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Disclaimer

Mapping Flood Risks Associated with a Dam is a key exercise influencing the decision in ensur-
ing safety of those residing downstream. While these guidelines help in making appropriate as-
sumptions and taking actions, the Central Dam Safety Organization or the Central Water Com-
mission cannot be held responsible for the efficacy of the Flood Risk Maps prepared on the ba-
sis of the guidelines. Appropriate discretion may be exercised while preparing maps showing the
flood risk associated with a dam.

For any information, please contact:

The Director

Dam Safety Rehabilitation Directorate
Central Dam Safety Organisation
Central Water Commission

3rd Floor, New Library Building

R. K. Puram, New Delhi — 110066.
Email: dir-drip-cwc@anic.in
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MESSAGE

Ministry of Water Resources, River Development and Ganga Rejuvenation, Government of
India has taken up the Dam Rehabilitation and Improvement Project (DRIP) with the fund-
ing assistance from the World Bank, to improve the safety conditions of some of the existing
dams of the country. Along with the implementation of a host of measures for improvement
of the health of dams of varying ages, it also envisages to prepare a set of guidelines that will
extend help to the dam professionals out in the field or remote areas. This Guideline on Map-
ping Flood Risks Associated with Dams is a first of its kind, attempting to introduce the concept
of flood risk in the country, along with guidance for the procedure.

Preparation of emergency action plans for all the dams in the country is a necessity that has
been neglected, partly due to non-availability of tools, techniques and data and partly due to
non-availability of proper guidance on this complex topic. It is well recognized worldwide
that saving human lives is the priority in case of any dam breach incidence and proper im-
plementation of flood warning and emergency action procedures is a must for that purpose.
These guidelines show the pathway to facilitate the development of emergency action plans,
dealing with the complex subject of hydrodynamic modelling and geographical information
system based flood map preparation.

Drawing on the excellent accomplishments by established leading agencies in the field of
dam safety management and a host of other publications from across the world and taking
advantage of balanced mix of the international and national expertise, these guidelines pre-
pared under DRIP are expected to help in the preparation of development of emergency ac-
tion plans in the country. I am sure, this document will be used by all dam owners for its in-

tended purpose.
le e ﬁ

(S Masood Husain)
New Delhi Chairman
January 2018 Central Water Commission
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FOREWORD

There are about 5,200 large dams in the country, and many more are in the planning stage.
The per capita water storage in the country is still much less than that in many developed
countries. Further, it is moving fast on the waning run — thanks to the trend of rapid urbani-
sation. The phenomena of climate change is adding to the difficulties, making the distribu-
tion of rainfall even more erratic, helping to increase the scarcity of water even further.

The dams, so important to ensure water security, may breach in spite of the best efforts in
design and maintenance. The failure of Machu Dam in Gujarat was a calamity, claiming lives
of more than 2,000 persons. Globally it has been recognised that ensuring absolute safety of
a dam under all circumstances is not practicable. However, with proper preparations through
implementation of early flood warning system and emergency action plan, it is possible to
obviate or at least reduce the loss of lives to a great extent, even in case of a dam failure.

For the purpose of emergency action planning, obtaining information about areas that would
be inundated is a must. With the advent of modern computers, free data and software, it is
possible to carry out a two-dimensional dam breach analysis in a reasonable amount of time.
Even though the field of dam breach modelling is full of complexity and uncertainty, these
guidelines have been prepared to deal with the same in a simple way that is easy to follow by
the engineers in the field. An attempt has been made to bring in the flavour of the best of
practices from the international arena, within premise of the current status of data availability
in the country. Indeed a great deal of research has to go into the field of estimation of poten-
tial loss of lives, to come up with realistic figures, more so for the large setup of rural base in
India. Pending that, the Guidelines for Mapping Flood Risks Associated with Dams attempts to in-
troduce the subject and the concept of risk in an unambiguous way, that is brief but compre-
hensive. I sincerely appreciate the efforts of the team engaged in its preparation and hope
that it will be useful to the community of engineers who are entrusted with securing dam

safety.

