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Hydropower Engineering

Internal Evaluation (20 marks)

1. Class Attendance — 3 marks

2. Assignment/Tutorial — 4 marks

3. Field Trip & Report (1+2) — 3 marks
4. Tests — 10 marks

Text Books:

1. Dandekar and Sharma: Water Power Engineering

2. Narayan Prasad Gautam: Principles of Hydropower Engineering
3. Sanjeeb Baral: Fundamentals of Hydropower Engineering
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Hydropower

Hydropower is defined as the source of renewable energy formed by the
movement of flowing mass of water on the surface of the earth. It gives
number of times energy production without change of its physical
properties. 3

In hydropower plant the water
is utilized to move the turbines
which in turn run the electric
generators.  The  potential
energy of the water stored in
the dam gets converted into
the kinetic energy of the
moving water in the penstock.

And this kinetic energy gets converted into the electrical energy with the
help of turbine and generator combination.

Power, P = p, g Q Hn Watts

Energy:

Energy is defined as the total power consumed over a certain period,

measured in Kilowatt-hours (kWh).

1 Kwh =1 unit = Energy consumed when power is utilized at the rate of
1 kW for 1 hour.

Classification of Energy

1. Renewable Energy:

The source of energy which could be reused after its utilization is termed
as renewable energy. Hydro, wind, tidal and solar energies are renewable
energy. They are available in plenty and by far most the cleanest sources
of energy available on this planet.

2. Non-Renewable Energy:

The source of energy which is converted into the unusable form after its
utilization is termed as non-renewable energy. Fossil fuels, natural gas,
oil and coal are non-renewable energy. Non-renewable sources are not
environmental friendly and can have serious affect on our health.
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Energy Sources:

1. Conventional energy source
» Thermal power

» Nuclear power

» Hydropower

2. Non-conventional energy source
» Solar power

» Wind power

» Tidal power

» Geo-thermal power

1. Conventional energy source

Q) Thevmal paver:

- fFuel (ey- ,fo,mu,Q ffue() ¢p \owf_nw’ to P\’DOUACQ pteawn
to o\nm a turbine :

~ Covexkp 30— 4o of dhe e,n-e% cangent of dhe fuel
to electvic energy.
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kWorld's Largest Hydroelectric Plants ~ New #1: Three Gorges Dam in China

(over 4,000 MW capacity)

P T 18,200 megawatts
initial
Name of dam Location Present | Ultimate | operation
ltaipu Brazil/Paraguay | 12 600 14,000 1983
Guri “Wenezuela 10,000 10,000 1986
Grand Coulee Washington B 494 A 494 1942
Sayano-Shushensk | Russia B 400 R 400 1989
Krasnoyarsk Russia B,000 5,000 1968
Churchill Falls Canada 5428 5428 1971
La Grande 2 Canada 5328 5328 1979
Bratsk Russia 4500 4500 1961
Moxoto Brazil 4328 4328 fh.a.
Ust-llim Russia 4320 4320 1977
Tucurui Brazil 4245 8370 1964

Sept 9, 2008
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HISTORY OF HYDROPOWER DEVELOPMENT IN NEPAL

= Pharping Hydropower Plant is one of the oldest hydropower plants of|
Asia and the first hydropower plant of Nepal.

= Established in the year 191 | while the first hydropower plant in China
was established in 1912.

= |ronically, we have lagged behind in hydropower generation ever since
and have faced seemingly perpetual load shedding hours in the recent
years

= This is despite the fact that Nepal is among the richest country in the
world in terms of water resources.
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STATUS OF HYDROPOWER DEVELOPMENT IN NEPAL

= Presently, the total installed capacity of Nepal's power plants is roughly
787 MW including thermal and solar plants (NEA, 2015).

T

Total Small Hydro (NEA)-Isclated 4536
Total Hydro (NEA) 477,930
Total Hydro (IPP) 255,647
Total Hydro (Nepal) 733,577
Total Thermal (NEA) 53410
Total” Solar | (NEA) 100
Total Installed Capacity (NEA and IPP) 787,087

STATUS OF HYDROPOWER DEVELOPMENT IN NEPAL

= Except 92 MW Kulekhani reservoir project, all of the hydropower
projects in Nepal are of run-of-river (ROR) type

= Huge power generation difference between rainy and dry season
= Peak demand for 2015 was estimated as 1291.80 MW

3 distinct stages of Hydropower development in Nepal
~ Donor assisted till 1995

» Independent Power Producers (IPPs) oriented till 1995-
2001

» Open and Liberal policy since than
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First Five-Year Plan (1956-1961)
~ Electricity development highly prioritized

~ Main objective was to generate 20 MW of electricity

In 1962, Nepal Electricity Corporation (NEC) was established and in
1985 it was restructured to Nepal Electricity Authority (NEA)

* MNepal embarked on a market led liberalized economy after the restoration of
democracy in 1990.

= Since then a number of hydropower development policies have been formulated.

Eighth Five Year Plan (1992- 7
= First plan by the democratic government formed after JanaAndolan of 1990,
* Hydropower Development Policy 1992, Water Resources Act 1992, Electricity Act

1992 and Foreign Investment and One Window Pelicy 1991 were formulated to
attract foreign as well as domestic investment from private sectors

Tenth Five Year Plan Period (2002-2007)

= Laid emphasis on construction of small, medium, large and reservoir type
hydropower projects

= To promote integrated development of water resources involving private
and public sector with emphasis on rural electrification and control of
unauthorized leakage of electricity

TenYears ro Development Plans Twenty Years Hydro Development Plans

= 10,000 MW in 10 Years = 25,000 MWV in 25 Years and projects
= Reserving small hydropower :Ilvlded into 5, 10, 15 and 20 years time
projects up to 50 MW for domestic rAmES
investors * Domestic consumption and export
® Building cost effective projects o
under Public-Private Partnership ® Also emphasized Public-Private
(PPP) Partnership (PPP)
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ISSUES IN HYDROPOWER DEVELOPMENT IN NEPAL

|. Political constraints including the state reconstruction

2. Technical constraints

3. Financial constraints
4. Policy constraints
5. Climate change

|. Political constraints
* Lack of Political Will
= Persistent political instability
= Aspiration of local people

= State Reconstruction

2. Technical Constraints

~ Technical constrains for the development of hydropower related to geological,
hydrological and topographical settings of the country.

~ Also, lack of manpower specialized in hydropower development and lack of long term
hydrological and sediment logical data are other technical constraints

~ Lack of adequate transmission lines and insufficient capacity of existing and planned
cross-border transmission lines

~ Absence of Storage-type Projects
3. Financial Constraints

= Hydropower projects are more apitl intensive

= Mepal doesn't have the necessary financial resources to develop the hydropower in its own and have
to be reliant upon investment form internatonal financial institution and donor agencies

= Pricing lssue of electricity

4.Policy Constraints

= [|ssue of License and institutional constraints
= Monopoly of NEA over transmission and distribution of power
= Overlapping responsibilities among governmental ministries and departments

= [nconsistency ameng various hydropower policies
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5. Climate Change

Water resources and hydropower ranks among the most vulnerable resources

= With enly 1-2% of its potential currently developed, it will be quite some time before the

opportunities o expand hydropower energy are constrained by climate change in Nepal.

= This does not mean that the existing facilities might not be seriously affected by Climate change. The

ways in which climate change can affect hydropower resources include:

- Run off variability

- Glacial retreat

- Glacial Lake Outburst Flood (GLOF)
~ Sediment load and Evaporation losses

~ Financial constraints and disincentives

Legal and Policy Environment

Government has adopted the Hydropower
Development Policy of 2001 and encourages both
local as well as foreign investment, especially for
the development of SHP

Highlights of the Hydropower Development Policy, Nepal
2001

Development at an affordable price

Uplift the living standard of the rural community
Efforts to reduce the risk of investment

To open market for sale ﬂ‘ electricity both at
national and international level.

Easy acess for the expatriates to work in the
country in relation fo the project implementation
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Legal and Policy Environment

Government Agencies in the power sector

i
ii.

iii.

Ministry of Water Resources (MoWR)

Water and Energy Commission Secretariat
(WECS) - planning and policy research.

Department of Electricity Development (DoED) -
licensing, facilitation, Jr:r'omo‘rion, compliance
monitoring and project study (regulating body under
Ministry of Water Resources),

Nepal EIecTriciT¥ Authority (NEA) - public utility
for generation, tTransmission and distribution of
electric I'T%/ (Government of Nepal undertaking company under
Ministry of Water Resources, Formed in 1985)

Electricity Tariff Fixation Commission (ETFC) -
tariff setting

Legal and Policy Environment

Moreover, for the promotiion of hydropower
projects, the DoED has been designated as 'One
Window' under the MoWR, with following
responsibilities:

Issuance of survey and Project (generation) licenses.

Providing concessions and incentives.

Facilitating the import of the plant, equipments and

goods required for the project.

Facilitating in the acquisition of government land
required for the project.

Facilitating in obtaining various permits and
approvals.
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The Hydropower Development Policy 2001

The Hydropower Development Policy 2001 (HDP) addresses issues
including private sector demand, the need for reasonable pricing, rural
electrification, the need to raise the level of employment, hydro power
exports and investor friendly practices.

Objective

» Keep electricity costs low by using least cost generation

» The delivery of electricity with reasonable quality and price

» The need to combine electrification with the economic activities
» The expansion of rural electrification

» Need to make hydropower an exportable commodity

GoN’s Commitments

» Survey license: term of 5 years

» Generation license term: 35 years for domestic supply and 30 years
for export oriented projects

» Additional maximum five years for hydrological risks

The Hydropower Development Policy 2001

» Projects turned over free of cost on good operating condition at the
end

» Water rights guaranteed

» No nationalization

» Foreign exchange and repatriation facility

Procedure

» Projects to be developed by way of competitive bidding

» BOOT (build-own-operate-transfer) model for private investment

» Respect for high standards for environment protection

» GoN to assist in land acquisition

» Royalty structure fix rate up to 1000 MW, export projects negotiable
rate above 1000 MW

» Separate agreement for developers and GoN
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Planning of Hydropower Projects
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Turbine/
Penstock Generator

Electrical

Tai Irée

Layout of a Run-off-the-River Hydro Power Project
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Upper
Low Deman Reservoir

Turbines for pumping and
Lower Reservoir electricity generation
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Stages of Hydropower Development
1. Reconnaissance

2. Pre-feasibility Study

3. Feasibility Study

1. Reconnaissance

Reconnaissance studies are normally the first step of hydropower studies.
The reconnaissance is of preliminary nature. Being the first step in the
project planning reconnaissance studies are concerned with identification
as well as investigation of projects which are suitable for the stated
purpose. Reconnaissance studies are carried to follow pre-feasibility and
feasibility studies but it will require less accuracy and less detail. In this
stage of studies, it is necessary to rely on very experienced hydropower
planner in order to formulate the well balanced projects.
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The main objectives of the reconnaissance studies are:-

1.To recognize appropriate projects for the declared function.

2.To investigate apparent alternative solution for inclusion in the plans or
rejection.

3.To evaluate nominated projects and work out the best project for the
given function.

4.Compare the projects and formulate the project best suited for the
stated purpose.

5.To record the lower rank projects and projects alternatives for the
future experience.

6.To provide preliminary cost figures in the performance of
reconnaissance studies.

7.To record, screen, rank the project alternatives.

Steps and Activities in reconnaissance study

i) Data and information collection

Work starts with gathering and evaluation of all relevant data and information about
power markets, hydrology, geology, topography, environment, geotechnical aspects and
socio-economy of the projects and its surrounding area.

ii)Desk Study

It involves planning elements and parameters (power market, flow, head, environment).
Tentative layout of the project showing all elements of the layout of the plants is also
prepared in this stage.

iii) Field work and Design

It involves field visit for the verification of layouts. Reselection of permissible
alternatives and other related studies will be conducted.

iv) Estimates and schedules

Preliminary cost estimate and implementation schedules are prepared based on the
reconnaissance level of study.
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v) Environmental and social studies

IEE (Initial Environmental Examination) or EIA (Environmental Impact Assessment)
shall be prepared based on the legal requirements. Secondary data shall be analyzed to
get the social and environmental information.

vi) Economic Assessment

The power unit cost and unit cost of annual generation capability of the project are
prepared.

vii) Reconnaissance study Report

Report generally includes:-
- Documentation of the all available data and information

- Drawing of layout
- Report on main project features
- Reports on discarded solutions and alternatives

- Project reports cover implementation cost and time aspects.

2. Pre-feasibility Study

The second phase of hydropower planning after reconnaissance study of
the project is pre-feasibility study.

The main objectives of the prefeasibility studies are:-

1. Establish the need and justification of the project
2. Formulate a plan for the development of the project.

3. Determine the technical, economical and environmental practicability
of the project.

. Define the limit of the project
. Ascertain the local interest and desire for the project.

. Make recommendations for further action

~N N Dn K~

. To choose and approve possible projects for the further consideration.
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Steps and Activities in pre-feasibility study

i) Data and information collection

It involves the collection of the available hydrological, meteorological data.
Topographical mapping, geological mapping, walkover survey along the project
alignment will be carried out.

ii)Desk Study

The report which is prepared during reconnaissance study shall be reviewed and
verified.

iii) Field work and Design

Topographical survey and geological survey is carried out. Hydrological study is also
performed in this stage.

iv) Financial analysis

Based on the preliminary component sizing; preliminary cost estimates is prepared.
Cost per KW is also calculated.

v) Environmental and social studies

IEE, the ToR of IEE works is prepared. If the project requires EIA, the ToR and scoping
works is carried out. The field trip of the proposed area is carried out to identify the
potential social issues from the project.

vi) Pre-feasibility study Report

The pre-feasibility report should close with firm statements on the suitability of the
project in development context and its practicability for the stated purpose. A concise
recommendation on the project’s further development role is also required.

3. Feasibility Study

The feasibility investigation is a comprehensive analysis and detailed
study of the contemplated project, directed towards its ultimate
authorization, financing, design and construction. The feasibility study is
carried out in order to determine the engineering(technical), economical
and environmental feasibility of the project. The feasibility study report
will provide the necessary information from which the owners can
decide whether or not to go for the implementation of the project.

The main objective of the feasibility studies is to stabilize the economic
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The main objectives of the feasibility studies are:-

1. To stabilize the economic analysis and to analyze dispute issues

2. To estimate the net economic value to be produce as well as estimates
the cost of development, construction, operation, maintenance and
replacements

Steps and Activities in pre-feasibility study

i) Data collection

- Supplementary data and information

- Hydrological data

- Topographical data

- Geological and geotechnical data

- Detailed socio-economic data from social survey

ii) Review of desk study and prefeasibility report

The desk study report and reconnaissance level study report and other relevant study
report related to the project shall be reviewed.

iii) Field work and Design

- Field visit for layouts for the proposed layout during prefeasibility study
- Field trip for additional survey

- Field visit for geological data collection, pit sampling, ERT survey etc.

- Establishment of gauging station at headworks and powerhouse site

- Detailed investigation for structure location

- Installed capacity optimization

- Design of each component

iv) Estimates and schedules

- Detailed cost estimate is prepared
- Detailed implementation schedules and planning also prepared

v) Environmental and social studies

- Detailed IEE or EIA report shall be prepared

Consultation with stakeholders

Environmental management/mitigation plan

Building harmony with project affected family for smooth execution of the project
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vi) Economic assessment and financial evaluation

- Financial evaluation and sensitivity analysis shall be done
- FIRR (Financial Internal Rate of Return), B/C ratio, RoE (Return on Equity) and
NPV (Net Present Value) calculation shall be done

vii) Feasibility study report

This feasibility study report is sometimes called as DPR(Detailed Project Report). This
feasibility report is also bankable document. This document is necessary for PPA
(Power Purchase Agreement) of the project, financial closure and other requirement of
DoED. It should include the conclusion an recommendation for further action.

Identification of site

I

Reconnaissance survey
. Measurement of head
. Measurement of discharge
. Assessment of geology
. Environmental aspects

l NOT Feasible
Pre-feasibility study —_—

Project
Dropped

l Feasible

Detailed investigations
« Topographical survey
« Hydrological survey
« Geological survey
. Material survey
« Environmental survey

l NOT Feasible
Feasibility study | ——

Project
Dropped

l Feasible

Decision be taken for Execution
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BASIC ELEMENTS OF HYDEL POWER PLANT

i Inside a Hydropower Plant

Dam Powerhouse

~

* Reservoir

* Dam

* Trace rack

* For bay

* Surge tank
* Penstock

* Spillway

* Turbine

* Powerhouse

1. Dam and
Reservoir

Spillway
Fore bay
Surge tank
Penstock
Turbine

Power
house

8. Draft tube

o L A

Inside a Hydropower Plant

Powerhouse

COMPQNENTS
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COMPONENTS OF A HYDRO SYSTEM

: Powerhouse

Powerline —/

Gener ator

Turbine —//

Draft Tube —
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INSTALLED CAPACITY OPTIMIZATION

The power generated by a hydropower plant is a function of head and discharge, which is given by the
following equation:

P =nyQH
Where P =power, y = specific weight of water, Q = discharge, H = Head, and 1 = overall efficiency
Energy = P*time
Revenue = Energy*rate

The power can be calculated for different percentile of available flow. Increasing the percentile of available
flow, the design discharge reduces. Decreasing the design discharge, the size of hydropower components
such as intake, settling basin, conveyance system, penstock etc. decreases. Hence, the project cost
reduces. But, the project capacity as well as energy also reduces due to the decrease in design discharge,
thereby decreasing annual revenue. Hence the revenue and cost is traded to get optimum benefit. For this
generally, the flow with 25% available to 70% available with certain interval is calculated from the flow
duration curve, and power and revenue is calculated. The cost for each option is also calculated and then
optimization study is done. The optimum capacity is taken as installed capacity.
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HEADWORKS OF STORAGE

PLANTS AND ROR PLANTS

Storage or Impoundment power Plants

They are the most common and are typically large. They use a dam to
store river water in a reservoir and water is released from the reservoir to
flow through a turbine(s) which turns a generator to produce electricity.
The water level behind the dam can be managed to either maintain a
constant reservoir level or released to meet changing electrical needs.
These types of plants have enough storage capacity to off set seasonal
fluctuations in water flow and usually that water storage capacity is used
to provide a constant supply of electricity throughout the year.
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Surga chamb-ar

Reservmr

£ 3 }
A /’ /’ AR i
Tailrace pond
A typical layout for a storage type hydro plant

1 Dam and Inside a Hydropower Plant

Reservoir Pawerhouse
Spillway
Trace rack
Surge tank
Penstock
Turbine

Power
house

8. Draft tube

COMPONENTS

e A
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Dam

A dam is a hydraulic structure of fairly impervious material built across a
river to create a reservoir on its upstream side for impounding water for
various purposes. These purposes may be Irrigation, Hydropower, Water-
supply, Flood Control, Navigation, Fishing and Recreation. Dams may
be built to meet the one of the above purposes or they may be
constructed fulfilling more than one. As such, Dam can be classified as:
Single-purpose and Multipurpose Dam.

Different parts & terminologies of Dams:

Crest: The top of the Dam. It may in some cases be used for providing a
roadway or walkway over the dam.

Parapet walls: Low Protective walls on either side of the roadway or
walkway on the crest.

Heel: Portion of Dam in contact with ground or river-bed at upstream
side.

Toe: Portion of dam in contact with ground or river-bed at downstream
side.

Upstream side

Downstream side

Parapet walls

Spill way
MWL (inside dam)
Max. level
Normal Water Level Crest
Free Board

Sluice way

Gallery

Heel Toe
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Spillway: It is the arrangement made (kind of passage) near the top of
dam for the passage of surplus/ excessive water from the reservoir.
Abutments: The valley slopes on either side of the dam wall to which the
left & right end of dam are fixed to.

Gallery: Level or gently sloping tunnel like passage (small room like
space) at transverse or longitudinal within the dam with drain on floor
for seepage water. These are generally provided for having space for
drilling grout holes and drainage holes. These may also be used to
accommodate the instrumentation for studying the performance of dam.
Sluice way: Opening in the dam near the base, provided to clear the silt
accumulation in the reservoir.

Free board: The space between the highest level of water in the reservoir
and the top of the dam.

Dead Storage level: Level of permanent storage below which the water
will not be withdrawn.

