Clayey sands, sand-clay Plastic fines (see CL soils) Atterberg limits cases; require use of dual
‘mixtures above 4 line symbols

with PI>7
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Information required for describing coarse-grained soils:

For undisturbed soils, add information on stratification, degree of compactness, cementation, moisture conditions, and drainage characteristics. Give typical
name; indicate approximate percentage of sand and gravel; maximum size, angularity, surface condition, and hardness of the coarse grains; local or gealogical
name and other pertinent descriptive information; and symbol in parentheses. Example: Salty sand, gravelly; about 20% hard, angular gravel particles, % in
maximum size; rounded and subangular sand grains, coarse to fine; about 15% nonplastic fines with low dry strength; well compacted and maist in place;

alluvial sand; (SM).

B. Fine-grained soils (more than half of material larger than No. 200 sieve)’

Identification Procedures”
Major Division  Group Typical Name DryStrength  Dilatancy Toughness Laboratary Classification
Symbol (Crushing  (Reaction to (Consistency Criteria®
Characteristics)  Shaking) Near PL)
Silks and clays ML Inorganic silis and Noetoslight  Quickto  None
with liquid very fine sands, rack slow i
limit less flour, silty or clayey # o = 1]
than 50 fine sands, or clayey p !
silts with slight oo -
plasticity Ew = 1 ]
CL  Inorganicclaysoflow  Medium to None to Medium § o o 4
to medium plasticity, high very slow § W =T ]
gravelly clays, sandy %56 20 W HEWIBHRET
clays, silty clays, wiauiD LT, %
lean clays
OL  Organicsilts and Slight to Slow Slight
organic silty ‘medium
clays of low
plasticity
Silts and clays MH  Inorganie silts, Slight to Slow to Slight to Plasticity chart laboratary
with liquid micaceous or ‘medium none ‘medium classifications of fine-grained
limit more diatomaceous fine soils compares them at equal
than 50 sandy or silty soils, liquid limit. Toughness and dry
elastic silts strength increase with increasing
plasticity index (PT)
CH  Inorganicclaysofhigh  Noneto None High
‘plastiity, fat clays very high
CH  Organic clays of medium  Medium to Noneto  Slightto
to high plasticity high very slow  medium

(Table continued)
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Table 7.2 (Continued)

C. Highly organic soils

Pt

Peat and other highly organic soils

Readily identified by color, odor, spongy feel,

and often by fibrous texture

Dilatancy (Reaction to Shaking)

After removing particles larger than No. 40
sieve, prepare a pat of moist soil with a
volume of about % in’. Add enough water if
necessary to make the soil soft but not sticky.

Place the pat in the apen palm of ane hand
and shake horizontally, striking vigorously
against the other hand several times. A
positive reaction consists of the appearance of
water on the surface of the pat, which changes
ta a livery consistency and becomes glossy.
When the sample is squeezed between the
fingers, the water and gloss disappear from
the surface, the pat stiffens, and finally it
cracks or crambles. The rapidity of appear-
ance of water during shaking and of its
disappearance during squeezing assist in
identifying the character of the fines in a soil.

Very fine clean sands give the quickest and
most distinct reaction, whereas a plastic clay
has no reaction. Inorganic silts, such as a
typical rock flour, show a moderately quick
reaction.

Field identification procedures for fine grained soils or fractions

Dry Strength (Crushing Characteristics)

After removing particles larger than No. 40
sieve, mold a pat of sail to the consistency of
putty, adding water if necessary. Allow the pat
to dry completely by oven, sun, or air drying,
then test its strength by breaking and
crumbling between the fingers. This strength
is 2 measure of character and quantity of the
colloidal fraction contained in the soil. The dry
strength increases with increasing plasticity.

High dry strength is characteristic of clays
of the CH group. A typical inorganic silt
possesses only very slight dry strength. Silty
fine sands and silts have about the same slight
dry strength but can be distinguished by the
fieel when powdering the dried specimen. Fine
sand feels gritty, whereas a typical silt has the
smooth feel of flour.

Toughness (Consistency Near PL)

After partiles larger than the No. 40 sieve are removed,
a specimen of soil about % in® in size is molded to the
consistency of putty. If it is toa dry, water must be added.
Ifit is too sticky, the specimen should be spread out in a
thin layer and allowed to lose some moisture by
evaporation. Then, the specimenis rolled out by hand on a
smaoth surface or between the palms into a thread about
% inin diameter. The thread is then folded and rerolled
repeatedly. During this manipulation, the moisture
content s gradually reduced and the specimen stiffens,
finally loses its plasticity, and crumbles when the plastic
limit (PL) is reached.

After the thread crumbles, the pieces should be lumped
together and a slight kneading action continued until the
Iump erumbles.

The tougher the thread near the PL and the stiffer the
lump when it finally crumbles, the more potent is the
colloidal day fraction in the soil. Weakness of the thread at
the PL and quick loss of coherence of the lump below the
PL indicate either organic clay of low plasticity or
‘materials such as kaolin-type clays and organic clays that
accur below the A line.

Highly organic clays have a very weak and spongy feel
atPL.
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Information required for describing finegrained soils:

For undisturbed soils, add information on structure, stratification, consistency in undisturbed and remolded states, moisture, and drainage conditions. Give
typical name; indicate degree and character of plasticity; amount and maximum size of coarse grains; color in wet conditions, odor, if any; local or geological
name and ofher pertinent descriptive information; and symbol in parentheses. Example: Clayey silt, brown; slightly plastic; small percentage of fine sand;
‘numerous vertical root holes; firm and dry in place; loess; (ML)

“Adapted from recommendations of U'S. Army Corps of Engineers and US. Burean of Reclamation. Al sieve sizes United States standard.
“Excluding particles larger #ian 3 in and basing fractons on estimated weights
“Use grainsize curve in identfying the fractions a given under Aeld identifcaton

For coarse-grained soils, determine percentage of gravel and sand from grain-size curve. Depending on
are classified as fallows:

entage of fines (fractions smaller fhan No. 200 sieve), coarse-grained soils

Less than 5% fines: CW, CP. SW, 5P
More than 12% fines: GM, GC, SM, 5C
%10 12% fines: Borderline cases requiring use of dual symbols

Soils possessing characteristcs of twa groups are designated by cobinations of group symbols; for example, GW-GC indicates a well-graded, gravel-sand mixture with clay binder.
“The No. 200 sieve size is about the smallest partice visible o the naked eye
“For visual classification, the % in size may be used as equivalent to the No. 4 sieve size.
/Applicable to fractions smaller than No. 40 sieve.
SThese pracedures are to be performed on the minus 40-sieve-size partcles (about %, in)
For field classificaion purposes, screening is not interded. Simply remave by hand the coarse particles that inferfere with the tests.
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Whereas: 

W=minimum thickness of filter material  

K

F= 

Coefficient of permeability of filter material 

K

s

= coefficient of permeability of dam soil 

h

2

=height above ground/bed level up to phreatic 

line crossing the sloping face of dam  
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