(N.K. Mathur)
New Delhi, Member, D&R
January, 2018 Central Water Commission
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PREFACE

Central Water Commission (CWC) is Apex Organization of India in the field of Water Re-
sources. To promote safety of the dams right through the planning, design, construction, op-
eration and maintenance of dams, CWC implemented several initiatives including the devel-
opment of guidelines and manuals to be used by dam professionals. As part of the institu-
tional strengthening component of DRIP, an almost 8 years project being implemented with
the financial support of the World Bank, development of dam safety guidelines and manuals
was taken up by CWC; Guidelines for Mapping Flood Risks Associated with Dams is one of the se-
ries.

The severity of flooding depends on the amount of water impounded by the dam, height of
the dam, the nature of failure and the downstream vulnerability. The inundation maps depict
the areas that are likely to be submerged in different dam failure scenarios. The details in-
cluded in the inundation maps depend upon the information available and the chosen meth-
odology. Tiered Flood Modelling and Mapping Approach was adopted in these guidelines to
promote the development of Emergency Action Plans (EAP) for all the large dams. All
agencies managing dams are expected to develop the inundation maps based on the available
information and resources and prepare the EAPs. Later, depending on the need, more de-
tailed maps (upgrading to the next tier) may be prepared and included in the EAPs.

These guidelines describe through six chapters detailing the concepts of flood mapping,
flood risk and hazard, and Dam Breach Analysis and modelling and ultimately the synthetic
and detailed approach for flood risk management. Sample examples with alternate available
equations for dam breach have been included for reference.

This document is expected to assist dam engineering professionals to develop the inundation
maps for conducting DBA and arriving at inundation maps to plan Emergency Action Plan.
A further revision of this document is also recommended based on future developments as
well as omission of any important practice in the current document.
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EIA
EMP
EMV
FEMA
FERC
FRL
GIS
GPS
ICDRM
IDF
IMD

INCID

IS
ISRO
MWL

Australian Emergency Management Institute

Australian Institute for Disaster Resilience

American Society of Photogrammetry and Remote
Sensing

Bureau of Indian Standards

Central Dam Safety Organisation

Central Water Commission

Digital Elevation Model

Digital Terrain Model

Digital Surface Model

Dam Rehabilitation and Improvement Project
Emergency Action Plan

Environmental Impact Assessment
Environment Management Plan

Emergency Management Victoria

Federal Emergency Management Agency, USA
Federal Energy Regulatory Commission, USA
Full Reservoir Level

Geographical Information System

Global Positioning System

Institute for Crisis, Disaster, and Risk Management
Inflow Design Flood

India Meteorological Department

Indian National Committee on Irrigation And
Drainage

Indian Standards
Indian Space Research Organization

Maximum Water Level
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Abbtreviation Full Form

NASA National Aeronautics and Space Administration, USA
NFIP National Flood Insurance Programme
NRCS Natural Resources Conservation Service, USA
NRSC National Remote Sensing Centre, India
NWS National Weather Service, USA
O&M Operation and Maintenance
OECD gz%:lxljis;i(;lfor Economic Co-operation and
PMF Probable Maximum Flood
PMP Probable Maximum Precipitation
PPS Planning Policy Statement
RCC Roller Compacted Concrete

SEDAC Socioeconomic Data and Application Centre
SOI Survey of India
SPANCOLD  Spanish National Committee on Large Dams
SPF Standard Project Flood
SPS Standard Project Storm
USACE United States Army Corps of Engineers
USDA United States Department of Agriculture
USDHS United States Department of Homeland Security
WGS World Geodetic System
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Chapter 1. OVERVIEW OF FLOOD MAPPING

1.1 Potential Uses of Flood
Mapping

Flood maps have a variety of uses including
preparation of Emergency Action Plans
(EAPs), mitigation planning, emergency
response, and consequence assessment.
Each type of use of the map has its unique
information requirement. The map may find
use in different ways, ranging from multi-
year office-based planning efforts by mitiga-
tion planners and dam safety officials to
field-based emergency response team mem-
bers responding to a developing or immi-
nent dam breach.