Diversion Tunnel: Tunnel constructed to divert or change the direction of
water to bypass the dam construction site. The dam is built while the

river flows through the diversion tunnel.
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Classification of Dams

Detention Dams

+ This type of dams are mainly constructed to
control flood. This type of dam stores water
temporarily and releases it gradually at a safe
rate when the flood recedes. Detention dam
provides safeguard against possible damage
dmtoﬂmdonthedownstrmsideofm

asstoragedam

Detention Dams
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Debris or Check Dam

It is a low height dam across a stream channel for soil conservation and
retention of sand, gravel, driftwood or other debris to lower reaches.

Coftfer Dam

It is a temporary dam constructed to segregate the dam construction area
(working area) from the river flow.
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Classification of Dams

Classification as per hydraulic design

OverﬂnwDam. An overflow dam is built to allow
the overflow of surplus discharge above the top
of it. They are generally built of masonry or
concrete and they are gravity type of dam.
Usually dams are not designed as overflow for
their entire length. Only few meters of its length
is kept as overflow section.

Overflow Dam
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Classification of Dams

Non-Overflow Dam:

» In this type of dam, water is not allowed to overtop the
dam. The top of the dam is fixed at a higher elevation
mmwmmm&smwm
not allowed to overtop, it can be constructed of large
variety of materials such as  earth, rock
fill, masonry, concrete etc.

Non-Overflow Dam
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Classification as per Structural

Design

Gravity Dam:

» It is a solid concrete or masonry dam that all
exta*nalﬁammres&stedhyutsmwe@t
or gravity forces.

Arch Dam:

* An arch dam is curved masonry or concrete
dam which has convex portion facing
upstream. It resists major portion of water
pressure by arch action.

* The self w of the dam is comparativel
| ﬂm%h!:ty mp y

Gravity Dam & Arch Dam
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They e constructec
mmmmmmaummbynm
mmme{d@a‘smmmﬁaﬂau@m
moderate height. They are generally trapezoidal in
section. Earth dam, earth and rock fill dam are the
example of this type of dam.
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Classification as per size

1. Large (Big) dam
2. Small dam

* International Commision on Large Dams, (ICOLD) assumes a dam as
big when its height is bigger than 15m.

* If the height of the dam is between 10m and 15m and matches the
following criteria, then ICOLD accepts the dam as big:

* If the crest length is bigger than 500m

* If the reservoir capacity is larger than 1 million m3

» If the flood discharge is more than 2000 m3/s

* If there are some difficulties in the construction of foundation
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Classification as per height

m High Dam or Large Dam
= If the height of the dam is bigger than 100m

m Medium Dam
u If the height of the dam is between 50m and 100m

m Low Dam or Small Dam
= If the height of the dam is lower than 50m
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L'ﬁx. OP. W.L.337.50

Min. OP. WL 33.00Rip rap Class

Grout cap = Grout curtain

Embankment Dam at Marsyangdi Hydroelectric Project, Nepal (NEA, 1983)
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TYPICAL EMBANKMENT DAM PROFILE
Embankment dams shall have a trapezoidal cross-section composed of soil. It shall typically
be composed of the following elements

a. Dam body.
b. Dam crest.
c. Upstream and downstream berms.
d. Upstream and downstream lining.
e. Drains.
u/s Lining — Dam crest d/s Slope
Anchor support —

1/s Berm—

O S S v [P S S e

Lock against seepage Previons layer of fonndation
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Terms and abbreviations

Axis of dam Vertical plane or curved surface, chosen by a designer,
appearing as a line in plan or in cross-section to which the horizontal
dimensions of the dam are referenced.

Berm A nearly horizontal step in the sloping profile of an embankment
dam.

Composite earth dam Earth dam consisting essentially of an inner or
enclosed impervious section supported by two or more outer sections of
relatively pervious material.

Dam crest Upper (top) part of the dam body.
Embankment dam

A dam with the main section composed principally of gravel, sand, silt
and clay. It is also called earthen dam.

Homogeneous earth dam Earth dam composed of a single type of
material, except for protective material on the exposed faces.

Length of dam The length along the top of the dam.

Rock-fill dam Dam composed of rock, either dumped in the lifts or
compacted in layers ,as a major structural element.

Rock toe The downstream toe of an earth dam or other structure
constructed of rock materials.

Seepage Interstitial movement of water that may take place through a
dam, its foundation or its abutments.

Toe drain Drain constructed at the downstream toe of an earth dam to
collect and drain away the seepage through the dam and its foundation.
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Earth Dam

Diaphragm Type:

» This type of section is used when impervious
material is available in lesser quantity at site. It
consists of thin impervious core of diaphragm
made of clay, cement concrete or bituminous
concrete which is surrounded by earth or rock
fill. They are also called sometimes as thin core
dams. The construction of this type of dam is
limited to small dams only. It has upstream
stone pitching and downstream stone blanket.

Based on the structural composition of their dam body, embankment
dams may belong to the following categories:

| |
'Bddm!

i1i. Dam with sheet of synthetic materials iv. Dam with inclined core

V. Dam with central core vi. Dam with diaphragm

Types of embankment dams (Zhurablov, 1975)
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Advantages

(i) Enrth dams are usually cheaper than gavity dams if suitable earth fiv construction is
available near the site.

{ii) Earth dams can be constructad on almost all types of foundations, provided suitable
measunes of foundation treatment and seepage control are 1aken,

{iii) Earth dams can be constructed in a relatively short period.

{iv) The skilled labour s net requred in construction of an earth dam. Earth dams can be
raised subsequently,

fvi) Earth dams ane aesthetically move pleasing than gravity dams.

fvii} Earth dams are more earthquake-resistant than gravity dams.
Disadvantages

{i) Earth dams are not suitable for narrow porpes with steep slopes,

(i) An ewrth doam cannot be designed as an overflow section, A spillway las to be
located away from the dam.

{ii1) Earth dams cannot be constructed in regions with heavy downpour, as the slopes
might be washed away.
{iv) The maintenance cost of an earth dam is quite high. It requires constant supervision,
fw) Sluices cannod be provided in a high earh dam to remove slit.
fvi) An earth dam fails suddenly without any sign of imminent failure. A sudden failue
causes havoe and untold miseries.
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(a) Advaniages
{1} Rockfill dams are

quite mexpensive if rock fragments are easily available.
{it) Rockfill dams can be consructed quite rapidly.

(i) Rockiill dams can better withstand the shodks due to earthquake than earth
dams,

{iv}) Rocklill dams can be constructed even in adverse climates.
(b) Disadvantages
(1) Rockfill doms reguire more strong foundations than eanth dams

(i) Rockfill dams require heavy machines for tansporting, dumping amd
compacting rocks.
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Combined Earth and Rock fill
Dam

» It is a composite embankment dam. In this
upstream consists of soil where as downstream
portion is filled with rock. Upstream has a
riprap. With cement grouted core wall to check
seepage. Riprap makes upstream slope stronger
against seepage and damage due to wave action.

Combined Earth & Rock fill Dam

\/

— Rock fill
TPervious memborane

}
c _J L Earth fil
ut off — arth filling
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Gravity Dams

or masonry
» It is a solid concrete, dam which resists all
external forces by its own weight. It needs a
sound rock foundation because it transmits all
foundation. Most of the gravity dams are
provided with an overflow portion known as

spillway within the body of the dam
ravity Dams

R e =
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Type Material Sectional View Plan (Top View)

; Concrete,
Gravity 1 pple masnhry

Arch ‘Concrete
Sidewalls.
of camyon
Slab Buttress
Concrete
Buttress also timber
and steel)
Rock-fll toe
e ]
Earth or %
Embankment CoRE

Impermeable core
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Principal variants of concrete dams (values of m are indicative only)

(ransvene horizental
profile section at base

Foee 1]

g ; contraction i y d
{a) Gravity dam joints {E) Massive buttress 1: diamond head
m =07z m=0.6-1.0; n=01-03

RH
I
T
() Massive buttress 2: roundhead (d) Arch or arch-gravity
m=07-1.0: n=01-0.4 m = 03=05

Principal variants of concrete dams (values of m and n are indicative

only)
-
‘t ) r )
(e) Cupola or double-curvature arch
Fig. Principal variants of concrete dams (values of m and n indicative

only; in (e] Ry and R, generally vary over dam faces)
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Principal variants of concrete dams (values of m and n are indicative
only)

transverse horizontal
profile section at base
(a) Hollow gravity (b) Decked buttress,

e.g. spillway section

B w o i v S
: = ‘- A!i .\. C
s @
SIruls —g=—14 |
a8 &

(¢) ‘Ambursen’ or flat slab buttress: (d) Multiple arch

reinforced concrete construction (multiple cupola similar)
= obsolete

Fig. Further variants of concrete dams

Principal variants of earthfill and earthfill-rockfill embankment
dams (values of m are indicative only)

hon s 2 e SR
(a) Homogenous with toedrain:
small secondary dams
m=20-25 m=25-35

il “Eoas :".' £ £zl ien ke o - nelop e e e "Rk e T2
(¢) Slender central clay core: (d) Central concrete core:

19th-century ‘Pennines’ type — smaller dams - obsolescent

obsolete post 1950 m=25-35

m=25-35

(e) Wide rolled clay core: zoned with

transitions and drains: note base drain clay core: zoned with transitions and
m=25-35 drains
m= 1.6-2.0
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Principal variants of rockfill embankment dams (values of m are
indicative only)

transition/drains

(a) Central rolled clay core (b) Inclined rolled clay core
m=16-2.0 m=16-2.0

transition/drain

(c) Decked: upstream asphaltic or (d) Central asphaltic membrane

concrete membrane m= 1.6-2.0
m=16-20
- o _dam crest <

(a) Wide valley with deep overburden:
fine-grained deposits, e.g. Fine glacial soils. tills etc., over Sm deep favour earthfill
embankment dam

~ g dam crest P

(b) Valley with little overburden: (c) Narrow valley, steep sides,

suitable for embankment, little overburden:
gravity, or buttress dam suitable for arch, cupola, or

rockfill embankment dam

g dam crest
#— CONCRETE DAM —*

<+— EARTHFILL EMBANKMENT —%

(d) Valley with irregular depth of overburden:
possible composite solution as shown; spillway on concrete dam

Fig. lllustrative examples of dam type in relation to valley profile
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Selection of Type of Dam
Construction of a dam required

1- Political decision

2- Arranging project funding

3- Construction feasibility

4- Environmental impact

5- Social impact
And the construction feasibility required a number of investigations
include:-

(i) Site reconnaissance (include survey, geological, and
geotechnical investigation, availability of construction material).

(i1) Hydrological data and records.

(i11) Stability and integrity with respect to water retention.

In summary, dam site investigation required careful planning and
considerable investigation of time and resources. Wherever possible, in
situ and field test techniques should be employed to supplement lab
testing program.

Proper interpolation of geological and geotechnical data demands the
closest cooperation between the engineering geologist the geotechnical
specialist and the dam engineers.

The optimum type of dam for a specific site is determined by estimates
of cost and construction programme for all design solutions which are
technically valid. Where site circumstances are such that viable
alternatives exist it is important that options are kept open, assessing the
implications of each with respect to resources, programme and cost, until
a preferred solution is apparent.

It may also be necessary to take account of less tangible socio-political
and environmental considerations in the determination of that solution.
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Dam selection:

Embankment

Earthfill

» Suited to either rock or compressible soil foundation and wide valleys

» Can accept limited differential settlement given relatively broad and
plastic core

» Cut-off to sound, i.e. less permeable horizons required

» Low contact stresses

» Requires range of materials, e.g. for core, shoulder zones, internal
filters etc.

Rockfill

» Rock foundation preferable; can accept variable quality and limited
weathering

» Cut-off to sound horizons required

» Suitable for all-weather placing

» Requires material for core, filters etc.

Concrete

Gravity

» Suited to wide valleys, provided that excavation to rock <5 m
» Limited weathering of rock acceptable

» Check discontinuities in rock with regard to sliding

» Moderate contact stress

» Requires imported cement.

Buttress
» As gravity dam, but higher contact stresses require sound rock
» Concrete saved relative to gravity dam 30-60%.

Arch and Cupola

» Suited to narrow gorges, subject to uniform sound rock of high
strength and limited deformability in foundation and most particularly
in abutments

» High abutment loading

» Concrete saving relative to gravity dam is 50-85%
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Selection of Site for Dam

Construction Materials

* Huge amount of materials is required for
the construction of dam. Therefore
construction materials should easily be
available either locally or near vicinity of
the site so as to reduce the transportation
cost.
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Loads/Forces on Dams

» Loads can be classified in terms of applicability/relative
importance as primary loads, secondary loads, and exceptional
loads.

1. Primary loads are identified as universally applicable and of prime
importance to all dams, irrespective of type, e.g. water and related
seepage loads, and self-weight loads.

2. Secondary loads are generally discretionary and of lesser magnitude
(e.g. sediment load) or, alternatively, are of major importance only to
certain types of dams (e.g. thermal effects within concrete dams).

3. Exceptional loads are so designated on the basis of limited general
applicability or having a low probability of occurrence (e.g. tectonic
effects, or the inertia loads associated with seismic activity).
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Loading Diagram on Gravity Dams

wave ice
P, P -
pressure relief drains
seismic seismic inertia
load, — forces — dam bhody
water Py water
£y
E——
E sediment .
P inrernal
—» seepage,
apiift
Gt S <
L
Joa=ms “——— uplift pressure if
g no relief drains

| Py foundation
I seepage. uplift

(a) Primary loads

1. Water load. This is a hydrostatic distribution of pressure with
horizontal resultant force P1. (Note that a vertical component of load will
also exist in the case of an upstream face batter, and that equivalent
tailwater loads may operate on the downstream face.)

2. Self-weight load. This is determined with respect to an appropriate unit
weight for the material. For simple elastic analysis the resultant, P2, is
considered to operate through the centroid of the section.

3. Seepage loads. Equilibrium seepage patterns will develop within and
under a dam, e.g. in pores and discontinuities, with resultant vertical
loads identified as internal and external uplift, P3 and P4, respectively.
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(b) Secondary loads

1. Sediment load. Accumulated silt etc. generates a horizontal thrust,
considered as an equivalent additional hydrostatic load with horizontal
resultant Ps.

2. Hydrodynamic wave load. This is a transient and random local load,
Pes, generated by wave action against the dam (not normally significant).

3. Ice load. Ice thrust, P7, from thermal effects and wind drag, may
develop in more extreme climatic conditions (not normally significant).

4. Thermal load (concrete dams). This is an internal load generated by
temperature differentials associated with changes in ambient conditions
and with cement hydration and cooling (not shown).

(b) Secondary loads

6. Abutment hydrostatic load. This is an internal seepage load in the
abutment rock mass, not illustrated. (It is of particular concern to arch or
cupola dams.)

(c) Exceptional loads

1. Seismic load. Oscillatory horizontal and vertical inertia loads are
generated with respect to the dam and the retained water by seismic
disturbance. For the dam they are shown symbolically to act through the
section centroid. For the water inertia forces the equivalent static thrust,
Ps, is shown.

2. Tectonic effects. Disturbance following deep excavation in rock, may
generate loading as a result of slow tectonic movements.
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Load Combinations

A concrete dam should be designed with regard to the most rigorous
adverse groupings or combinations of loads, which have a reasonable
probability of simultaneous occurrence.

—Three nominated load combinations are sufficient for almost all
circumstances.

—In ascending order of severity they may be designated as normal,
unusual, and extreme load combinations, denoted as NLC, ULC and
ELC, respectively

Load combination A (construction condition or empty reservoir
condition): Dam completed but no water in the reservoir and no tail
water

Load combination B (Normal operating condition): Full reservoir
elevation (or top of gates at crest), normal dry weather tail water, normal
uplift, ice and uplift (if applicable)

Load combination C (Flood Discharge condition): Reservoir at
maximum flood pool elevation, all gates open, tail water at flood
elevation, normal uplift, and silt (if applicable)

Load combination D - Combination A, with earthquake
Load combination E - Combination B, with earthquake but no ice

Load Combination F - Combination C, but with extreme uplift (drain
inoperative)

Load Combination G - Combination E, but with extreme uplift (drain
inoperative)

https://civinnovate.com/civil-engineering-notes/

2/11/2019

47



i. Forces Acting on Gravity Dam
The various external forces acting on a gravity dam may be :

(1) Water Pressure

(2) Uplift Pressire R

(3) Pressure due to earthquake forces

{4) Silt Pressure '

(5) Wave Pressure

(6) Ice Pressure

(7) The stabilising force is the weight of the dam itself.

An estimation and descnptmn of these forces is
given below : ’
(1) Water Pressure. Water pressure (P} is the

most major external force acting on such a dam. The
horizontal water pressure, exerted by the weight of
the water stored on the upstream side on the dam can
be estimated from rule of hydrostatic pressure dis-
tribution ; which is triangular in shape, as shown in
Fig. 19.2 (a) and (b). When the upstream face is ver- ;l-—_-er ——l
tical; the intensity is zero at the water surface and Where v = unit weight of water
equal to Y,H at the base ; where ¥,, is the unit weight 981 i‘;\r?mg » 100% fgrnt
of water and H is the depth of water : as shown in Fig, Fig. 19.2. (a)
19.2 (a). The resultant force due to this external water

=1y, H”, acting at H/3 from base.

When the upstream face is partly vertical and partly inclined [Fig. 19.2 (b)), the
resulting water force can be resolved 'mtohorizontal component (P,) and vertical com-

ponent (P). The horizontal component P,, == yw H2 acts at 3@ from the base ; and the

vertical component (P,) is cqual to the wc:ght of the water stored in column ABCA and
acts at the c.g. of the area.

Similarly, if there is tail water on the downstream side, it will have horizontal and
vertical components, as shown in Fig. 19.2. (b).

Fig. 192()
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(2) Uplift Pressure. Water seeping through the pores, cracks and fissures of the
foundation material, and water seeping through dam body and then to the bottom through
the joints between the body of the dam and its foundation at the base ; exert an uplift
pressure on the base of the dam. It is the second major external force and must be
accounted for in all calculations. Such an uplift force virtually reduces the downward

weight of the body of the dam and hence, acts against the dam stability.

The amount of uplift is a matter of research and the present recommendations which
are followed, are those suggested by United States Bureau of Reclamation (U.S.B.R.).
According to these recommendations, the uplift pressure intensities at the heel and the
toe should be taken equal to their respective hydrostatic pressures and joined by a
sttaight line in between, as shown in Fig. 19.3 (a). When drainage galleries are provided
to relieve the uplift, the recommended uplift at the face of the gallery is equal to the
hiydrostatic pressure at toe (v, - H') plus %rd the difference of the hydrostatic pressures

at the heel and the toe ; as shown in Fig. 19.3 (b) ; i.e,cj:yw . H’+§(ﬂ{w H=," H")]. It
is also assumed that the uplift pressures are not affected by the earthquake forces.

The uplift pressures can be controlled by constructing cut-off walls under the
upstream face, by constructing drainage channels between the dam and its foundation,
and by pressure grouti:.7 the foundation.

Orainage

H X "l © X\ gallery

No drainagd Wt SRR :
/ L. gallery | .2 ___it(iff_l‘ L 2
/ Lo N i N

b5 (G H-TwH)=
ordinate of uplift
of € ot

gallery

Uplift diagram _l_
when there is
no drainage
Py gallery

Fig. 19.3 (a) Uplift pressure (U) diagram,
when no drainage gallery is provided.

Fig. 19.3 (b) Uplift pressure (V) diagram,
when drainage gallery is provided.
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-~(3)Earthquake Forces. If the-dam to-be-designed; is to be Tocated in'a region which
is susceptible to earthquakes, allowance must be made for the stresses generated by the
earthquakes.

An earthquake produces waves which are capable of shaking lhe Earth ypon. Whlch
the dam is resting, in every possible direction.

The effect of an earthquake is, therefore, equivalent to imparting an acceleration to
the foundations of the dam in the direction in which the wave is travelling at the moment.
Earthquake wave may move in any direction, and for design purposes, it has to be
resolved in vertical and horizontal components. Hence, two accelerations, ie. one
horizontal acceleration (&) and one vertical acceleration (o) are induced by an
earthquake. The values of these accelerations-are generally expressed as percentage of
the acceleration due to gravity (g), i.e.=0.1g or 0.2 g, etc.

On an

average, a value of o equal to 0.1 to G.15 g is generally sufficient for hlgh dams in

seismic zones.
In areas of no earthquakes or very lass

earthquakcs these forces may be neglected. In extremely seismic reglons and in con-
servative designs, even a value upto 0.3 g may sometimes be adopted. -
Effect of vertical acceleration (0,). A vertical acceleration may either act

downward or upward. When it is acting in the upward direction, then the foundation of
the dam will be lifted upward and becomes closer to the body of the dam, and thus the
effective weight of the dam will increase and hence, the stress developed will increase.

‘When the vertical acceleration is acting downward, the foundation shall try to move
downward away from the dam body ; thus reducing the effective weight and the stability
of the dam, and hence is the worst case for designs.-

Such acceleration will, therefore, exert an inertia force gwen by
g o, (i.e. force = Mass x Acceleration)
where W is the total weight of the dam,
- The net effective weight of the dam = W “Tgu{ - O,

It Q, = kv ‘8
{where k, is the fraction of gravity adopted for ver-

tical acceleration, such as 0.1 or 0.2, etc.].
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Then, the net effective weight of the dam
w
=W—;-k,-g=W[l-—kv}.

In other words, vertical acceleration reduces the unit weight of the dam material
and that of water to (1 —k,) times their original unit weights.

Effects of horizontal acceleration (0t;). Honmma] acceleration may cause the
‘following two forces : :
(i) Hydrodynamlc pressure ; and
. (i) Horizontal inertia force.
|B0th these forces are discussed below :
L(z) Hydrodynamic pressures. Horizontal acceleration acting towards the Teservoir

i causes a momentary increase in the water

=7 ‘pressure, as the foundation and dam ac-

celerate towards the reservoir and the water

fesists the movement owing to its inertia.

+ Rp=0 555k Tt The exira pressure exerted by this process
% is known as hydrodvnamic pressure.

grb=azenl. 1 1 8RN According to Von-Karman, the

-V — ‘ 5N ampunt of this hydrodynamic force.(P,) is.

Hydredynamic e! = given by. ‘
pressure distributi P,=0.555 k.7, - H .19.1)

Fig. 19.4. Showing development of
Hydrodynzmic pressure by a horizontal
earthquake moving towards the reservoir. A
similar pressure will be developed on d/s tail
water when the earthquake is reversed.

and it acts at the height of %% above the

base, as shown in Fig. 19.4.

where &, is the fraction of. gravity adopted for

horizontal acceleration, such as 0.1, 0:2
ete. : : w

: Wi ) Y, = unit wt. of water

Moment of this force about base™"~ " o

—M,=P, {g‘z) 0424P,-H | (192)

Zanger has given certain.big formulas for evaluating the amount of this force and

its pos1t1on, etc. on the vertical as well as on an inclined faces. The results of these blg

formulas are quite comparable to those given by Von-Karman equation and hence, for~
average ordinary purposes, the Von-Karman equation (19.1) is suﬂ’ment ‘

Zanger’s formula for hydrodynamic force. Accordlng to Zanger

P,=0.726p, H ' C {193
_where p,=Cphy-vi  H .-.(19.4)
P,=0726Cp-ky Y, - H g .(19.5)

where C,, = Maximum value of pressure co-efficient
for a given constant slope ; :
6,
= 0.735| = %0 ..(19.6)
where 8 is the angle in degrees, which the
u/s face of the dam makes with the
horizontal.
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or

if the upstream face is partly
inclined (Fig. 19.5 a), which

k;, = fraction of gravity adopted for horizontal
acceleration (at,) such as o =k, - ¢

v,, = unit w.t. of water "

The moment of this ferce about the base is given as :

T M, =0299p,-H* ‘ T (190T)
il .
0909 ——°¢
029957261 _ _
M,=0.412P, H S ..(19.8)

It was further stated, that

does not extend to more than |
half the depth of the reservoir, H:
it can be taken as vertical. If }
the slope extends to more than ;
half the depth (Fig. 19.5 b), the
overall slope up to the whole
height may be taken as the
value of 8 in equation (19.6)

Design slope for
computing, Cm

Slope to be .
neglectéd, .. =90

above. 7 {a) )

Fig. 19.5

(11) Horizontal Inertia Force. In addition to exerting the hydrodynamic pressure, the
horizontal acceleration produces an inertia force into the body of the dam. This force is
generated in order to keep the body and the foundation of the dam togettier as one piece.
The direction of the produced force will be opposite to the acceleration imparted by the
earthquake.

Since an earthquake may impart either upstream or downstream acceleration, we
have to choose the direction of this force in our stability analysis of dam structure, in
such a way that it produces most unfavorable effects under the considered conditions.

Say for example, when the reservoir is full, this force would produce worst results
if it additive to the hydrostatic water pressure, thus acting towards the downsiream (ie.
when upstream earthquake acceleration towards the reservoir is produced). When the
reservoir is empty, this force would produce worst results, if considered to be acting
upstream (i.e. when earthquake acceleration, moving towards downstream, is produced).

Under reservoir empty. conditions, earthquake forces produce effects, which may
cause slight tension near the toe ; and hence stability analysis for reservoir empty case
may be carried out only on the basis of wt. of the dam by ignoring earthquake forces .
and keeping the section free from any tension. However, for all precise designs, these
forces must be fully considered, as we have done in example 19.2.

The amount of this horizontal inertial force is equal to the product of the mass of
the dam and the acceleratiop. '

.. This horizontal Inertia force

:[E]a,,=—“j'k;,~g=w‘kk (19.9)
g 4 : k

{where k;, is the fraction of gravity adopted for

horizontal acceleration, such as 0.1, or 0.2, etc.).

This force should be considered to be acting at the centre of gravity of the mass,
regardless of the shape of the cross- section, and it acts horizontally downstream in worst
cases, for reservoir full case.
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(4) Silt Pressure. It has been explained under "Reservoir Sedimentation’ in chapter
18 that silt gets deposited against the upstream face of the dam. If & is the height of silt ’
deposited, then the force exerted by this silt in addmon to external water pressure, can
be represented by Rankine’s formula as :
m:g-'y,“b- B K, and it acts atsﬁfrombase -(19.10)

where K, is the coefficient of active earth pressure
“Sndbecdpecghilie’ }_'_—%—wherw is-the angle of .
internal friction of soil, and cohesion is
neglected.
Yeup = Submerged unit weight of silt material.
h= height of silt deposited.

If the upsn'eam face is inclined, the vertical weight of the silt supported on the slope
also acts as a vertical force.

In the absence of any reliable data for the type of silt that is going to be deposited,
U.S.B.R. recommendations may be adopted. In these recommendations, deposited silt
may be taken as equivalent to a fluid exerting a force with a unit wt. equal to 3. 6
kN/m? in the horizontal direction and a vertical force with a unit wt. of 9.2 kN/ m’,

2
Hence, the total horizontal force will be 3.6 f‘——— 1.8 A2 kN/m run, and vertical force will

P

5

be 9.2 - % =4.6 h* kN/m run.

In most of the gravity-dam designs, the silt pressure is neglected. The basis for
neglecting this force is that :

Initially, the silt load is not present, and by the time it becomes significant, it gets
consolidated to some extent and, therefore, acts less like a fluid. Moreover, silt deposited
in the reservoir is somewhat impervious and, therefore, will help to minimise the uplift
under the dam. '

(5) Wave Pressure. Waves are geheratcd on the surface of the reservoir by the
blowing winds, which causes a pressure towards the downstream side. Wave pressure
depends upon the wave height. Wave height may be given by the equation,

h,=0.032V-F +0.763-0.271 () *
h,=0.032VV.FforF>32km , . (19.12)
where h,, = height of water from top of crest to bot-

tom of trough in metres.

V= wind velocity in km/hr.
F = Fetch or straight length of water expanse

) in km,
The maximum pressure infensity due to wave-action may by given by ..

. h .
pw=2.4%,-h, and acts at ?w metres above the still water surface.

. 5h
The pressure distribution may be assumed to be triangular, of height —, as shown

3
in Fig. 19.6.

+

forF<32km,and ..(19. 1])_
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Fetch length (fetch — continuous area of water over which

the wind blows in a constant direction)

Fig. 19.6

Hence, the total force due to wave action (P,)
5

e
=7 @40 k)3 e

or - P,=2-7, h2=2x9.814 kN/m
=19.62 k2, kN/m

, . 3 :
- This force acts at a distance 3 h,, above the reservoir surface.

(19.14)
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(6) Ice Pressure. The ice which may be formed on the water surface of the reservoir,
in cold countries, may sometimes melt and expand. The dam face has then to resist the
thrust exerted by the expanding ice. This force acts linearly along the length of the dam
and at the reservoir level. The magnitude of this force varies from 250 to 1500 kN/m?
depending upon temperature variations. On an average, a value of 500 kN/m? may be
allowed under ordinary conditions.

“(7) Weight of the Dam, The weight of the dam body and its foundation is the major
resisting force. In two dimensional analysis of a gravity dam, a unit length of the dam
is considered. The cross-section can then be divided into rectangles and triangles. The
weight of each along with their c.gs., can be determined. The resultant of all these
downward forces will represent the total weight of the dam acting at the e.g. of the dam.

Combination of forces for Designs, The design of a gravity dam should be checked
- for two cases, i.e. ({) when Reservoir is full ; and (if} when Reservoir is empty.

(i) Case 1. Reservoir full case :

When reservoir is full, the major forces acting are : weight of the dam, external
water pressure, uplift pressure, and earthquake forces in serious seismic zones. The
minor forces are : silt pressure, ice pressure and wave pressure. For the most conserva-
tive designs, and from purely theoretical point of view, one can say that a situation may
arise when all the forces may act together, But such a situation will never arise and
hence, all the forces are not generally taken together. U.S.B.R. has classified the ‘normal
load combinations’ and ‘extreme load combination, as given below :

(a) Normal Load Combinations .. . - - - —- -

(i) Water pressure upte normal pool level, normal uphft, sﬁt prcssurc and ice
pressure. This class of loading is taken when ice force is serious.

(i) Water pressure upto normal pool level, normal uplift, earthquake forces, and
silt pressure.

(#if) Water pressure upto maximum reservoir level (maximum pool level), normal
uplift, and silt pressure.
(b) Extreme Load Combinations :
- () Water pressure due to maximum pool level, extreme uphft pressure without any
reduction due to drainage and silt pressure. }
Case IL Reservoir empty case :
" () Empty reservoir without earthquake forces to~be-computed-for determining-
bending diagrams, etc. for reinforcement design, for grouting studies or other purposes.
(if) Empty reservoir with a horizontal earthquake force produced tow_arﬁs the
upstream has to be checked for non- development of tension at toe.
19.4. Modes of Failure and Criteria for Structural Stability of Gravity Dams
A gravity dam may fail in the following ways :
(1) By overturning (or rotat:on) about the toe.
(2) By crushing.
(3) By development of tension, causing ultimate failure by crushing.
(4) By shear failure called sl:dmg
The failure may occur at the foundation plane (i.e. at thc base of the dam) or at any
other plane at higher level.
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(1) Over-turning. If the resultant of all the forces acting on a dam at any of its
sections, passes outside the toe, the dam shall rotate and overturn about the toe. Practi-
cally, such a condition shall not arise, as the dam will fail much earlier by compression.
The ratio of the righting moments about toe {anti clockwise) to the over turning moments
about toe (clock-wise) is called the factor of safety against overturning. Its value,
generally > 1.25 may be acceptable, but > 1.5 is desirable. .

(2) Compression or crushing. A dam may fail by the failure of its materials, i.e.
the compressive stresses produced may exceed the allowable stresses, and the dam-
material may get crushed. The vertical direct stress distribution at the base is given by
the equation : : '

p = Direct stress + Bending stress.

_ZV M _EV 3V.e V[  6e
pﬁf—B 1B g6 B| "B _
. X ‘
or pﬂ:%[l'i%] ‘ ' o . ...(19.15)
; min’

where e = Eccentricity of the resultant force from
* the centre of the base. :
' ILV= Total vertical force.
o N T Basew1 dth

Note. Resultant is nearer the toe and hence,
maximum compressive stress is produced at the toe
(Reservoir full case) :

Fig. 19.7. (@) Vertical Stress Distribution for Reservoir Full case.

The maximum stress, i.e. p,..., will be produced on the end which is nearer to the
resultant, as shown in Fig. 19.7 (a) and (b).
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Noic. The resultant is nearer the heel and hence,
maximum compressive stress ‘(+ve stress)-is.- -
produced at the heel (Reservoir empty with
borizontal earthquake wave moving away from
‘reservoir-case).

. Fig. \l9.7. (b) Vertical Stress Distribution for Reservoir Empty case.

If p,;n comes out to be negative, it means that tension shall be produced at the

éppropriate end. _
If pmar exceeds the allowable compressive stress of dam material [generally taken

as 3000 kN/m? (30 kg/cm?) for concrete]; the dam may crush and fail by crushing.

(3) Tension. Masonry and concrete gravity dams are usually designed in such a way
that no tension is developed anywhere, because these materials cannot withstand sus-
tained tensile stresses. If subjected to such stresses, these materials may finally crack.
However, for achieving economy in designs of very high gravity dams, certain amount
‘of tension may be permitted under severest loading condition. This may be permitted
bécause of the fact that such worst loading conditions shall occur only momentarily for
a little time and would neither last long nor occur frequently. The maximum permissible
tensile-stress- for high concrete gravity dams, under worst leadings, may be taken as

500 kN/m” (5 kg/cm?). : '

Effect produced by tension cracks. In a dam, when such a tension crack develops,
say at the heel, crack width (or strictly speaking crack-area) looses contact with the
bottom foundations, and thus, becomes ineffective.

Hence, the effective width B (considering unit length) of the dam base will be
reduced. This will increase p,,, at the toe. .

~—Moreover,-the-uplift pressure_diagram gets modified due.to crack formation, as
shown in Fig, 19,8, resulting in an increase in the uplift. Since the uplift increases and
the net effective downward force reduces, the resultant will shift more towards the toe
and thus further increasing the compressive stress at the toe and further lengthening the
crack due to further tension development. The process continues ; the effective base
width goes on reducing and compressive ‘stress at the toe goes on increasing ; finally
leading to the failure of the toe by direct compression. Hence, a tension crack by itself
does not fail the structure, but it leads to the failure of the structure by producing
excessive compressive stresses.
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ABC = old uplift diagram
A'B’'C’ = New uplift diagram after .
the crack AA”; has devloped.

Heel

Fig. 19.8
In order to ensure that no tension is developed anywhere, we must ensure that
Pmin 18 at the most equal to zero.

Since . Pmax= EV|:I+§;} _ ..(19.15),
. _XV 1__§g
pmm_ B B
If Pmt'n 0
XV 6e
%]
-be
or 1- 8=
or =B
i~

Hence, maximum value of eccentricity that can be permitted on either side of the
Gentre | i’é‘eﬁ”ﬁél‘lo E’ “which leads to the famous statement : the resultant must lie within
the middle third a o o .

~ (4) Sliding. Sliding (or shear failure) will oceur when the net horizontal force above
any plane in the dam or at the base of the dame exceeds the frictional resistance
developed at that level.

The friction developed between two surfaces is equal to
uxV., (Fig. 19.9) where XV is the algebraic sum of all the ~ EXternal forces =,
vertical forces whether upward or downward, and W is the

coefficient of friction between the two surfaces. In order that IV
no sliding takes place, the external horizontal forces (LH) |_‘r | ;
must be less than the shear re51stance 1 EV ; —,
sl ) —rr : L KZV=Developed friction
: _ e Fig. 19.9
. M o
I TH

p-_Z?_f represents nothing but the factor of safety against sliding, which must be greater

than unity.

. F8.8. (Factor of safety against sliding) = %
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In low dams, the safety against sliding should be checked only for friction, but in
high dams, for economical precise designs, the shear strength of the joint, which is an
additional shear resistance, must also be considered. If this shear resistance of the joint
is also considered, then the equation for factor of safety agamst sliding which is
measured by shear friction factor (S F F.) becc:mes

SEFE = M‘l O .(19.16)

where B = width of the dam at the joint,

q = Average shear strength of the joint which
varies from about 1400 kN/m?
(14 kg/cm?) for poor rocks to about 4000

KN/m? (40 kg/cm?) for good rocks.
The value of u gencral[y varies from 0.65

: to 0.75.

Attempts are always made to increase this shear strength (g) at the base and at other
joints. For this purpose, foundation is stepped at the base, as shown in Fig. 19.10 and
measures are taken to ensure a better bond between the dam base and the rock-foundation.

During the construction of a dam,
horizontal joints have to be left as shown
in Fig. 19.10. The shear strength of these - - - — — -~ A,
joints should be made as good as possible — - — — — —
by ensuring better bond between the two : 3
surfaces. For this purpose, the lower sur- S et
face must be thoroughly cleaned and a . e

layer of neat cement or rich cement mortar (e / //
should be spread before pouring the stand-. ik Tatndatt o%
ard concrete mix for the upper layer. If LSS LS 7
these precautions of quality control are not Fig. 19.10 :
adhered to in the filed, the assumption '

made in accounting for this shear strength in the design, will not be justified. That is
why, for small dams, where quality control is less, this shear strength of the joint is not

taken into account at all, while determining the shear friction factor or factor of safety
fagainst sliding, -

Her izontal
Joints
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19.4.1. Principal and Shear Stresses. The vertical stress IN(ensity, Ppgc O Poin
determined from the equation (19.15) is not the maximum direct stress produced
anywhere in the dam. The maximum nor-
mal stress will, in fact, be the major prin-
cipal stress that will be generated. on the
major principal plane. When the reservoir
is full, the vertical direct stress [given by
equation (19.15), and represented by p, in
future] is maximum at the toe as the resul-
tant is nearer to the toe. To study the prin-
cipal stresses that will develop near the
toe, let us consider a small element ABC
[See Fig. 19.11 (a) and ()] near the toe of

G

*‘CL?TTH'TTTTf“

Fig. 19.11 (a)

B %n Pyd
st rzeasrs web

Fig. 19.11. (b) Enlarged view of small

element ABC of Fig. 19.11 (a).

the dam. The clement is so small
that the stress intensities may be
assumed to be uniform on its
faces. S
Let the downsweam face of
the dam be inclined at an angle o
to the vertical.

This face of the dam will act - . i 7
as a principal plane because the ' r1 11t T THT 11
water pressure p’ acts at right - T Shear Pydp
angles to the face, and also there ’ dp |
is no shear stress acting on this Fig. 19.11. (b) Enlarged view of small
plane. Since the principal planes element ABC of Fig. 19.11 ().

are at right angles to each other ;
the plane BC drawn at right angles to the face AB will be the second prmc1pal plane
Let the stress acting on this plane be G.

Let ds, dr and db be the lengths of AB, BC and CA respectively, p’ is the intensity of
water pressure on face AB and p, is the intensity of vertical pressure on face AC, and o
is the intensity of normal stress (principal stress) on face BC. Considering unit length
of the dam, the forces acting on the faces AB, BCand CA are p’ds, odrandp, - db
respectively.
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Resolving all the forces in the vertical direction, we get
P -ds sino+0-dr-cosa=p,-db,

Now j; =sine, or ds=db-sinc.

%: cos@, or dr=db-cosa.
p’ - (db-sinc)- sing+0- (d.b coscn)cosot =p, db
or - psinfa+0-costa=p,.
p,—p - sin?
cos? o

or ag=

or o=p, sec’o—p’tan’ o (19.17)

For 6 to be maximum, p’ should be zero, i.e. when there is no tail water ; then in
such a case
S O=p,secto—— s e o . [19.17 (a)]

~ Since sec® o is always more than 1, it follows, that G will be more than p,. This
value of normal stress, which is the maximum produced anywhere in the body of the
dam, must be calculated and should not be allowed to exceed the maximum allowable
compressive stress of dam material.

If the hydrodynamic pressure (p,”) exerted by the tail water dunng an earthquake
moving towards the reservoir is also considered, then the net pressure on the face AB
will be (p"— p,"), because the effect of this earthquake will be to reduce the tail water
pressure.

The principal stress (o) can then be given by

'B
or | Garioe=py - sec’ 0= (p" = p,’) tan® ﬂ L(19.18)

The equation for @, derived above for the element at the toe is also applicable to
the element at the heel. The equation at the heel is, therefore, given as :
Ci,=Gﬂh,¢=p,-scc2¢—(p+p,}tanz¢ ..(19.19)
where ¢ is the angle which the w/s face makes with vertical.
But at the heel, the pressure of water p is always more than G, and hence, ¢ will be
the minor principal stress at the heel.