Flood maps are tools for visualisation of
flood information for decision-makers and
the public in general. These maps form the
basis for developing different flood risk
scenarios based on land use, environmental
conditions and social and economic condi-
tions. Flood maps, in their various formats
and scales, form the basis of planning and
implementation of development alternatives.

In addition, special uses require specific
information including maps that depict ex-
posure to floods of various recurrence peri-
ods, flood risks, vulnerability and response
information such as evacuation routes, safe
high grounds, and shelter areas. These maps
are of great importance not only for the
flood plains but also for the coastal areas
having a risk of storm surges and tsunamis.
Different methodologies for the production
of flood maps for various purposes exist,
which help to support the process of deci-
sion-making at all levels.

Maps depicting flood hazards, flood-prone
areas, and related information are important
components for an effective Integrated
Flood Management (IFM). This assumes
greater significance in the context of spatial

issues like land-use planning for flood man-
agement. Detailed methodologies are availa-
ble for calculating, modelling and mapping
flood-prone areas and flood risks, for re-
gions that are data-rich. For data-sparse
conditions, the guidance on overall ap-
proaches to flood mapping and risk assess-
ments are missing. There is a particular need
to address such situations for the developing
countries having limited expertise, limited
resources, and inadequate data availability.

Flood maps portray results of flood assess-
ments. Flood assessment and flood mapping
are closely interrelated, flood mapping in-
corporating both preliminary and detailed
flood assessments. Flood maps may exist in
many formats and are highly variable. Mak-
ing flood assessments and prepare flood
maps is a complex, multi-disciplinary pro-
cess involving technical expertise as well as
human and financial resources. Presently a
few publications available around the globe
provide guidance on flood mapping and
flood risk assessment. The Risk Map initia-
tive by FEMA uses such detailed technical
methodologies and is built for data-rich
environments (FEMA, 2010).

Flood maps play an important role in deci-
sion-making, planning and implementing
flood management/floodplain management.
The maps provide information on the past
floods and the likely or potential extent of
floods and their impacts (sometimes along
with other related information), in order to
help in making decisions on various aspects
of flood management.

Development of flood maps requires a sys-
tematic process. The data sets on which the
maps are to be based and the methodology
that is to be used should be specified. In
addition, administrative arrangements are
necessary for the development of flood
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mapping programs. The objective of this
guideline is to provide guidance to under-
take flood mapping exercises for the various
planning processes on local, state or national
level for addressing issues like emergency
response, asset management, flood insur-
ance, or overall public awareness.

1.1.1 Emergency Action Plans

An Emergency Action Plan (EAP) is a for-
mal document that identifies potential
emergency conditions at a dam and specifies
preplanned actions which are required to be
followed for minimising damage to proper-
ties and loss of life. The EAP specifies ac-
tions for the dam owner, in coordination
with emergency management authorities, to
be taken while responding to incidents or
emergencies related to the dam. It presents
procedures and information for assisting the
dam owner in issuing warnings and notifica-
tion messages to responsible downstream
emergency management authorities.

The EAP includes inundation maps for as-
sisting the dam owner and emergency man-
agement authorities in identifying critical
infrastructure and sites with huge popula-
tion-at-risk, which may require protective
measures and warning as well as evacuation
planning. The EAP should clearly delineate
the responsibilities of all those involved in
managing the flood incident, and how those
responsibilities should be coordinated. In
this regard, the Guidelines for Developing Emer-
geney Action Plans for Dams prepared by CWC
in 2016 as a part of the same series may be
referred to.

1.1.2 Disaster Response

Disaster response includes the actions,
which are to be taken during and in the im-
mediate aftermath of an incident to save and
sustain lives, meet basic human needs, and
reduce the loss of property and the damage
to critical infrastructure. To minimise the
consequences of an imminent or actual dam
failure, this would be the response of the
dam owner, national and state level disaster

management authorities, district administra-
tion, community emergency management,
and first responders such as fire and police
departments. Actions may include dissemi-
nation of warning and evacuating the popu-
lation at risk. Dam owners should coordi-
nate with the appropriate emergency man-
agement authorities. They should share the
information obtained through dam break
inundation studies and mapping projects to
assist the evacuation planning process.