- Shear stress on the horizontal plane near the toe. A shear stress T will act on the
face CA on which the vertical stress.is acting. Resolving all the forces [Fig. 19.11 (b))
in the horizontal direction, we get

G-drsina—p’ -ds-cosa=Ty-db
or G-(db-cosa)sina—p (db-sina)cosc="1y- db
or o-sinocosa—p sinocosoi=Tp
or _ Tp={(c—p)sinacos
Substituting the value of ¢ from equation (19.17), we get

Tu'_—[Pv sec o — p' tan a—p’] sin 0L cos O

To =[pv- sec” o -p'(l+ tan® Ut)] sin L cos o %[(_pv - sec? Cf.] sin ¢t cos o
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or ~ =[(p,~p)sec’ o sinat- cos o}

or _*r=(pv'—p'] tan o ' : - a(19.20)

- Neglecting tail water, shear stress is given by _ _
Tg=p, - tan o el e ..[19.20 (a)]
- If the effect of hydrodynamic pressure produced by an earthquake moving towards
the reservoir, is also considered, the equation for shear stress on a horizontal plane near
the toe becomes,

_ 1n=[p,—(p'_p,j]tana (il WA g S ..(19.21)
. Similarly, shear stress at heel &
. ) To(heel) = - Pv™ (p+Pz} tan ¢ _
—ve sign shows that the direction is reversed. '

.

Gravity Method or Two Dimensional Stability Analysis

The various assumptions made in the two dimensional designs of

gravity dams are summarised below :

(1) The dam is considered to be composed of a number of cantilevers,-
each of which is 1 m thick and each of which acts independent of the
other.

(11) No loads are transferred to the abutments by beam action.

(ii1) The foundation and the dam behave as a single unit ; the joint being

perfect.

(iv) The materials in the foundation and body of the dam are isotropic

and homogeneous. -

(v) The stresses developed in the foundation and body of the dam are

within elastic limits.

(vi) No movements of the foundations are caused due to transference of

loads.

(vii) Small openings made in the body of the dam do not affect the

general distribution of stresses and they only produce local effects as per

St. Venant's principle.

Procedure: Two-dimensional analysis can be carried out analytically or

graphically.

(a) Analytical Method: The stability of the dam can be analysed in the
following steps:

(1) Consider unit length of the dam.

(i1)) Work out the magnitude and directions of all the vertical forces
acting on the dam and their algebraic sum, i.e. )_V.
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(i11) Similarly, work out all the horizontal forces and their algebraic sum,
ie. Y H.

(iv) Determine the lever arm of all these forces about the toe.

(v) Determine the moments of all these forces about the toe and find out
the algebraic sum of all those moments, i.e. ) M.

(vi) Find out the location of the resultant force by determining its
distance from the toe.

(vii) Find out the eccentricity (e) of the resultant (R). It must be less than
B/6 in order to ensure that no tension is developed anywhere in the dam.
(viii) Determine the vertical stresses at the toe and heel.

(ix) Determine the maximum normal stresses, i.e. principal stresses at the
toe and the heel. They should not exceed the maximum allowable values.
The crushing strength of concrete varies between 1500 to 3000 kN/m2
depending upon its grade M15 to M30.

(x) Determine the factor of safety against overturning.

(xi) Determine the factor of safety against sliding, using Sliding factor
and Shear friction factor (S.F.F.). Sliding factor must be greater than
unity and S.F.F. must be greater than 3 to 5. The analysis should be
carried out for reservoir full case as well as for reservoir emptv case

Mo WL,
Given figure shows the sec-  RL:2850

tion of a gravity dam (non- averﬂaw portion)
built-of concrete, L Tl

2800

Calculate (neglecting earthgquake effects)

(i) The maximum vertical stresses at the

drainage
heel and toe of the dam. ;gulle?y

(ii) The major principal stress at the toe of g |.205.00 | !

the dam. 41%:.._
(iii} The intensity of shear stress on a 56

horizontal plane near the toe.

s Tail water
RL =211.0

Assume weight of concrete = 23. 5 kN/m’; and unit !ength of dam. Allowable stress
in concrete may be taken 2500 kN/ m?
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Solution. Assuming ¥, =9.81kN/m’ ; the various forces acting on the dam are
drawn in Fig. 19.12 ().

—1848 [ ~48m E ey
_—-L_In_—samfi_ofl = Rsauwme - :

¥ i
1 soosknmfo- 1 T fasi - *g“gg“x:’
YuH=9-81x80 i : Ug 589 kN/m?
= 1848 kN/m* u [ uH L (i HYwH)
’ 484 =9'81[5*]§(80-6)]:3OO~8 kN/m?

kN fm?

Fig. 19.12 (b)

Consider 1 m length of the dam.

The various forces and-their moments about the toe are then calculated and tabulated
in Table 19.1. From this table, we have

Distance of resultant from the toe

D=3y

_7,77,639kN - m

43050kN _ 13:06m

it E ccentﬁciry—:—e%%ﬁfl‘gjOG =28 =1806=994m —  — _____-.._,;_____-;;_._:_:_:

Vertical stress p, is gi\:ren as:

_Zv[ 6
pv_ B Lli B]

_ 43,050kN[.  6x9.94] |
= [u = ]_763.s<1i1_.055)
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Table 19.1
Name of Designation Magnitude in Lever arm ‘L Moments about toe in
the force if given kN inm kN.m
Vertical forces | :
Downward weight W (+) BAx6x1x235=11.844| 530 (+) 627,732
of the dam
W2 (#) 1xs0x75x1x235=44063 3333 | () 1468620
Weight of water — L@ . Ixaxéxixsst=ns| . 133 | & 157
supported on d/s facé | ~ 2 ;
IV = 56,025 ’ M| = (+) 20,96,509
Uplift pressures 141 (=) 300.8 x 8 x 1 =2406 52.0 (= 1,25112
- Uz | %x4s4x3x] =1936 5333 | (=) 1,03,247
Us ), 58.9x48x1=2827 | 240 . () 67,848
Us™ | ) $x2419x48x1=5806 | 320 } ) 185792
EVy=(-) 12,975 EMy=(-)48199%
IV=156,025-12,975=43050
Horizonal
Warer pressure
On w/s face P 1x7848x80x1=31392 | 2667 | () 837225
On d/s face il (=) 21 x589 % 6=(-) 177 2.0 (+) 354
EH (towards downstream) = 31,215 I =(-) 836,871

M = Net (+) moment = 20,96,509 ~ 4,81,999 - 8,36,871 =7,77,639 kN-m

. Max. vertical stress = p,,,, at toe = 768.8 x 2.065 = 1587.6 kN/m*
- Min. vertical stress = p,,;, at heel = 768.8 x (=) 0.063 = (-) 49.97 kN/m’
... (#i) Major principal stress at toe (o) is given by Eq. (19.17) as :
O =Py o SEC° 0= p’ - tan’ ot
here p, o = 1587.6 kN/m?

Ans.

p’ =589 kN/m?
=2
an —3.
seca2=1+tan2_a=1+g=1’73
i N 24 SN O T e I . - - 15 ¥ 4 PP A LA e
35 o=1587.6x ) -58.9x9

= 2267 kN/m® < 2500 kN/m* (OK) Ans. -
(#ii) Intensity of shear stress on a horizontal plane near toe is given by equation
(19.20) ' '

To= [Pv(_l oe) = P:l tan o _
=1587.6-58.9) =1019.1kN/m’. Ans.
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19.6. Elementary Profile of a Gravity Dam

The elementary profile of a dam, subjected only to the external water pressure on
the upstream side, will be a right-angled triangle, having zerc width at the water level
and a base width (B) at bottom f.e., the point where the maximum hydrostatic water
pressure acts. In other words, the shape of such a profile is similar to the shape of the

hydrostatic pressure distribution (Fig. 19.14).
: dnpe, ST
¥ \

P= Extemal water prassure or
Hydrostatic water pressure

u
Let it be CAyw H-T]
where Cis @
canstant

U=Interncl water
pressure or uplift

B o

o =

Fig. 19.14

When the reservoir is empty, the only single force acting on it is the self-weight
(W) of the dam and it acts at a distance B/3 from the heel. This is the maximum possible
innermost position of the resultant for no tension to develop. Hence, such a line of action
of Wis the most ideal, as it gives the maximum possible stabilising moment about the
toe without causing tension at toe, when the reservoir is empty. The vertical stress
distribution at the base, when the reservoir is empty, is given as :

V.  6e
Pmax/nﬂn=F|:li§j|

Here SV=W

-

— EREL) —— e = . e e e s % - 6-

‘ g W ] e i 4 AR ey O MR e Skl
PWmin=-B-[1 iB . 6}
: 2w | '
or Prmax™ _1}_
and Pmin=0.

Hence, the maximum vertical stress equal to %V will act at the heel (',; the resultant

is nearer the heel) and the vertical stress at toe will be zero.
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When the reservoir is full, the base width is governed by

(i) The resultant of all the forces, i.e. P, Wand U (Fig: 19.14) passes through the
outer most middle third point (i.e. lower mldclle third pomt)

(ii) The dam is safe in sliding.

(i) For the 1st condition to be satisfied, we proceed as follows : Taking moments
of all the forces (Fig. 19.14) about the lower middle third point (i.e. the point through
which resultant is passing), we get

B B H ..
V{2)-of2)-pEerno

or (W-U)—?-P%:O

Srmexs 2 s _ ..W=lx3x.Hx1xScxwfw---

where S, = Sp. gravity of concrete, i.e. that of the
material of the dam.

Yw= unit wt. of water = 9.81 kN/m?>
Let the uplift at the heel be C v, - H., where C is a constant which according to

U.S.B.R. recommendation is taken equal to 1.0 in calculauon and will be equal to zero
when no uplift is considered.

1
U-[2 C-y,- H]B

" o —
md, S EeEETy
. Equation (W~ ) g‘— P %I =0, becomes
1 Byl w.
{ B-H-S.-¥, 2(:-7‘,”0';*1;’}3.— -
B, T l?
or B (S,-C)=H?
or B= 2 (19.22)

Hence, if B is taken equal to or greater than :_JS:&_E’HO teasion will-be developed
=

at the heel with full reservoir,

when C=1 ' i :
H

B--?S?:——l- ..[19.22 (a)]

If uplift is not considered, B= {S{— (s C=0) ..[19.22 (b)]
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(if) For the II condition (i.e. dam is safe in sliding) to be satisfied ; the frictional
resistance PEV orp (W— U) should be equal to or more than the horizontal forces
XH=P. '

(v pwW-0hzPpP
o M{ZBHS = ICywHB) ”"“’2
or RSO B E I
or His,-C)BzH
H
or . Bz—r——
18 (Sc - C)
Under limiting condition
H .
Bsemr—ar .(19.23
x RG.-O e
H i
IfC=1 BEr—eeat .[19.23(a)].
BG-D) Ll
If C=0, i.e. no uplift is considered, then ) )
H
Bz — L[19.23(0
1S, [ )]

The value of B chosen should bc greater of the two values given by Equations
(19 22) and (19.23).

Using S,=24andp=07and C= Oweget

B (by Equation 19.22) =m= m

. H H H
B (by Equation 19.23) = TR CA—0 " 0Ixii"168

SAE H
But 168 is less thanm

.~ For all practical purposes, the ba.sé width may be taken as %
[

The vertical stress distribution when reservoir is full is given as :

B o e ZV. e
- mezmm"g‘ 1"'3 e T

where ZV=W-U
1

1

6

i

3 _
2B-H»1-Sc<Tw—2C-'YW-H‘B]

W

5B Y- H-[5,-C]
B

[4
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1
—.B-v. -H(S. —
2 'YW ( I C) +GB
Pmax/min = B 1+ E
maximum stress will occur at toe, because the resultant is near the toe.

1
pmaxattoe=-2_?w' H(S.-C)20=Y,H(S.-O o

p,attoe =Y, H (S, - C) -(19.24)

. Ppgatheel=0.
The principal stress near the toe (G) which is the maximum normal stress in the
dam, is given by Equation (19.17)
 o=p,sect ot—p’tan®
when there is no tail water ie.,p’=0
_ c=p,sect o
¢ at toe, with full reservoir in elementary profile
=%, H(S, - C) sec* o
=, H(S. - C) [1+tan’ )
: B2
=Y H (Sc - C)[l +;f'5]

But B=q§—;=i—5from Bq. (19.22)
c

o BE__1_
B S§.-C

OERHE-O [1 e CJ e .

c

or ... .. q=¥wH(Sc—C+1)| . (19.25)
when C=1, S,=2.4 |
24-1+1
O_YwH[ 2.4-1 J_24’YWH

The shear stress Ty at a horizontal plane near the toe is given by the equatioﬁ (19.20)

|-as-.- - MRS Nn e memees
To=(py—p’)tanc T
If p’'=0
Tp=pytanc . ‘
Butp,=Y,H(S.-C from Eq. (19.24)
To=Y H({S.— C)tan o :
B
or ' Tosz'H(Sc-QE
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1
=%WHE-O—F
c

or ‘Coffwa\l'Sc—C : y ..(19.26)

19.7. High and Low Gravity Dams

The principal stress calculated for an elementary profile is given by Equation
(19.25), i.e. o=¥y, H{(S,— C+1). The value of prmclpa] stress calculated above varies
only with H, as all other factors are fixed,

To avoid dam failure by crushing, the value of 6 should be less than or at the most
equal to the maximum allowable compressive stress of dam material. If f represents the
allowable stress of the dam material, then the maximum height (H,,,,) which can be
obtained in an elemcntary profile, without exceeding the allowable compressws stresses
of the dam material, is given as :

f=%H(S-C+1)
T -
o B=1G.—c+1

The lowest _value of H will be obtained when C =0, i.e. when uplift is neglected.

Hence, for determining the limiting height and to be on a safer side, uplift is neglected.

H, . i.e. maximum possible height is given as :

I S
Hpa =700 -(19.27)

Hence, if the height of a dam having
an elementary profile of a triangle, is
more than that given by the Equation
(19.27), the maximum compressive stress
generated will exceed the allowable
value. In order to keep it safe within
limits, extra slopes on the upstream as 5 \ g A
well as on the downstream, below the S 1ok ety etk
limiting height will have to be given, as g
shown in Fig. 19.15.

This limiting height (H,,,,) given by

2N\ Pmax

Limiting point
N of Low dam

: Crs g . Lo ity dai H h d
Equation (19.27), draws a dividing line W, gravity mlg 5 lslg gravity dam
between a low gravity dam and a high

“gravity dram, which are purely technical terms to differentiate-between them. -2

- Hence, alow gravity dam is the one whose height is less than that given by Equation
(19.27). If the height of the dam is more than this, it is known as a high gravity dam.

The limiting height of a low concrete gravity dam, constructed in concrete having

strength equal to 3000 kN/m? is thus given =

H =_._j‘___
G %
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where ¥, =9.81 kN/m’
S.=24
f=3000kN/m”
___f 3000 _
Hna= s T ~081 24Dy O™

19.8. Profile of a Dam from Practical Considerations

The elementary profile of a gravity dam, (i.e. a wiangle with maximum water surface
at apex) is only a theoretical profile. Certain changes will have to be made in this profile in
order to cater to the practical needs. These needs are : (i) providing a straight top width, for
aroad construction over the top of the dam ; (i)

a )
providing a free-board above the top water D
surface, so that water may not spill over the  Free for Roadway

top of the dam due to wave action, etc.

The additions of these two provisions,
will cause the resultant force to shift towards
the heel. The resultant force, when the reser-
voir is empty; was earlier passing through the
inner middle third point. This will, therefore, .
shift more towards the heel, crossing the inner 3;:;1 o

H

middle third point and consequently, tension  ufs

will be developed at the toe. In order to avoid

the development of this tension, some mason- ) 2k Lt

ry or concrete will have to be added to the -—-{%!f B= |
upstream side, as shown in Fig. 19.16, which Fig. 19.1 érs_c

shows the typical section along with the pos- Typicalsecﬁonofah“} gravity dam.

sible dimensions that can be adopted for a low o B
gravity dam section. It should, however, be checked for stability analysis.

Top width The top width of dam is generally
dictate by the requirement of Roadway to be
provided. The most economical top width is 14
% of the dam height It is also taken to 0.55
H'2 is the maximum water depth. Usually the
width varies from 6 to 10 m.,

Free Board: The Upstream parapet of the
roadway above the top of the dam is usually a
solid wall but does not form a part of free
board. The free board provide is maximum of
(i) L33 h, (1.5 hw)

(ii) 3 to 4 %, usually 5 % of the dam height,
whichever is more,
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Foundation Treatment for Gravity Dams

The material underlying the base of a dam, i.e. the foundations of the
dam, must be strong enough and capable to withstand the foundation
pressure exerted on it under various conditions of loading and in dry as
well as wet condition. Most of the failures of the dams have occurred
because of the failure of their underlying strata.

The foundation treatment commonly adopted for all foundations can be
divided into two steps :

(1) Preparing the surface ; and

(i1) Grouting the foundation

(i) Preparing the surface

The surface preparation consists in removing the entire loose soil till a
sound bed rock is exposed. The excavation should be carried out in such
a way that the underlying rock is not damaged. The final surface
obtained above is stepped, so as to increase the frictional resistance of
the dam against sliding. The stepping of the foundation and provision of
a shear key is shown in Figure below. The shear key may sometimes be
provided in the centre but is generally provided at the heel.

If faults, seams, or shattered rock zones are detected in the exploratory
geological investigations, special steps and remedies must be taken to
ensure their removal. They may have to be entirely excavated and back-
filled with concrete grouting. The treatment will depend upon the
specific needs.

The top foundation surface is thoroughly cleaned with wet sand blasting
and washing before the concreting for dam section is started to be laid.

uls face Y P LS
of dam™NJ .6 ~p 0 U0 s

UJ/S water side A' P w e ':‘4
7/// 7 o
Soli

d Rock
/ foundatio
Shear, key

W/ A Al

Fig. 19.36. Stepping of dam foundation and provision of shear key.

.....
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(i1) Grouting the Foundation

The foundation grouting can be divided into :

(a) Consolidation grouting ; and

(b) Curtain grouting.

(a) Consolidation grouting

The entire foundation of the dam is consolidated by grouting. For this
purpose, shallow holes (called B holes) are drilled through the foundation
rock. The depths of these holes generally vary between 10 to 15 m. They
are situated at about 5 to 20 m apart, in the general area of the heel of the
dam. After the holes have been drilled, mixtures of cement and water
(called grout) is forced into the holes at low pressure of about 30 to 40
N/cm2. This is accomplished before any concreting for the dam section
is laid. This low pressure grouting will result in a general consolidation
of the foundations. These low pressure grout holes will later serve the
purpose of a cut-off against leakage of high pressure grout which is to be
used after some concreting of the dam has taken place.

(b) Curtain Grouting

It helps in forming the principal barrier or a curtain against the seepage
through the foundations, and thus reduce the uplift pressures. To
accomplish this high pressure grouting, relatively deeper holes (called 4
holes) are drilled near the heel of the dam. The spacing of the holes may
vary from 1.2 to 1.5 m. Holes are first of all, drilled and grouted at about
10 to 12 m apart, and then the intermediate holes are drilled and grouted.
The depths of the holes vary from 30 to 40% of the total upstream water
head for strong rock foundations, and may be as much as 70% of the
water pressure head for poor rocks. After the holes have been drilled, a
mixture of cement and water (i.e. grout) is forced into the holes under
high pressure. The grouting pressure may be kept as high as possible
without lifting the foundation strata. Usually, the foundation pressure
used in this high pressure grouting is equal to 2.5 D N/cm2, where D is
the depth of grouting in metres below the surface. This grouting is
generally done in stages of depth equal to 15 m or so, and carried out
only after some portion of the dam section has been laid.
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This grouting may have to be accomplished from the foundation gallery
or from other galleries within the dam. It may also be done from the
upstream face of the dam, if possible. In certain special cases, this
grouting may have to be accomplished from tunnels driven into the
foundation rock below the dam.
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« Earthen Dams have been constructed from long

with the natur
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Component parts of earthen dams

Turfing

« It is planting of special of grass called harali on the
dwndmf&ceafﬂcdw et

Berms

. Bémqsareoffs&mmaedmdowm&camatsm 10 m
vertical intervals from 3 to 5 m width.

+ The object of berm is to collect rain water and dispose it off

» To provide roadways for vehicles
* To reduce the velocity of rain waler falling on slope
« To provide minimum cover of 2 m above the seepage line.

Component Parts of Earthen Dams
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L P

Rock or Impermeable layer of soil

Figure 6-3 Cutoff trench and core of an earth dam
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Body of dam after
failure

Fig.  Dam failure by overtopping
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Channel formation
E

Failure of dam dueto piping through dambody
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Foundation
Shallow Slide Cross Section

Foundation
Deep-sealed Slide Cross Section ‘
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ground mﬁﬁﬂns or land s!&dﬂs aaxd rock falls w;i
pervasive ground deformation associated with nearby
faulting which may manifest in cracking at dam top and
central core, settlement of dam, crest, shear failure at the
base of dam, liquefaction of loose and structured soil
mass in the lower portions of the dam, and overtopping
‘due to high waves generated in the reservoir.
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. Impervious foundation

Secpage flow through carth dam with no filter at the dam toe
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Slope protection

Pratection of Ubstreass Slooe
. mmmammm;mm
against the erosive action of waves by stone
pitching or by stone dumping. The thickness of the
dumped rock should be about 1 m and should be
placed over a gravel filter of about 0.3 m thickness.
The filler prevents the washing of fines from the
dam into the riprap. The provision of such a

dumped np-rap

has been found to the most

eifemqveandimbcﬁam fail only in 5 % of cases.
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Weep holes in retaining wall
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Flow channel (Aq)

Flow lines

{Stream lines)

Exquipotential lines

Homagensous smbankmenl with drainags
[ on imp bis foundation

Conarets dam with sutalt
wall on permesble foundation

Equipotential line

Earth dam with relatively impermeabls
cors on permeable foundation

Sheat piling
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.....20.12.2, Determination of Phreatic Line when the Dam Section is Homogeneous
(without Filter). The phreatic line can be determined on the same principles as was
‘done for dami with'a filter case. The focus (F) of the parabola, in this case, will be the
lowest point of the downstream slope as shown in Fig. 20.13. The base parabola BI/C
will cut the downstream slope at J and extend beyond the dam toe up to the point C (i.e.
the vertex of the parabola).

- H \
_____________ !
FLE Base
paraboia
N . aDirectrix
= SIETE s wlis L ASEREE
\>’ I
| vertex(c)
S Focus (FT1iC 0777
Parabola A '
shown i . !
extended
Fig. 20.13
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The seepage line will, however, emerge out at K, meeting the downstream face
tangentially there. The portion KF is known as discharge face and always remgins
saturated. The correction JK (say Aa) by which the parabola is to be shifted downward
can be determined as follows : .

(A) Graphical general solution. Cassagrande has given a general solution to
evaluate Aa for various inclinations of discharge face. Let a be-the angle which the

discharge face makes with the horizontal. The various values of have been given

a+Aa
by Cassagrande, as shown in table 20.4.
o T . Table 20.4
; Aa
o in degrees ey Remarks
300 036 Note. Intermediate values can be
60° 0.32 interpolated, or read out from a graph
. Aa .
R
90° 0 between o and BEIR plotted with the
120° S : - 0138 values given here.
135° 0.14
130° ' 0.10
180° 0.0

(a + Aa) is the distance FJ (i.e. the distance of the focus from the point where the
parabola cuts the d/s face) and is known. Ag can then be evaluated. @ and Az can be
connected by a general equation.

: ‘ 180°— o
. fa={gtha) [ 400°

The value of ¢ will be equal to 180° for a horizontal filter case and may be equal
to or more than 90° in case a rock toe is provided at the downstream end, as shown in
Fig. 20.14 (a). o will be less then 90° when 16 drainage is provided. - —

..(20.21)

(b)
Fig. 20.14. Various types of discharge faces.
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at which the seepage line interseets the d/s slope

Case (a) when o < 30°

Schaffernak and Van Iterson have derived an cquauon for determining the value of
a’ (and thus fixing the position of point X) in terms of H, b and o. Their final equation
is

, 2 2 :

= S | ..(2022)
cosao cos" O sIn” O ‘ _

Entry point ~ Phredtic

line

Fig. 20.15

The above equation has been obtained on the assumption that the hydraulic gradient
{i) is equal to the slope of the phreatic line. This assumption is nearly true so long as|
the downstream slope is sufficiently flat (i.e. ot < 30°).

This equation can be easily derived on the basis of the above assumpﬂon as follows:
i = Hydraulic gradient= Tdi
A=y-1
q=KiA=K-(%].(y. D
But di =tan o

and y—asinoc
g=K-tano-a-sino
=K-a-sina-tan o

or K -'dl‘(y)'%f(;a-éi'ﬁd‘lan.a"

or —X(y) =gsinatano

or _ dy y= asmo:tanadx 7
or "y dy=asinotan o dx.
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- Integrating both sides between the limits

x=acoso to x=b

and 8 y=asinot to y=4H,
y=H =¥
wegetf y-dy=asina-tanar dx
.. . y=asima ; x=acoso
2| -
or =asinoltan & | x
E ) 2 acosQ
asino %
H? - &*sin’ o . T
or --—2—=asm0ttanoc b —acoso
H* '
or ?—7sin2(x=ab"sinatan0c—a2-sinotcosu-tana
2 2,
or’ -'é-—'a"sin o =ab’sin o.tan &t — @* - sin® o
H? . @& .
oF “—=ab’ sin o tan o — = sin’ o
2 ] 2
-2 2
a : o H
or —:z*'-smza-—ab 51natan0t+—2—=.0
or a® sin* o — 2ab’ sin o.tan o + H* =0
2ab  H
or 'az- -+ I =0 = T
cos®  sin“oQ .
-2
20 +,\/( 20’ } 4H*
cosot” COS O in?
or a= Y 7 e

2
Ignoring unfeasible +ve sign, we have

RS - T R
- CosW cos“ ¢ sin“ o

This is the required equation.
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Case (b)-When o lies between 30° and 60° _
Cassagrande has derived an equation for determining the value of ‘a’ in terms of
b, H and a. His final equation is
f a=\b>+ B - VP —H cof’
where b is defined in Fig. 20.16,
H is the head causing flow and o is the
. angle which the d/s face akes with the
‘horizontal (clockwisc) as defined earlier.

..(20.23)

ISeepugz ling

PRRTVR Gy

1

Fig. 20.16

__-E(';;jat'i.d'h' (20.23) gives satisfactory results for values of orless than—30°, butfor-
steeper slopes, the deviations from the correct values become quite high and for such
cases, Cassagrande has suggested the use of sin o in place of tan c.

In other words, the hydraulic gradient (i) is given by % (i.e. sin or) of the seepage

line and not by % (i.e. tan c) as was taken in the previous case.

Therefore, g=K-i-A

B
FI_’I"
=
B

q =K (dy/ds)y.1 =K (sin &) (a sin )

K (dy/ds)y =K a;' Srliﬂlﬂf

dy . y=asin® it - ds,
Integrating between the limits

Y= sin o, f=a
y=H 5=5
where 8§, is the total length of parabola from the point A to the peiat F.
=K =5,
or r ) y-dy=a-sm?l:t_r ds
y=asian i=m
N
ar x =asin’ ot |:|I:i°
| asino %
- e SR | P
or w= a sin® o [$;— al
. | .
or HT—ﬂTsiu?cx=asin2tx-$g—u"sin2a
<
i -
or 2 sin ﬂ—Sgsi.I].?ﬁ'[3+£=ﬂ
2 2
or EE-ZS'D-E—I-_H—.:=|.']
sin® o
Hl
28yt 4 54—
at . | 5 o
4 2

https://civinnovate.com/civil-engineering-notes/

2/11/2019

127



Ignoring +ve sign, we gei

a'=.5',;.-—-"\||.5'|}1— H 20,24

sin®

The total length of the parabola 5, can be approximately taken to be equal to
Wb+ HE.. then

Sp="E +H*
Substituting, we get

2
a=VET+ - \J b+ H -2

sin® o

ar a=‘-.'|[_75+H!—\{b3—H1[ £ -IW
e

sin” o

|r.x= VB + B - - ol a lwl'u'ch is the required eqn, (20.23).

Design Criteria of Embankment Dam

Embankment dams shall be designed to meet the following criteria:

» It shall be safe against excessive overtopping by wave action
especially during high design flood flows.

» The embankment slopes shall be stable during all conditions of the
reservoir operations, including rapid drawdown, if applicable.

» Seepage flow through the body of embankment dam, foundation and
abutments shall be controlled so that no internal erosion (piping) takes
place and there is no sloughing in areas where seepage emerges.

» The embankment dam shall not overstress the foundation.

» Slopes of the embankment dam shall be acceptably protected against
erosion by wave action and from gullying as well as scour against
surface runoff due to rain.

» The embankment dam, foundation, abutments and reservoir rim shall
be stable and shall not develop unacceptable deformations under
earthquake conditions.
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Selection of Type of Embankment Dams

The type of embankment dam for a particular site shall be selected based

on the following considerations:

» Engineering  geological, hydrogeological and climatological
conditions of the site.

» Local availability of construction materials.

» Availability of construction facilities and components of structures of
the headworks.

SEEPAGE FLOW DESIGN

1. Seepage Design of Dams on Impermeable Foundation

In recent years the widely used method of equivalent profile with simple
calculations has been recommended for general use. In this method an
adopted design sketch of the dam is replaced by the equivalent one in
relation to seepage with vertical upstream slope, which lies at the
distance AL from the vertical plane (line) drawn through the point of
interaction of the water level with embankment slope. The magnitude AL
is determined by the relationship (Zhurablov, 1975):

Beex

s, ‘3}}

i. Homogenous dam without drain prism
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1. Homogenous dam with drain prism

Sketches of seepage calculation (Zhurablov, 1975)

AL =B Hi (1)
where, B=m/(2mi+1) (2)

Starting from the vertical plane, the phreatic curve is made and its part in
approach to the upstream slope has to be corrected visually such that it
could be perpendicular to the embankment slope and further be changed
into the phreatic curve.

i) Homogenous Earthen Dam without Drain

Height of the seepage flow existing at the down stream slope is known as
the leaking zone (Figure i) and its magnitude can be determined by the
formula (Zhurablov, 1975):

I i
pooLo (J i G)
77?2 7772

Specific seepage discharge is found by the formula:

i
= @

m,
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Taking initial coordinate at point O, the phreatic curve is drawn by
Dupy’s equation:

-

}"2 =H; _2ix
f

©)

Giving the values of x from zero to x = Ld — mzhi, the phreatic curve is to
be constructed by the help of the Eq. (3) and it has to be corrected by
hand at the zone approaching to the upstream slope, as above explained.

ii) Homogenous Earthen Dam with Drain
In this case the seepage equation will be:
k H ;

1750, 51) ©)

where Lda = L+AL is design seepage length, m and /dr is drain length.
If in the Eq. (6) length of the drain /dr is to be neglected because of its
very small value in the comparison with Ld, it will turn into:
k,H
qg=——
T o (7)

Ordinate of the phreatic curve at the beginning of drain becomes
hi=q/kr (8)

From the initial co-ordinate at point O, phreatic curve has to be drawn by

Eq. (3). For x=0, ordinate will be H1 and for x = Ld it equals to be hi. For

x=Ld+Idr ordinate will be zero and distance from the starting of the drain

up to this point is determined by the relationship (Zhurablov, 1975):

i —b521
Z 4
iii) Earthen Dam with Central Core Wall
For the seepage calculation of such dams the method of virtual length is
usually applied, for which a central core having mean thickness d» and
permeability coefficient kc is replaced by the prism with permeability
coefficient k7. Virtual length of the central core is to be determined by the
expression:

)

k,
i, 5mk—- (10)
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After such replacement, calculation is done in the same way as for
homogenous earthen dam without drain or with drain depending upon
the achieved calculation sketches. Phreatic curve has to be drawn only in
the zone of dam before and after the central core.

1. Idealized

Ber-5, Ber-6m
P Y

SNWL

% N D T
oY “5 ———————

Equivalent Core with kg

AL | L
L Ld(l

111, Idealized for design
Figure: Sketches for seepage calculation with central core (Nayak, 1993)

iv) Earthen Dam with Inclined Core

Seepage calculation of such dams can be done by the different methods.
One of them is the method of virtual length which is based on the
replacement of inclined core having mean thickness om and permeability
coefficient kc of equivalent prism with permeability coefficient 4 and its
horizontal length:

B ;
I =0 k—‘smé’ (11)

c m
4

where 0 is the angle formed between inclined core and horizontal line of
the foundation in degree.

Thus, to the adopted sketch solution is applied for homogenous earthen
dam with drain or without drain depending upon the provided structure
of the dam. Losses of head in the range of loaded layer of the inclined
core are neglected.
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3 3
|

1. Idealized for desion

Figure: Sketches for seepage calculation of dam with inclined core (Nayak, 1993)

2. Seepage Design of Dams on Permeable Foundations

i) Earthen Dam with Screen, Apron and Drain

In the calculation of these dams the losses of head in the protected layer
are not considered. Screen and apron are taken into account to be
impervious. Slope of the screen is to be adopted along its mean line and
fall of head along the length of apron is taken to be straight (linear).

Seepage equation for the different values of permeability coefficient of
the dam body krand foundation ko takes the form (Zhurablov, 1975):

;{‘OT Hl_h3 :h_—j’(kor_i_kfh_s]
n(L, +m' h) 2

(12)

Geometrical dimensions entering in the Eq. 12 are shown in Figure
below. Here n is coefficient considering the length of seepage flow due
to curvature: n = 1.15 for L/7=20; 1.18 for 5; 1.23 for 3; 1.44 for 2 and
1.87 for 1.
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kT H, —h o ’i}[ KT+ kf hy ]

2

nlL, +m\ k) L

-_
_—
——

L apr.

Figure: Sketches for seepage calculation of dam with screen and apron (Zhurablov, 1975)

Such equation is easily to be solved graphically, for which the curves for
L.H.S. and R.H.S. parts of the equation are drawn for the different values
of h3. The point of intersection of the curves gives actual root of this
equation. Depression curve in the body of dam with drain is to be drawn
by the use of Eq. (3), replacing H1 by 43 in it.

Homogenous Dams without Drain
Here is possibility that permeability coefficient of the dam body krand its
foundation ko may be the same or different. In the approximate method,
the design of seepage flow shall be conducted with two independent
assumptions. Initially, it is considered that the dam body is permeable
and its foundation — impermeable, and for this case specific seepage
discharge ¢.shall be found with construction of the phreatic curve in it.
Then other case will be considered, in which the dam body shall be taken
into account the impermeable and its foundation — permeable, and
specific seepage discharge ¢. will be determined by the formula
(Zhurablov, 1975):

g, =k N (13)

nL

where T is the depth of the permeable foundation, L is the width of the
dam, n is the numerical coefficient considering the length of seepage
flow due to curvature to be adopted depending on the ratio L/T (see Eq.
10).
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The total seepage flow discharge shall be obtained as the sum of
discharges through the dam body and its foundation:

q=q +q: (14)

It is essential to keep it in mind that in this approximate method, location
of the phreatic curve shall be little bit higher and more higher with
enough difference in the permeability coefficient of the dam foundation
and its body for the design case with ko < k.
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20.2.

[ uUpstream and Downstream slopes. The side slopes depend upon various factors
such as the type and nature of the dam, and foundation materials, height of dam, etc
ctc. The recommended values of side slopes as given by Terzaghi are tabulated in Table

Table 20.2. Terzaghi’s Side Slopes for Earth Dams

Type of Material

U/S slope (H - V)

D/S slope (H : V)

Homogeneous well graded
Homogencous course silt
Homogeneous silty clay
(1) Heaght less than 15 m
(1) Height more than 15 m

Sand or Sand and gravel with a central clay core

Sand or Sand and gravel with R C.

diaphragm

2:01%F
3l

|
1

The various dimensions of low earth dams for their preliminary sections, may
sometimes be selected from the recommendations of Strange, as given in Table 20 3.

Table 20.3. Preliminary Dimensions of Low Earth Dams (Strange’s recommendations)

fieighi of dam Maximum freeboard | Top widih (A) in 73 siope D/S siope
in metres in metres metres (H V) (H V)
Uptod$s 121015 185 23 185 L
451075 15018 1.85 2551 175 1
751015 185 25 3l 2
1510225 2 30 31 £
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General Arrangement of RoR Headworks

Bascule gate

Kali Gandaki
» ]

Forebay wall
. River iniet

U:Access roadto
dam site

Existing headworks of Kali Gandaki A HPP during wet season operation

The salient features of the power plant are given below:

Power plant type : Peaking-run-of-river

Installed capacity : 144 MW

Annual average energy : 842 GWh

Maximum gross head/net head 130m / 115m

Design flow : 141 m3/s

Catchment area : 7,618km?2 (Kaligandaki River) and
476km?2 (Andhikhola River)

Intake : 6 Nos. 10m x 10.63m (W x H) each

Spillway : 3 radial gates of 15m x 19m (W x
H) each

Settling basins : 2 Nos. 187m x 80m x 14m (L x B x
H) each, gravity flushing type

Headrace tunnel : 5905m

Penstock : 1 Nos., 243m long, @
5.25m, inclined steel lined
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Turbine

Generator

Power factor
Start of project construction
Commercial operation

3 Francis

Rated discharge - 44.86 m3/s
Rated output - 48SMW

Rated speed - 300 rpm
Rated output - 56.5SMVA
Rated voltage - 13.8kV
Rated frequency - 50Hz

0.85

1997

16 August, 2002

N
Boric

I,-’coudl Ii}\_

Figure 1: Headworks of Kali Gandalki *A™ Hydroelectric Project, Nepal (INepal Electricity

Authority 2002)
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Diversion Structure

The diversion structure shall generally be planned on a straight axis, but
it may also be slightly curved if the upstream curvature locates that part
of the diversion structure on higher bedrock foundation and thereby adds
to economy and safety. As far as possible, the structure shall be aligned
perpendicular to the river course to minimize its length and to ensure
normal and uniform flow through its bays.

The overall length of the diversion structure shall be fixed based on the
site topography and hydraulic requirements. Its crest level shall be
determined considering the head needed to pass the available flow, less
the environmental release, during the dry season.

Spillway

The spillway may be provided as an integral part of the diversion
structure or as a separate structure. In concrete diversion structures, the
spillway shall generally be located centrally, away from both abutments
where erosion damage needs to be avoided. In embankments, the
spillway shall be located on one side of the embankment at an erosion-
resistant site.

Intake

To minimize sediment entry into the water conveyance system, the intake
shall normally be aligned at an angle of 90° to 110° to the axis of the
diversion structure. A bed-load sluice may be located below the intake to
separate out smaller stones and gravel which may follow the abstracted
flow.

Undersluice

The undersluice shall be provided close to the intake to flush out the
sediments deposited in front of the intake and thus control the bed levels
in its approach area. The opening of the undersluice shall be sized to pass
the largest possible boulders brought along by the river. Based on the
flow to be handled, the undersluice may consist of one or more bays;
however, for small rivers flows, a single sluice bay may be preferred
over two bays with smaller openings. Its crest and upstream floor levels
shall generally be kept at the lowest bed level of the deep channel of the
river, subject to the cost of foundation and the difficulty in dewatering.
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Gravel Trap

In certain cases, a gravel trap may be provided in front of the intake
below its invert level. It shall be proportioned based on the debris content
and the size of the gravels present in the river water.

Settling Basin

Depending on the availability of sufficient space and flushing head, the
settling basin may be integrated with the intake or be connected to it
through an approach channel/conduit. It shall be provided with flushing
channels and control arrangements for sediment sluicing. It may also be
provided with side or end spillways to spill the excess water in it back to
the river.

Depending on site conditions and project requirements, the settling basin
may be a singlechamber or a multi-chamber basin. Considering the
heavy silt conditions in Nepali rivers, a minimum of two chambers shall
be considered.

Divide Walls

A divide wall shall normally be constructed to separate the undersluice
bays from the other bays of the diversion structure. Divide walls shall be
positioned at right angles to the axis of the diversion structure. On the
upstream side, the divide wall shall extend from two-third to the full
width of the diversion structure to obtain a pocket of comparatively still
flow at the intake for sediment deposition.

On the downstream side, the wall shall generally extend to the end of
impervious floor to ensure adequate tail water depth for jump formation
and to prevent cross flows that could cause objectionable scours.

Fish Pass Structures

Fish ladders shall be located in areas with high flow of water. To increase
their effectiveness, attraction flows or leaders shall be arranged to guide
the fish to the fish ladder or the fish bypass system.
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The main parts of an intake are:

1) the inlet section including the sill and coarse rack,
2) the inlet gate and transition section,

3) the settling basin and sand flushing canal.

Settling basiz

Bed-load-dellectng T
apron Flushing gare

"3

-

1 Infage gate
| Ineraot Submerging fshimmer) m!% fﬂ 7
i ~ % 1 ‘/
o Coarse rack ,;m - T
=
‘h

; il el il
Flystung Sarce ' Filushing caral
A

Figure. General arrangement of intake
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Gates: Types and their location

A spillway with control mechanism is almost invariably provided for
release of waters during excess flood inflows. Releases of water may
also be carried out by control devices provided in conduits in the body of
the dam and tunnels. In order to achieve flow control, a gate or a shutter
is provided in which a leaf or a closure member is placed across the
waterway from an external position to control the flow of water.

The different types of gates used in water resources projects may be
broadly classified as either the Crest or Surface type, which are intended
to close over the flowing water and the Deep-seated or Submerged type,
which are subjected to submergence of water on both sides during its
operation. The different types of gates falling under these categories are
as follows:
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1. Crest or Surface type gates

i) Stop-logs/flash board
1) op-logs/flash boards . “STOP —

— BT ] [ o—

PIER

Loy

SPILLWAY CREST

SECTION X - X DOWNSTREAM ELEVATION

Figure: Stoplogs (Needles) inserted within groves of adjacent piers

B}TDGE HYDRAULIC HOIST
\ [

Figure: Modern day stoplogs shown in combination with a radial gate
and hydraulic hoist
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A log, plank cut timber, steel or concrete beam fitting into end grooves
between walls or piers to close an opening under unbalanced conditions,
usually handled or placed one at a time. Modern day stop-logs consist of
steel frames that may be inserted into grooves etched into piers and used
during repair / maintenance of a regular gate. The stop logs are inserted
or lifted through the grooves using special cranes that move over the
bridge.

i1) Vertical lift gates

These are gates that moves within a vertical groove incised between two
piers. The vertical lift gates used for controlling flow over the crest of a
hydraulic structure are usually equipped with wheels, This type of gate is
commonly used for barrages but is nowadays rarely used for dam
spillways. Instead, the radial gates are used for dams. This is mostly due
to the fact that in barrage spillways, the downstream tail-water is usually
quite high during floods that may submerge the trunnion of a radial gate.

i1) Vertical lift gates

__ ROPE DRUM
) «— HOIST
/
|
GROOVEFOR[
GATE ~L
MOVEMENT ““‘»‘1

TT——VERTICAL LIFT
GATE WITH
WHEELS

PIER

Figure: Vertical lift gate arrangement for dam spillway
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1i1) Radial gates
ROPE DRUM
HOIST ~——u__
;  BRIDGE /:
A /

.~ RADIAL GATE

Figure: Radial gate shown with rope drum hoisting mechanism

ii1) Radial gates

These are hinged gates, with the leaf (or skin) in the form of a circular
arc with the centre of curvature at the hinge or trunnion. The hoisting
mechanism shown is that using a cable that is winched up by a motor
placed on a bridge situated above the piers. Another example of radial
gate may be seen in Figure above (Stop-logs/flash boards), where a
hydraulic hoisting mechanism is shown.

iv) Ring gates

A cylindrical drum which moves vertically in an annular hydraulic
chamber so as to control the peripheral flow of water from reservoir
through a vertical shaft.
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iv) Ring gates

Figure: Ring gate arrangement for morning glory spillway

v) Stoney gates

A gate which bears on roller trains which are not attached to the gate but
in turn move on fixed tracks. This type of gate is not much in use now.

.

T
7,

o

L
—
»

]
(L

Figure: Typical arrangement of stoney gate
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vi) Sector gates

A pair of circular arc gates which are hinged on vertical axis in a lock.
These gates are used in navigation locks where ships pass from a
reservoir with a higher elevation to one with a lower elevation.

Figure: Plan of a sector gate, left side contains water at higher elevation

vii) Inflatable gates

These are gates which has expandable cavities. When inflated either with
air or water it expands and forms an obstruction to flow thus effecting
control. It is used quite often in many other countries because of its

simplicity in operation. However, they suffer from possible vulnerability
from man-made damages.

ARRANGEMENT FOR
FILLING THE GATE
INFLATED GATE PROFILE P
TOP OF GATE L
B’ VALVE _
¥ ! U/S WATER LEVEL
SYPHON
PIPE
FRONT VIEW RAIN PIPE

ONCRETE SLAB '“—VALVE

Figure: Inflatable gate
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viii) Falling Shutters

Low head gates installed on the
crest of dams, barrages or weirs
which fall at a predetermined
water level. Generally these are
fully closed or fully open, that is,
fallen flat, which are shown to
operate using a hoist. However, in
some weirs, falling shutters have
been provided earlier that are
manually operated. In many of
the older weir installations
constructed during the pre-
independence  period  were
equipped with falling shutters,
some of which are still in use
today.

Figure: Automatic Falling Shutter

viii) Falling Shutters

SHUTTER
N

SHUTTER
/

Figure: Manually operated falling shutter (a. closed position, b. open

position)
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ix) Float operated gates

GEAR BOX

RAILING

|-

D
[

TURN BUCKLE

ADJUSTABLE
COUNTER
WEIGHT

rBOTTAMOF THE GATE IN RAISED POSITION

TOP OF THE GATE IN CLOSED TION

(

RADIOUS TO
THE INSIDE OF SKIN
PLATE

C/L OF DRACING

FLOTE WEIGHT WHEN

GATE IN RAISED
POSITION
Eass

FLOAT WEIGHT

Figure: Automatic float operated radial gate

ix) Float operated gates

A gate in which the operating mechanism is actuated by a float that is
pre-set to a predetermined water level. These may be used as escape in
canals or even in dams to release water if it goes above a certain level
considered dangerous for the overall safety of the project.

x) Two-tier gates

(a) (b) (c) (d)

Figure: Two tier gate at different positions (a. closed, b. under flow, c.
over flow, d. free flow)
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x) Two-tier gates

A gate used in two leaves or tiers which can be operated separately, but
when fully closed act as one gate. These types of gates are used to reduce
the hoist capacity or the lift of the gate.

2. Deep seated gates

1) Vertical gate

Similar to that used for crest type gates, but usually for deep-seated
purposes like controlling flow to hydropower intake either the ones with
roller wheels, or the sliding-type without any wheels, are used.

HOIST OPERATING
. : SERVO
1) Vertical gate  5E80, -

STEM OPERATING
CHAMBER

BY PASS

Figure: Typical arrangement of vertical lift gate with wheels with
hydraulic gate
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LEVER POSITION

1) Vertical gate /- (STUD DISENGAGED) OIL PIPE
G LCONNECTJON
UPPER CYLINDER i‘—s Y e e b i =
HEAD , L
=
\—PISTON
CYLINDER —

GATE STEM Ol PIPE
Sk i 1 ¥ CONNECTION
COVER b f a0 "ee.

1 |
Il TR
SEAT GREASING]] :
SYSTEM —/',,i y
] |
GATE i |
A Ll ¥ BODY LS O
4 |FLOW A J : )
[ rr*"*j | : L o -
/l_'__-—"il b | 1 i
GATE 34 e N
CLOSEDZ v l: . Y
| | ]
[ e sl
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Figure: Slide gate (vertical lift) with hydraulic hoist mechanism

i1) Deep-seated radial gates

These are low level radial outlet gates. These gates have sealing on top
apart from on all sides. They are located at sluices in the bottom portion
of dam. The hoisting arrangement is usually at the top but could also be
provided near the elevation of top seal to reduce hoist stroke.
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Figure: Deep-seated radial gate with hydraulic hoist
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iii) Disc gates

A gate, which is in the form of disc, and rotates about an axis of its plane
to control the flow of water.

1v) Cylindrical gate

A gate in the form of a hollow cylinder placed in a vertical shaft. These
gates are used usually for intake towers, upstream of dams for shutting
off the water to penstocks and control values. These may also be used in
outlet works =
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Figure: Cylindrical gate with hydraulic hoist
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v) Ring follower gates
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Figure: Ring follower gate
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v) Ring follower gates

These are gates with a slide gate with a circular ring (a leaf with a
circular hole) extending below the gate leaf. The diameter of the circular
hole is equal to the diameter of the conduit. When the gate leaf is raised
above the conduit, the circular hole forms an unobstructed passage for
the flow of water in the conduit. When the gate is lowered to shutoff the
flow, the circular ring fits into a recess below the invert of the conduit. It
is used as emergency gate upstream of a regulating or service gate and is
operated either in fully closed or fully open position.

vi) Jet flow gates

A high pressure regulating gate in which the leaf and the housing are so
shaped as to make the water issue from the orifice in the form of a jet
which skips over the gate slot without touching the downstream edge of
the slot. They are adopted when very fine control of discharge is desired.

vi) Jet flow gates
INDICATOR ]

CYLINDER

UPSTREAM 800Y

DOWNSTREAN
" " 80D¥
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Figure: Jet flow gate
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vii) Ring seal gates
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Figure: Ring seal gate

vii) Ring seal gates

A roller or wheel mounted gate in which the upper portion of the gate
leaf forms a bulkhead section to stop the flow of water and the lower
portion forms a circular opening of the same size as the conduit so as to
produce as unobstructed water passage with the leaf in the open position.
Complete closure of the leaf in the lower position is made by extending a
movable ring seal actuated hydraulically from the water pressure in the
conduit to contact a seat on the leaf. This type of gate is usually used as
either service or emergency gates in the penstocks or other conduits.
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Valves: Types and Suitability

Different types of valves used in water resources engineering are mostly
used to control flow in the high pressure conduits like penstocks
conveying water to turbines for generation of hydroelectricity. The
Bureau of Indian Standards code IS: 4410 (Part 16, Section 2) — 1981
mentions a list of valves in use for various purposes. The valves that are
commonly used for water resources projects are mentioned below:.

1. Butterfly valve

A

[E——

T e

1. Butterfly valve

A valve in which the disk is turned about 90 degrees from the close to the
open position, about a spindle supported on the body of the valve on an
axis transverse to that of the valve.

2. Hollow jet valve
A high pressure valve wherein a needle, which, when moved
downstream to open the valve, releases water in the form of a hollow jet.

37033N i
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3. Howell-Bunger (Cylindrical) valve

A valve having two telescopic cylinders with a streamline dispersing
cone secured to the inner cylinder by radial ribs. The outer cylinder
closes the sideway opening between the cone and the inner cylinder
when it is slid in position. In its open position, the water is discharged on
the sides of the cylinder in the form of a highly diverging hollow inside
in the shape of a cone. : | '

4. Needle valve

A valve with a circular outlet through which the flow is controlled by
means of a tapered needle which extends through the outlet, reducing the
area of the outlet as it extrudes, and enlarging the area as it retreats.

Balanced Needle Valve - A
needle valve of improved
design in which the needle is
moved by water pressure
from the outlet conduit, which
acts on interior chambers in
the valve. The movement is
controlled by a hand wheel
installed above the wvalve,
with the motion transmitted
through shafting and gearing
to a poke positioning device
located inside the valve.

T WHEEL DRIVE

HAND
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Interior Differential Needle
Valve- A differential needle
valve with a needle that
telescopes over a member
fixed to the valve body
instead of moving within
the valve body as in the
case of an internal
differential needle valve.

TELESCOPING
NEEDLE

Internal Differential
Needle Valve - This is an
improved  type of
balanced needle valve
with three chambers in
the needle. The two end
chambers are connected.
The valve is operated by
the differential thrust
resulting  from  the
changes in pressure in
the end chambers with
respect to that in the
central chamber through
a valve paradox.
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Motor-operated Needle Valve- This is a needle valve in which the
position of the needle is controlled by a motor-operated rod.

HOLOW

|
q

i

5. Tube Valve

An improvement over the
needle valve. The water
passages are similar to the
internal differential valve,
except that the downstream
end of the needle is omitted.
A tube or hollow cylinder
similar to that of the cylinder
gate, instead of a needle,
comprises the moving part
of the valve. This is actuated
by a hydraulic cylinder and
piston and a pressure pump
or by a screw with an
electric motor or by manual
control.

CLOSED PQSITION

~
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6. Spherical or Rotary Valve
A valve consisting of a casing more or less spherical in shape, the gate
turning on trunions through 90 degrees when opening or closing, and

having a cylindrical opening of the same diameter as that of the pipe it
serves.

OPEN

CLOSED

GATE CASING

:

—,

CYLINDRICAL OPENING

7

TRUNNION

Energy Dissipation: Water flowing over a spillway has very high kinetic energy. If the
water flowing such a high velocity is discharged directly into the channel downstream,
serious scour of channel bed may occur. If the scour is not properly controlled, it may
extend backward and may endanger the spillway and the dam. In order to protect the
channel bed against scour, the kinetic energy of the water should be dissipated before it
is discharged into downstream channel.
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Settling Basin / Desilting Basin / Desander
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Settling velocity in stagnant water plotted against the density of silty water
and the particle diameter. (After L. Sudry)
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Check:

i) Check for width: B >4.75VQ

i1) Check for length: L > Velikanov’s L
ii1) Check L and B ratio: L/B =4 to 10

10 w4

—
il

N6 12 -8 -04 j‘ 04 08 12 16

Velikanov’s relationship
w=f(4) for designing settling basins
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2. Concentration approach (Trap efficiency computation methods)
The optimum width and depth of a settling basin would be that which
produces a flow velocity below the value necessary to initiate movement
of the bed material. Favorable settling conditions need to be obtained
where the mean water velocity in the basin is in the range of 0.1 to 0.4
m/s. Generally, a velocity of 0.2 m/s is recommended at the initial stage
of settling basin design in Himalayan Rivers, based on net cross-
sectional area for sedimentation (Stele, H, 1993). Enough space for the
deposition of sediment also needs to be provided. The basin must be able
to exclude the targeted particle size. Various combinations of depth and
width together with length can be considered to achieve the targeted
efficiency and the best combination is finally adopted.

There are several methods adopted for the design and computation of
trapping efficiency of settling basins used for hydropower, water supply
and irrigation projects. Some of the methods commonly used are
mentioned below with brief introduction of each.

1) Camp’s method
i1) Hazen’s method
ii1) Vetter’s method
iv) Physical model
v) Three dimensional numerical analysis
i) Camp’s method
Camp’s method is based on the classic approach to settling basin design.
In this design Camp has made assumptions that; fluid velocity and the
turbulent mixing coefficient are the same throughout the fluid and
derived a relation as follows: {WAs W}

n= f B

Q v.

where; 7 is the trapping efficiency, 4s is the basin surface area (m?), v is
the shear velocity =V(z/p) = \(gRS,), R is the hydraulic depth (m), S, is
the hydraulic gradient, S,=/Q/(MAR??)]?> and M is the Manning’s
number (1/n).
w/vs« 1s regarded as a dimensionless indicator of the effect of the fluid
turbulence on a given particle size. The trapping efficiency is read in the
figure shown below for the computed values of w/v. and wA/Q.
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ii) Hazen’s method

This method of design of a settling basin accounts for the effect of both
turbulence and imperfect flow distribution, which in real situation, is true
by a general classification of basin performance.

The formula proposed by Hazen is given by;

1

i {1 3 mwAﬂ} m
Q

where; m = performance parameter (m=0 for best and m=1 for very
poor).

The drawback of this equation is that several different physical effects
are combined into a single parameter ‘m’. It is therefore better for the
designer to consider each effect separately, where possible.

iii) Vetter’s method

Vetter’s method of computing efficiency of a settling basin is virtually
identical to the equation proposed by USBR (Vanoni, A. 1977) which is
given by the formula;
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LS
n=1-e @
In other words this is simply the best performance solution of Hazen’s
equation i.e. curve for m = 0. Vetter’s equation is also corresponds to the
turbulent side of Camp’s solution and thus to implicit conditions of
turbulence.

iv) Physical model test

In order to simulate the hydraulic conditions of the flow in the inlet as
well as in the basin a well accepted method of design basis is the
physical hydraulic model study. The model provides opportunity to
check the flow pattern and to adjust the structure if necessary, which in
turn helps in getting good efficiency with low cost. It is almost
impractical to construct a full scale structure for the testing purpose. So,
a model is prepared in a laboratory, which represents the real structure
called the prototype. The relationship between model and prototype
performance is governed by the laws of hydraulic similarity, i.e.
geometric, kinematic and dynamic similarity (Webber, NB, 1995). There
are various similarity laws such as Eular law, Froude law, Reynolds law,
and Weber law.

Settling Basin Design

It is impossible to design a settling basin which can remove all the

suspended sediments coming into it from economic point of view. The

best combination of the following items needs to be analysed with
respect to cost and benefit to obtain the optimum efficiency of the basin
during the design.

 Construction cost of the settling basins.

* Initial cost of the turbines and auxiliaries with an objective of wear
resistance depending upon the type of turbine and quantity of erosion
due to sediments.

* Cost of overhaul and replacement of the components.

* System for monitoring and operation of the power plant with an
objective of reducing the sediment exposure by partial or full close-
down during periods of high sediment concentration.

* Cost of generation loss during flushing if the plant is to be designed
for power plant close down during flushing.
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Design criteria
The design of a settling basin aims to meet the following criteria:

Determination of the maximum size of particles which can enter to the
turbine without causing major damages and facilitate exclusion of 95
to 100% of this and larger size particles.

To manage with as minimum width as possible.

To use the length that is available depending on the topography and
intake location (topographical limitations).

To optimize sediment exclusion with respect to the cost parameters.
Cost parameter in this context are; cost of down time i.e generation
loss, cost of repair and maintenance of hydraulic machinery as well as
civil, initial cost of the underwater machinery and the construction
cost of the basin itself.

To secure as high generation regularity as possible. To achieve this,
the power plant should be in operation most of the time and the basin
should have adequate facility of flushing out the sediments with
minimum loss of generation.
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Design for Sediment Flushing

Design of chamber flushing of the settling basin shall involve
determination of the transporting capacity of the flow for sediment
flushing and the time of flushing.

The flushing capacity shall be determined as (Zhurabov, 1975)
_ (17, —0.35f
2
b

Ir

where p,, is the mass of sediments transported in kg/m?, 7} is the flushing
velocity in m/s and 4, is the flow depth during flushing in m. The above
equation may also be used to determine the flushing velocity if the
transporting capacity of the flow, p,., is known, and then the flushing
gallery bed slope of the settling basin may be obtained from Manning’s
equation below.

Sch =n? Vf 2/R4/3

where 7 is the Manning’s coefficient and R is the hydraulic mean radius
of the flow section. The flushing duration of the settling chamber shall be
determined by the expression
tf= (167 Vs 0.6 Vdead) / [(ptr_po) Qf]

where ;s the flushing time in minutes, y, is the unit weight of sediment
to be flushed, V,,,, is the dead volume of chamber of the settling basin,
O, is the adopted flushing discharge in m?/s, p, is the sediment
concentration of the flow entering the chamber during flushing, usually
taken to be the sediment concentration of river flow.

Vlume  (n peHl'vg baprin p
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Flushing of settled particles

In order to ensure the production regularity to an acceptable limit the
particles settled into the basin has to be flushed out frequently. Settling
basins are designed for a certain capacity of storing sediments. When the
capacity exceeds then the deposited material will tend to reduce the
cross-sectional area of the basin causing the increase in transit velocity
and ultimately decreasing the trapping efficiency of the basin. The
deposition rate in the settling basin is very much dependent on the
suspended sediment concentration in incoming water and the particle
size distribution for a certain hydraulic conditions. Hence, the storing
capacity of the basin decreases with increase in the concentration, which
demands a higher flushing frequency.

There are various types of flushing system designed for different projects
depending on the economic criteria. Basically, flushing system can be
divided on the basis of plant operation point of view which is given
below.

1) Power plant close down during flushing.

- conventional gravity flushing.

- mechanical removal

- manual removal (small scale project only)

i1) Power plant in operation during flushing

- continuous flushing

- intermittent flushing, this includes; hopper system, the Beri system, the
S4 system, the slotted pipe ejectors, dredging, scrapers, etc.

Types of Settling Basin

1. Conventional Type of Settling Basin

2. Hooper Type of Settling Basin

3. Bieri Type of Settling Basin

4. Serpent Sediment Sluicing System (4S) Type of Settling Basin
5. Spilt and Settle Type of Settling Basin

6. Slotted Pipe Type of Settling Basin
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1. Conventional Type of Settling Basin

Before removal of deposits operation of basin is stopped and it is
dewatered. Deposited sediments are removed mechanically by scrapers
or by manually. So to keep continuous sediment removal one spare
desilting basin is required. Some times due to power requirement such a
situation arise when power has to be generated without flushing, this
temporarily fulfill the power requirement but in long run turbine
maintenance cost increase.

Also by generating a swift current inside the basin during conventional
gravity flow, scouring of deposits can be achieved. This involves
operation of flushing gates in addition to the gates at the both end of the
basin.

Supercritical flow
la) Start {b) Part sluiced c) Finished

Sediment sluicing [Diagrammatic)
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2. Hooper Type of Settling Basin

It is one of the most common type with longitudinal hoppers with a
flushing conduit running parallel to hopper. There are evenly spaced
openings, oriented perpendicular to the longitudinal axis of basin,
connecting the hopper to flushing conduit. Flushing conduit increase in
size in the direction of flow, also some time number of flushing conduits
are provided in parallel, where every conduit carries part of flushing
discharge, from a portion of desilting basin.

A constant velocity is maintained in flushing conduit. It provides a
constant pressure difference between the basin and conduit, thus even
abstraction of water from basin along the bottom of the hopper. A
flushing gate is provided at the downstream end of flushing conduit. This
gate has to be kept always open. The main problem with this system is
that if deposition has occurred than flushing system can not be
revitalized with normal operation of the flushing gate.

Plan and Section of Hooper Type Desander
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Plan and Sectional view of Hooper System Settling Basin

When flushing operation is intermittent there is no loss of water between
two flushing operations. A hopper system with sediment ejection pipe at
the bottom of each hopper is most common. Four sides of hoppers which
are at bottom of desilting basin has slope of 40 to 45°. The system is
consist of number of valves, bends etc,. so once it is chocked, it has to be
kept out of operation for some time. Gravels in sediment or mal-
operation may also chock it.

3. Bieri Type of Settling Basin

Bieri system have shutter mechanism at the bottom of the basin with two
plates having series of openings. One plate is fixed and the other one is
moveable with the help of servo motor. Flushing is facilitated when
openings in each plate falls together. Sensor is placed at the bottom of
the plate so as to sense the deposited volume of sediment in chamber.
Once attaining the desired level of deposition, the moveable plate moves
over fixed plate to flush the sediment. After flushing, the moveable plate
again move to original position to stop flushing. When the sediment
contains much quartz, wear and tear of plates are high. This type of
settling basin is employed in Middle Marsyangdi Hydropower Project.
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Canal Grids Settling basin

...............................

Hydraulic system Fl{nh‘ng device
(Metal plates)
4. Serpent Sediment Sluicing System (4S) Type of Settling Basin
The serpent is a hollow heavy-duty rubber tube, which seals a
longitudinal slit between the settling basin and a flushing canal along the
bottom of the basin, when it is filled with water. A flushing gate at the
downstream end of flushing conduit and a operational valve can fill up or
empty the serpent.
Sediments can be removed in two mode one opening mode, another
closing mode. In first one serpent is gradually lifted from the slit (over
flushing conduit), along the bottom of the basin, over to the surface, in
second mode the serpent is gradually closing the slit, when serpent is
filled up with water. One advantage is that flushing water consumption is
10% only during flushing.
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5. Spilt and Settle Type of Settling Basin

The flow in the tunnel upstream of settling basin is split horizontally at
the first tunnel cross. The bottom water contains relatively more
sediments than the higher up. The bottom water (say 20-40% of the total
flow) is therefore diverted to the upstream settling tunnels running
parallel to main tunnel. The settling tunnels are processing the dirtiest
part of the water flow. The transit velocity is reduced in order to facilitate
settling of a major part of the suspended load in relatively small caverns.
The cleanest water flows in the main tunnel where the transit velocity has
been reduced somewhat (60-80% of the velocity in the approach tunnel).
Suspended sediments will therefore continue to accumulate in the lower
segments of flow. The dirtiest water in the main tunnel may therefore be
diverted once more in the second tunnel cross just upstream of the
section where the cleaned water from the upstream settling tunnels are
returned to the main tunnel. This water is then processed in the
downstream desilting basin before the water in these basins are returned
to the main tunnel in the third tunnel cross.
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This concept removes the sediments without reducing the transit velocity
of the entire flow to the settling level. The settling basins are located in
serial pattern compare to conventional parallel pattern. Process can be
repeated several times, if necessary. System is in use at Jhimruk, Nepal
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6. Slotted Pipe Type of Settling Basin

Slotted pipe sediment excluder removes sediments from open and
pressurized sand traps without interrupting water supply and power
production. Sediments are removed without any input of power and
without any movable parts. It suck blend of sediment and water and the
available head between the sand trap and the outlet is normally used as
driving force, thus no external energy input is needed, and the system can
operate entirely without movable parts. System has been installed at
Khimati Hydropower Project, Nepal is in use.

To Outlet

Example - 1: Design a settling basin for a high-head power plant by
using the settling theory. The basin should serve to remove particles
greater than 0.5 mm diameter from the water conveying mainly sand.
The design discharge is 5 m3/sec and assume an initial value of 3.20 m
for the depth of the basin.

Solution:

Determine first the permissible velocity flow velocity. Owing to
economical considerations this should equal the critical velocity for
which,

v=144d =440.5 = 31.2 cm/sec

In designing the basin, v = 30 cm/sec flow velocity will be used. The
following step is to determine the settling velocity according to the limit
particle size of 0.5mm to be removed.

From the settling velocity — particle size Figure, w = 6 cm/sec (for y =
1.064). The required length of the basin is,

[ =hv/w=3.20x30/6 =16 m
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And the width,
b=0/hv) =5/(3.2x0.3) =521 m

Checking: The settling time is, ¢ = h/w = 3.20/0.06 = 53.4sec

The discharge conveyed during this period is, V= Qt = 5x53.4 =267m3
Should be equal to the capacity of the basin;

V="hbl=3.20x5.21x16.0 =267m3

Determine the length of the basin using identical basic values by the
method of Velikanov’s Figure for a removal ratio of 97% (W=0.97).
The Figure yields A = 1.50 for W = 0.97. The length of the basin is,

- 22 —02f

751w’
1.5°x0.32x(y32-02
N 7.51x0.06°

! } =19m

Example - 2: Compute for the conditions of the preceding example the
settling length by considering the retarding effect of turbulent.

Solution:

The coefficient governing the reduction of settling velocity is,
a=0.132NAh =0.132/¥3.20 = 0.0737

And thus the velocity decrement, w'= av =0.0737x0.30 = 0.0221m/sec
The settling length,

[ = hv/(w-w') =3.20x0.30/(0.060-0.0221) = 25.30 m

The unchanged width of the basin is,

b= Q/(hv) =5.0/(3.20x0.30)=5.21 m

And its capacity,

V="hbl=3.20x5.21x 2530 =422 m3
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Example - 3: Compute the modified dimensions for a reduced depth of
2.40 m.

Solution:

o= 0.132Nh =0.132/72.40 = 0.0851

[ = hv/(w-av) = 2.40x0.30/(0.06-0.0851x0.30) =20.90 m
Width of the basin is,

b= 0/(hv) =5.0/(2.40x0.30)=6.95 m

And the reduced capacity,

V=1bh=20.9%x6.95%x2.40 = 348m3

Example - 4: A power plant is fed by a river carrying very coarse
suspended sediment load. As indicated by the gradation curve obtained
for the sediment, 70% are held on the 1 mm screen. Design a basin for a
discharge of 12 m3/sec with the retarding effect of turbulent and a depth
of 2.80 m will be taken.

Solution:
In order to protect the turbines the entire over I mm diameter should be
settled.
100 Cp/C =30%
The critical velocity is, v =44 \d = 44x\1 = 44 cm/sec > 30 cm/sec
Adopt v = 30 cm/sec
The settling velocity in stagnant water is obtained from the Figure (for y
= 1.064) w = 10.4 cm/sec. The settling velocity decrement due to the
turbulent, w'= av = (0.132/Nh)v = (0.132/72.80)%0.30 = 0.0237 m/sec
The settling length,
[ = hv/(w-w') =2.80x0.30/(0.104-0.0237) = 10.46 m
The required width of the basin is,
b = Q/(hv) =12.0/(2.80x0.30) = 14.29 m
Compute the length of the basin also by the equation of Velikanov (W =
0.97), A =1.50, 5 2 — ¢
1.50% 030" x(y2.8 —0.2)
7.51% 0.104°
AdoptI=10.5m, b=14.5mand h = 2.8 m.

= =541m
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Water Conveyance Structures
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i.e., Required s/d = 0.5 + 0.4 x0.65 =0.76
Calculated s/d = 3.34/3.0 = 1.113 > Required s/d

Since y < h, additional depth is not required.

(O.K.)
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Simple surge tanks: The simple surge tank is of uniform cross-section
and is open to the atmosphere, acting as a reservoir. It is directly
connected to the penstock so that water flows in and out with small head
losses when load variations occur. It is usually large in size with
expensive proportions and sluggish in responding to damping surges.
These are very rarely used in modern practice except in installations
where load changes are either small or very gradual.

Throttled tank: In the throttled tank (restricted orifice type tank) the
restricted entry to the surge tank creates retardation and acceleration
conditions of flow in the tunnel upstream of it, thus reducing the storage
requirement and minimizing the maximum up and down surges.
Although this type of surge tank is economical (because of its smaller
size) compared with the simple tank section, the rapid creation of
retarding and accelerating heads complicates the governing mechanism,
requiring additional inertia in the turbo-generator units.

Surge tank with expansion chambers: This type of surge tank consists
of a narrow riser (main surge shaft); attached to it at either end are large
expansion chambers. The narrow riser reacts quickly, creating
accelerating or decelerating heads, and at the same time the expansion
chambers minimize the maximum up- and down-surge levels, thus
limiting the range of surge levels (i.e. easier governing). In order to
reduce the costs of the structure, spilling arrangements may sometimes
be provided either to wastage (if water is not scarce) or back to the
penstock.

Differential surge tank: This type (also known as Johnson’s differential
tank) consists of an internal narrow riser shaft with an orifice entry to the
larger outer shaft at the bottom. As the central riser is narrow it responds
instantaneously during the upward phase; at the same time the maximum
amplitude is restricted to its top level, any excess water spilling back into
the outer chamber. Similarly, during the downward phase water spills
into the narrow riser while the riser itself responds quickly to
maintaining the desired level. The differential tank with an extended
penstock, which acts as a central riser.

https://civinnovate.com/civil-engineering-notes/

2/21/2019

27



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 28



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 29



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 30



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 31



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 32



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 33



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 34



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 35



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 36



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 37



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 38



2/21/2019

https://civinnovate.com/civil-engineering-notes/ 39



Water hammer phenomena (Hydraulic Transient)

What is water hammer?

Water hammer is a phenomena that occurs in pressurized pipe systems
when the flowing liquid is suddenly (instantaneously) obstructed by (for
example) closing a valve or by pump stoppage (failure). A laud noise
similar to hammer knocking noise occurs due to the collision of the
liquid mass with the obstruction body (valve or pump) and the internal
walls of the pipe.

The magnitude of pressure rise depends on:
(i) The speed at which valve is closed,
(ii) The velocity of flow,
(iii)  The length of pipe, and :
(iv) The elastic properties of the pipe material as well as that of the flowing Sfluid.

The rise in pressure in some cases may be so large that the pipe may even burst and therefore it
is essential to take into account this pressure rise in the design of the pipes.

What is the problem with water hammer?

Hydraulic transient (water hammer) may cause disasters in pressurized
liquid systems such as:

1. Rupture of pipes and pump casings.

2. Vibration and high noise.

3. Excessive pipe displacements.

4. Vapor cavity formation.

5. Environmental pollution.

6. Life and economical losses.

When water hammer occurs?

The most common cases where water hammer occurs are:
1. Turbine/pump failure.

2. Turbine/pump start up.

3. Sudden closure a valve.

4. Failure of flow or pressure regulators.
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Hydro-electric Machines

Hydro-mechanical Equipment

Hydraulic Turbines:

»Mechanical device that converts the potential energy contained in an

elevated body of water (a stream or reservoir) into rotational
mechanical energy

» Primary function is to drive a electric generator

Types of Hydraulic Turbines:

A) According to the energy conversion
1. Impulse Turbine:

res

| |
Static
head, Gross
’ head
[ at plant

(Wi
K ‘_xltu‘ P | |

,— Penstock

10|
— [,- - Z
th Tailwater
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Hydro-mechanical Equipment

1.
>

>

>

Impulse Turbine:

The flow energy is completely converted to kinetic energy before
transformation in the runner

The impulse forces being transformed by the direction changes of
the flow velocity vectors when passing the buckets create the
energy converted to mechanical energy on the turbine shaft

The flow enters the runner from jets spaced around the rim of the
runners; and the jet hits momentarily only a part of the
circumference of the runner.

Pelton turbine and Turgo turbine

Hydro-mechanical Equipment

Types of Hydraulic Turbines:
According to the energy conversion
2. Reaction Turbine:

Turbine 5y
\ Ly

[ 2ol o
tDagum rTallrace

Draft tube
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Hydro-mechanical Equipment

2. Reaction Turbine:

» Two effects cause the energy transfer from the flow to the
mechanical energy on the turbine shaft:
- Firstly, it follows from a drop in pressure from inlet to outlet of
the runner. This is denoted as the reaction part of the energy
conversion.
- Secondly the changes in the directions of the flow velocity
vectors through the runner blade channels transfer impulse forces.
This is denoted as the impulse part of the energy conversion.

» The pressure drop from inlet to outlet of the runners is obtained
because the runners are completely filled with water.

» Francis turbine, Kaplan turbine and Propeller turbine

Hydro-mechanical Equipment

Difference between Impulse and Reaction turbine

specs — |mpuse  [Reaton

Conversion of Converted into KE via nozzle Partly transformed into KE before it enters

fluid energy the runner of turbine

Changes in The pressure remains After entering the runner with an excess

pressure and atmospheric throughout the pressure, water undergoes changes both in

energy action of water in runner velocity and pressure while passing through
runner

Water tight case Not required Essential

Interaction with  Wheel does not run full and Water completely fills and all the passages
water air has free access to buckets  between blades and while flowing between
inlet and outlet sections does work on blade

Install of units Always installed above TWL Can be installed below TWL
Draft tube Not used Necessary to recover lost energy
Flow Regulation By means of spear valve or By the adjustment of wicket gates (guide
deflector fitted into the nozzle vanes)
Specific speed Low (7-20) Moderate to high (50-300:Francis; 240-920:
Kaplan)
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B) According to Direction of Flow

Tangential flow turbine:

The flow of water strikes the runner in the direction of tangent to
the wheel

Example: Pelton wheel turbine

Axial flow turbine:
The flow of water is in the direction parallel to the axis of the shaft
Example: Kaplan turbine and Propeller turbine

Radial flow turbine:
The flow of water strikes in the radial direction
Example: Old Francis turbine

Mixed flow turbine:

The water enters the runner in the radial direction and leaves in
axial direction

Example: Modern Francis turbine

Hydro-mechanical Equipment

Types of Hydraulic Turbines:
C) According to name of Inventor

1. Pelton wheel turbine
2. Francis turbine
3. Kaplan turbine
4. Deraiz turbine
D) According to Head
1. Very high head:
> 500 m — Pelton wheel turbine
2. High head:
71-500 m — Pelton wheel turbine and Francis turbine
3. Medium head:
16-70 m — Francis turbine and Kaplan turbine
4. Low head:

2-15 m — Kaplan series
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Hydro-mechanical Equipment

Types of Hydraulic Turbines:
1. Pelton wheel turbine:

Runner

5-jet Pelton turbine
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Pelton Turbine

5-jet turbine

VVVYVYY

Y VvV

Invented by Lester Allan Pelton in the 1870s

An impulse type water turbine

Extracts energy from the impulse of moving water

The pressure all over the wheel is constant and equal to
atmospheric pressure

The water flows along thetangent to the path of the runner

Nozzles direct forceful streams of water against a series of spoon-
shaped buckets mounted around the edge of a wheel

As water flows into the bucket, the direction of the water velocity
changes to follow the contour of the bucket

When the water-jet contacts the bucket, the water exerts pressure
on the bucket and the water is decelerated as it does a "U-turn* and
flows out the other side of the bucket at low velocity

Casing is provided to prevent splashing of the water and to
discharge water to tailrace

Suitable for high head plants

Used in 60 MW Khimti HPP (H=650m), 60 MW Kulekhani I
(H=550m) and 32 MW Kulekhani I (H=284.1 m)
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Hydro-mechanical Equipment

2. Francis turbine:

electric generator

spiral case

wicket gates s |
(guide vanes) :

runner blades

draft tube )
o

Main components

) i

= L] [ = S,
{1k !
\ 5
Water Water
discharge inlet
) [P
1. spiral case
Wicket gates
2. stayvanes a9 .
3. wicket gates (guide vanes)
4. runner i )
Stay
5. drafttube vanes : {
________ N & 8
[ g
B, Runner
vanes
or buckets
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» Developed by James B. Francis in 1984

> 1t is an inward-flow reaction turbine that combines radial and axial
flow concepts

» Operates at its best completely filled with water at all times

» The most common water turbine in use today

»Operates in a water head from 40 to 600 m

»Power output ranges just a few kilowatts up to 800 MW

»The speed range of the turbine is from 75 to 1000 rpm

» Wicket gates around the outside of the turbine's rotating runner
control the rate of water flow through the turbine for different power
production rates

» The runner consists of 12-22 nos of curved blades

» Water is discharged to the tailrace through a closed tube of gradually
enlarged section, called draft tube

»Used in 144 MW Kali Gandaki HPP (H=115 m), 69 MW
Marsyangdi (H=95 m); both have three units of Francis turbine

Hydro-mechanical Equipment

3. Propeller turbine:

axial inflow
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» Propeller turbines have non-adjustable propeller vanes. They are used
in where the range of flow / power is not large. Larger propeller turbines
produce more than 100 MW

» Axial flow turbine

»No of blades: 3-8

» The head ranges from 4-80 m

»Runner diameter: 2-11 m

4. Kaplan turbine:

“ertical drivestaft =

1

_—M1ze cone

g_f ji“_______— —Daft tubz
i %

Hydro-mechanical Equipment

Generator

=

Turbine Blades
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» Axial flow turbine
»No of blades: 3-8
»Kaplan turbine is developed by Viktor Kaplan in 1913
»Kaplan turbine is the propeller-type water turbine which has adjustable
blades; combined automatically adjusted propeller blades with
automatically adjusted wicket gates to achieve efficiency over a wide
range of flow and water level
» Large range of load (50% under load - 50% over load )
»The Kaplan turbine was an evolution of the Francis turbine; allowed
efficient power production in low-head applications that was not possible
with Francis turbine
»The head ranges from 10-70 m and the output from 5 to 200 MW
»Runner diameter: 2-11 m
»Kaplan turbines are now widely used throughout world in high-flow,
low-head power production

Hydro-mechanical Equipment

5. Deriaz turbine:

https://civinnovate.com/civil-engineering-notes/

11/28/2018

11



» Invented by Paul Deriaz in 1956

»Mixed-flow reaction turbine

» Similar to a Kaplan turbine but inclined blades (flow over the
runner is at 45°) to make it more suitable for higher heads

» Particularly suitable for the head range between 20 - 100 m, in
between the ranges of Francis and Kaplan turbines

»No of blades: 10-12

6. Bulb turbine:

E —— | '
Generator b
=

Distruibutor:

Steady Plinth

Hydro-mechanical Equipment

» Generator is housed in enclosed bulb-shaped casing

» Axial flow reaction turbine

»immersed in the water channel, the flow enters and exits the turbine
with minor changes in direction

» The draft tube is straight flaring tube

» Compact arrangement of components and less danger of cavitations

»The head ranges from 3-20 m

o
i | ] 1 -::
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Turbine Speeds

1. Runway speed

If the external load on the machine suddenly drops to zero (sudden
rejection) and the governing mechanism fails at the same time, the
turbine will tend to race up the maximum possible speed, known as
runway speed. The suggested runway speed of the various runners for
their appropriate design, and acceptable head variations of such turbines
are given in following table.

2. Specific speed (Ns)

The specific speed of a turbine is defined as a speed of
geometrical similar turbine that would develop unit power
under unit head. All geometrical similar turbine (irrespective
of size) will have same specific speed when operating under
same head.

where,
N = Rotational speed of turbine in rpm
P = Power out-put
H = Head of turbine
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Specific speed (Ns) for different type of turbines
Given below the specific speed of different type of turbines
that would develop 1 HP under 1 m head.

3. Synchronous speed

(divisible by 4 for head up to 200 m or by 2 for heads above 200 m)

4. Speed factor or speed ratio (o)
It is the ratio of peripheral speed ‘v’ of the buckets or vanes at the
nominal diameter ‘D’ to the theoretical velocity of water under the
effective head ‘H’ acting on the turbine.

@=v/  (2gH) =1 D N/(60 \ (2gH))
N= Angular velocity in rpm
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Performance of Turbines under unit quantities
-

The unit quantities give the speed, discharge and power for a particular
turbine under a head of 1m assuming the same efficiency. Unit quantities
are used to predict the performance of turbine.

1. Unit speed (N,) - Soeed of the turbine, working under unit head

2. Unit power (P,) - Power developed by a turbine, working under a unit head

3. Unit discharge (Q,) - The discharge of the turbine working under a unit head

https://civinnovate.com/civil-engineering-notes/

11/28/2018

18



11/28/2018

https://civinnovate.com/civil-engineering-notes/ 19



11/28/2018

https://civinnovate.com/civil-engineering-notes/ 20



11/28/2018

https://civinnovate.com/civil-engineering-notes/ 21



11/28/2018

https://civinnovate.com/civil-engineering-notes/ 22



Efficiency vs Specific Speed

Impulse turbines Reaction turbines

Radial-flow  Mied-flow Axial flow

.
Nag
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Draft Tube

‘Draft tube is an integeral part of the low head turbines with large through flow, ie., for reaction
turbines of the Francis and Kaplan type. The unit consists an airtight diverging conduit with cross-sectional
area increasing along its length. One end of this diverging tube is connected to the runner exit and the other
is located below the level of tail race.

A draft tube has the following functions to perform :

Types of Draft Tube '
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Energy Equation Applied to Draft Tube

2
Byz, Vi,
/4 2g

The velocity ¥V, can be reduced by having a diverging passage.

To prevent cavitation, the vertical distance z; from the tail water to
the draft tube inlet should be limited so that at no point within the
draft tube or turbine will the absolute pressure drop to the vapour
pressure of water.
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. = : .
Hence in this equation —is less than atmospheric pressure. There is the limiting value for the
9

setting of the runner with respect tail water due to cavitations effect.

Efficiency of draft tube
__ Atual conversion of kinetic head int o pressure head

= Kinetic head at the inlet of draft tube
. e 2 V2 v2
Theoretical conversion of kinetic head into pressure head in draft tube = (—I——L)
29 29
Vi V2
Actual Conversion of kinetic head into pressure head = (%_ZL)_ hy
g 29
v,
Draft tube efficiency, i Zg\‘lg_‘f
Vi l2g

o F/head loss
T N

draft head

h .
t’ Fig: Vertical Draf Tube_ Fig: Elbow type Draft

Cavitation in Hydraulic Turbine

Cavitation is formation of vapor bubbles in the liquid flowing through
any Hydraulic Turbine. Cavitation occurs when the static pressure of the
liquid falls below its vapor pressure. Cavitation is most likely to occur
near the fast moving blades of the turbines and in the exit region of the
turbines.

Causes of Cavitation

The liquid enters hydraulic turbines at high pressure; this pressure is a
combination of static and dynamic components. Dynamic pressure of the
liquid is by the virtue of flow velocity and the other component, static
pressure, is the actual fluid pressure which the fluid applies and which is
acted upon it. Static pressure governs the process of vapor bubble
formation or boiling. Thus, Cavitation can occur near the fast moving
blades of the turbine where local dynamic head increases due to action of
blades which causes static pressure to fall. Cavitation also occurs at the
exit of the turbine as the liquid has lost major part of its pressure heads
and any increase in dynamic head will lead to fall in static pressure
causing cavitation.
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Detrimental Effects of Cavitation

The formation of vapor bubbles in cavitation is not a major problem in
itself but the collapse of these bubbles generates pressure waves, which
can be of very high frequencies, causing damage to the machinery. The
bubbles collapsing near the machine surface are more damaging and
cause erosion on the surfaces called as cavitation erosion. The collapses
of smaller bubbles create higher frequency waves than larger bubbles.
So, smaller bubbles are more detrimental to the hydraulic machines.

Smaller bubbles may be more detrimental to the hydraulic machine body
but they do not cause any significant reduction in the efficiency of the
machine. With further decrease in static pressure more number of
bubbles is formed and their size also increases. These bubbles coalesce
with each other to form larger bubbles and eventually pockets of vapor.
This disturbs the liquid flow and causes flow separation which reduces
the machine performance sharply. Cavitation is an important factor to be
considered while designing Hydraulic Turbines.

Avoiding Cavitation

To avoid cavitation while operating Hydraulic Turbines parameters
should be set such that at any point of flow static pressure may not fall
below the vapor pressure of the liquid. These parameters to control
cavitation are pressure head, flow rate and exit pressure of the liquid. The
control parameters for cavitation free operation of hydraulic turbines can
be obtained by conducting tests on model of the turbine under
consideration. The parameters beyond which cavitation starts and turbine
efficiency falls significantly should be avoided while operation of
hydraulic turbines.
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In a reaction turbine, the point of minimum pressure is usually at the
outlet end of the runner blades, i.e., at the inlet to the draft tube. For the
flow between such a point and the final discharge into the trail race
(where the pressure is atmospheric), the Bernoulli's equation can be
written, in consideration of the velocity at the discharge from draft tube
to be negligibly small, as

72
o (Ve - Pam gy (1)
pE g PE

where, pe and ve represent the static pressure and velocity of the liquid at
the outlet of the runner (or at the inlet to the draft tube). The larger the
value of ve, the smaller is the value of pe and the cavitation is more
likely to occur. The term Af in Eq. (1) represents the loss of head due to
friction in the draft tube and z is the height of the turbine runner above
the tail water surface. For cavitation not to occur pe > pv, where pv is
the vapour pressure of the liquid at the working temperature.

An important parameter in the context of cavitation is the available
suction head (inclusive of both static and dynamic heads) at exit from the
turbine and is usually referred to as the net positive suction head NPSH'
which is defined as
2
wpsy = Pe le Py 2)
Pz 22 pg

with the help of Eq. (1) and in consideration of negligible frictional
losses in the draft tube (Af = 0), Eq. (2) can be written as

Nosy = Fam _ Py 3)
Pg  pE
A useful design parameter = known as Thoma's Cavitation Parameter
(after the German Engineer Dietrich Thoma, who first introduced the
concept) is defined as

_ NPSH _ (;afm’rpg)_(pvfpg)_z
ot T 7 4)
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For a given machine, operating at its design condition, another useful
parameter o, known as critical cavitation parameter is define as
=(pamfpg)—(pefpg)—z (5)

H
Therefore, for cavitation not to occur G = G, (since, pe >pv)

If either z or H is increased, « is reduced. To determine whether
cavitation is likely to occur in a particular installation, the value of @ may
be calculated. When the value of = is greater than the value of @ for a
particular design of turbine cavitation is not expected to occur.

[

In practice, the value of o, is used to determine the maximum elevation
of the turbine above tail water surface for cavitation to be avoided. The
parameter value of o increases with an increase in the specific speed of
the turbine. Hence, turbines having higher specific speed must be
installed closer to the tail water level.

Note: Eq. (4) can be written as, o, = (Ha— Hv— Hs)/H
Hs = Turbine setting = z

Cavitation in Turbines

sl
T, ok

Traveling bubble cavitation in Francis turbine

Inlet edge cavitation in Francis turbine

|

Leading edge cavitation damage in Francis turbine
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=0.625 (Ns/380. 78)23 for Francis runners

=0.28 + (Ns/380.78) /7.5  for Propeller runners
=1.10 (0.28 + (Ns/380. 78)3/ 7.5 ) for Kaplan runners
Ns = Specific speed (r.p.m., kW, m)

e
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Design procedure of the Pelton Wheel Turbine
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The angle of
deflection of
jet to bucket
is limited to
about 165° to
170°
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Governing of Hydraulic Turbines

»N = 120f/p implies speed of the generator can be maintained at a
constant level only when the speed of the turbine is constant.

»Load is increased => speed tends to decrease and vice versa.

»The function of the governor is to regulate the quantity of water
flowing through the runner in proportion to the load. Thus the governing
mechanism maintains the speed of the runner at a constant level at all
loads.

» For reaction turbines, the governor controls the guide vanes and wicket
gates. For impulse turbines, the governor controls the spear and nozzle.
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Governor

The governor is a mechanism controlling the rotational speed of the
turbo-generator unit; constant speed must be maintained in order to
obtain the a.c. supply with constant frequency. As the turbine and hence
its interconnected generator tend to decrease or increase speed as the
load varies, the maintenance of an almost constant speed requires
regulation of the amount of water allowed to flow through the turbine by
closing or opening the gates (or nozzles) of the turbine automatically,
through the action of a governor.

A simple governing mechanism for turbines is shown in figure below.
Increase in the rotor speed raises piston A, permitting oil to enter
chamber B, thus closing the gates slightly. The operation is reversed if
the speed drops.

A rapid closing or opening of the nozzle or guide vanes (gates) is
undesirable, as serious water hammer problems may result in the
penstocks.

(a) Governing of impulse turbine

actuator
connected T
to turbine -
shaft (
. ]
—

!

T l nozzle
. spear vaive
oil supply B l=
{under pressure) C ¢
servo-motor
deflector
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(b) Governing of reaction turbine

Servo-motor
J’ 1 guide vane
—
O
-
scroll case
-

Sudden changes may be avoided in the case of a Pelton turbine if a
deflector is activated in front of the jet, thus diverting part of the flow
away from the turbine. Similarly, in the case of a reaction-type turbine a
relief valve may allow a part of the discharge to flow directly to the tail

race without entering the runner.

speed of turbine is kept
' means of governer, which
ad condition of the turbine.

d to an electric generator, which
ondition. The frequency of power
‘under varying condition should be

. generator increases beyond the
it speed, the rate of flow of water to

mmamoftm nozzle by
iine, the governor decreases or
).
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Governing of Turbines

Governing of turbine means speed regulation. The turbine
governor is an essential piece of equipment of the unit and works to
regulate the speed of the turbine upon changes in load, by controlling
the flow of water through the runner.

The various components of the governor are :

(i) a speed sensitive device (fly ball assembly), (if) a mechanical
amplifier to increase the effect of the above device, and (iii) the
follow up system which produces the actual control on the water
flow. This actual control comprises of operating a gate mechanism
in the case of Francis turbine, the gate and blade adjusting mechanism
in the case of Kaplan turbine, and the nozzle, needles and deflectors
in an impulse turbine (Pelton wheel).

The most commonly used system of governing in turbines is
through oil pressure. The oil pressure governor is described here.

The governor system includes the governer itself, the energy
supply equipment (pump supplying oil under constant pressure),
the piping and the connections to the turbine’s flow control mechanism.
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Turbine flow control mechanism.

The governor in its simple form consists of the governor head
(speed sensitive device, usually flyball assembly), the control or
pilot valve and the servomotor. At normal speed the ports 1 and 2 of
the control valve are both closed and the pressure in chambers A
and B of the servomotor being the same, the servomotor piston is
stationary in position, muintaining the constant rated discharge.
Increase in the turbine speed rotates (through a belt) the governor
head faster. The flyballs move outwards lifting the sleeve up and
opening the port 1. Oil pressure is applied in chamber A, which
moves the piston to the left and reduces the discharge until normal
speed is restored. Any decrease in the turbine speed brings the
sleeve downwards, opening the port 2, thereby applying pressure in
chamber B and pushing the piston to the right to increase the
discharge until the speed is stepped up to the normal. This apparently
is simple process, however is rendered unsatisfactory because of the
inertia effects, which cause the over travel of the controls and the
consequent ‘hunting’ of governor.
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As has been stated, the governing of an impulse turbine is
effected by regulating the quantity of water ejected through the
nozzles and striking the turbine buckets. Two common ways of doing
this are : Spear or needle regulation and the deflector regulation A
third method involves the combination of these two arrangements.
Fig. below shows the guide mechanism for an impulse turbine

Needle To bucket of
i/ BN

From relay /
cylinder // [L

- Needle
| Nozzle
= 1 =
Supple
pf’pe/

- Guide mechanism for an impulse turbine.

using needle regulation. The governor closes the nozzle opening
partially by pushing the needle in the nozzle thus allowing
less water to enter the turbine, which, therefore, will run slow.
Needle regulation is suitable where a relatively large penstock
supplies water to a small turbine and where the fluctuations
in load are small, while the deflector is generally employed
where supply of water is constant but the load on the turbine
fluctuates.

The combination of spear and deflector control is quite
popular in modern installations since double regulation is a
feature of all modern turbines. The double operation involves
simultaneous operation of two elements. This uses both the needle
regulation effected through the direct connection with governor
servomotor piston rod, and the deflector regulation which is
effected through a linkage arrangement from the main lever
and the servomotor piston rod.. The deflector is thus, actuated
directly by the governor and works quicker than the needle/
spear regulator which is permitted to act gradually, and thus
avoid serious water hammer in the piping system. The
double resmlation arrangement of turbine governing is shown in
Fig. below .
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Double regulation system of governing impulse turbine

Double regulation system is also employed in reaction turbines
by control the water flow through guide blades. This consists of
guide blade control and a relief valve in Francis turbine and guide
blade control and runner blade adjustment in case of Kaplan turbine.
The guide blade control comprises of the used control mechanism,
and blade adjusting mechanism are additional features. Relief valve
which fitted in the penstock at the turbine inlet, opens and direct
the water to the tailrace by passing the runner, when the power
demand drops suddenly and the guide blades are closed suddenly.
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Electro-mechanical Installation

Generator:

Electric Generator is a machine that converts mechanical energy to
electric energy. Usually this energy is obtained from a rotating shaft that
is also called the armature of the generator. The electric energy then
produced can be used for power transmission to commercial, industrial
or even domestic level. Generators supply current which usually has a
frequency of 50 Hz, which is used here. An electric generator has two
parts: 1)Stator and ii) Rotor

The stator comprises of the stationary magnetic poles, whereas the
rotating armature is included in the rotor.

Hydropower generator:

Hydropower generator is the main power equipment to making
electricity energy in a hydropower station. It is a water-to-wire
generator with the turbine as the prime motor. When the water flow
goes through turbine, it changes the water power into mechanical
energy.

Electro-mechanical Installation

Types of hydropower generator:

According to its axis location, hydro generator is usually divided into
two types: 1) Horizontal and ii) Vertical

Large and medium-sized units usually adopt the vertical type layout,
whose maximum speed can reach 750 rpm. While horizontal type
usually is used for medium and small capacity units, whose maximum
speed can reach 1500 rpm.

Usually, the horizontal hydro generator drives by Pelton turbine, and
the vertical hydro generator drives by Francis or Kaplan turbines.
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Pump:

A pump is a device that moves fluids (liquids or gases), or sometimes
slurries, by mechanical action. Pumps operate by some mechanism
(typically reciprocating or rotary), and consume energy to perform
mechanical work by moving the fluid.
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Reciprocating Pump
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Sunkoshi Hydropower Station
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Type

Location

Installed capacity
Design Discharge
Maximum Net head
Length of Canal
Diameter of Penstock
Turbine Generator Set
Shaft Configuration

Turbine

Generator

Peaking Run of River
Sindhupalchowk

10.05 MW

39.9 m3/s

30.5m

2.653 km

2.54 m, 3 Nos.

3

Vertical

* Type: Francis

* Output: 3530 kW

* Speed: 300 rpm

* Type: Synchronous, 3 phase)
* Capacity: 4000 kVA

» Rated Voltage: 6.3 kV

* Rated Current: 361 A

» Rated Power Factor: 0.85

Transmission Line
Project Inception Date

Project Financed by

Project Cost

Project Placed in Service

66 kV, Single Circuit

End of 1968

January 1972

People's Republic of China and
Government of Nepal

NRs. 109.37 million (including
transmission line)

Sunkoshi Barrage
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Sunkoshi barrage with hoisting room above

https://civinnovate.com/civil-engineering-notes/ 3



Canal

There are two canals:

1. Main canal

2. Side canal
Under normal condition, main canal operates. However, whenever the
main canal is not functioning due to the dredging work in settling basin,
side canal takes its place.

Settling Basin

Hopper type settling basin is present in main canal. It is a continuous
flushing system.
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Trash Rack

Trash rack is present in both Main and Side canals’ entrance.
It functions in checking the entry larger sediments and the floating
debris in the river

Peaking Pond

Size of Peaking pond : 67000 cu m
It is used for satisfying the peaking demand of one and half day.
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Forebay

Size of Forebay is 18000 cu.m. It is energy realising structure. It protects
the 3 Penstocks below. It is also provided with trash rack.

Penstock

There are 3 Penstocks. Its length is 87m each and the diameter is 2.4 m
each.
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Turbine
The are 3 turbines receiving flow form 3 penstocks. Turbine type:
Reaction turbine- Francis turbine, which is the desirable turbine for

medium head of 30.5m. The speed of rotation (optimum)= 300rpm.
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Powerhouse
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Powerhouse

In general, a powerhouse in hydropower plant may be
divided into three areas:

1. The main powerhouse structure: housing the generating units
and having either separate or combined generator and turbine
room,

2.Erection bay, and

3.Service areas

1. Main powerhouse structure

The generator room is the main feature of the powerhouse
about which other areas are grouped. It 1s divided
into bays or blocks with one generating unit normally located
in each block. The width (upstream-downstream dimensions)
of the generator room for the indoor type should provide for a
passageway or aisle with a minimum width of 10 feet between
the generators and one powerhouse wall.

___ The height of the generator room is

s . governed by the maximum clearance height

required for dismantling and/or moving

< major items of equipment, such as parts of

generators and turbines; location of the crane

rails due to erection bay requirements; the

| crane clearance requirements; and the type of

roof framing.

All clearances should be adequate to provide

convenient working space but should not be
excessive.
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2. Erection bay

In general, the erection bay should be located at the end of the
generator room, preferably at the same floor elevation and with
a length equal to at least one generator bay.

The above length should be increased sufficiently to provide
adequate working room if railroad access is provided into the
erection bay at right angles to the axis of the powerhouse.
However, no additional space should be required if the access
railroad enters from the end of the powerhouse.

3. Service area

Service areas include: oftices, control and testing rooms, storage rooms,
maintenance shop, auxiliary equipment rooms, and other rooms for
special uses.
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Switchyard

The switchyard transforms electricity voltage from low to high and
performs several other functions; it is the gateway from the generating
unit (HPP) to the distribution network. Switchyard location is determined
by local topographic conditions and available space, but it should be
adjacent or close to the powerhouse.

Switchyard elevation
should be above designed
" tail water level; for
§ instance above the level
PN corresponding to a flood
8l event with a reoccurrence
&4 period of 100 years.
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Figure below shows the section of a gravity dam built of concrete. Examine the stability of this section at
the base. The earthquake forces may be taken as equivalent to 0.1g for horizontal forces and 0.05 g for
vertical forces. The uplift may be taken as equal to the hydrostatic pressure at the either ends and is
considered to act over 60% of the area of the section. A tail water depth of 6 m is assumed to be present
when the reservoir is full and there is no tail water when the reservoir is empty. Also indicate the values of
various kinds of stresses that are developed at heel and toe. Assume the unit wt. of concrete as 24 kN/m?,
and unit wt. of water as 10 kN/m?.

E : E9m
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