1.1.3 Hazard Mitigation Planning

Mitigation is the proactive effort to decrease
the loss of life and property by reducing the
effect of disasters. This is achieved through
identification of potential hazards and the
risks they pose in any given area, identifica-
tion of mitigation alternatives to reduce the
risk, and risk analysis of mitigation alterna-
tives. The result is the selection of proactive
measures, both structural and non-
structural, which will help to reduce eco-
nomic losses and potential loss of life when
implemented. Inundation maps provide
information about the population at risk as
well as structures under potential threat to
the hazard mitigation planners. The infor-
mation needs to be used to identify actions
for reduction of their vulnerability to inun-
dation. Actions might include setting up a
system for providing flood warning, and
constructing/relocating  critical infrastruc-
ture and facilities out of the flood inunda-
tion zone.

1.1.4 Dam Failure Consequence
Assessment

Dam breach consequence assessment in-
cludes the identification and quantification
of the probable consequences of a dam fail-
ure. Hazard mitigation planning focusses on
specific projects to reduce flood risk. Con-
sequence assessment focuses on the eco-
nomic and social impacts of a probable dis-
aster, and the organisational and govern-
ment actions needed after a dam breach in
order to respond and recover. Data com-
piled for a consequence assessment may also
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be used for risk assessments. Consequence
assessment and risk assessment both require
the information presented in dam breach
inundation maps.

1.2 Tiered Flood Modelling
and Mapping Approach

Given the wide range of conditions that
exist at a dam and its failure action, as well
as the different modelling options available,
many options require selection before per-
forming a dam breach analysis for mapping
flood risk associated with dams. Since dam
breach analyses do not always warrant the
most sophisticated tools available, a tiered
approach is recommended.

The tiered approach attempts to match the
appropriate level of analysis with a given
situation. The goal is to make the most effi-
cient use of time and tools available while
producing results that are conservative for
the level under consideration. The level of
analysis for the tiered approach should cor-
respond to the sophistication and accuracy
of the analyses, and the scale and complexity
of the dam and downstream area under in-
vestigation. Thus, analysis of high-hazard
potential dams located upstream of populat-
ed areas or complex floodplains should be
carried out using the more sophisticated
modelling approaches. In addition, sensitivi-
ty studies may be carried out to properly
assess the consequences of a dam failure.
Analysis of low-hazard potential dams situ-
ated upstream of sparsely populated areas
may be performed using more approximate
methods of analyses. Table 1-1 shows the
structure of tiered dam breach analysis.

As the sophistication of the modelling
increases so does the effort, time, and cost
necessary to conduct the analysis. The dam
failure analysis should be continued down-
stream to a point where the flood due to the
dam breach no longer poses a significant
risk to many lives and huge property dam-
age, e.g., the confluence with a large river, or
reservoir with a large capacity which is able
to store the floodwaters. Analyses of the

category Tier 1 and Tier 2 are appropriate
for low-hazard potential/small sized and
significant hazard potential/intermediate-
sized dams with a limited number of struc-
tures/limited habitations downstream. More
detailed surveying or modelling is required
for Tier 3 analyses. This type of analysis is
necessary for high-hazard potential/large
sized dams, dams with a large population in
the evacuation area, or dams with significant
downstream hydraulic complexities, such as
major diversion structures, split flows, or
cases where failure of one upstream dam
may lead to failure of many downstream
dams in a series.

1.3 Publication and Contact
Information

This document is available on the CWC
website

http:/ /www.cwc.gov.in

and the Dam Rehabilitation and Improve-
ment Project (DRIP) website

http:/ /www.damsafety.in

For any further information contact
The Director
Dam Safety Rehabilitation Directorate
Central Dam Safety Organization
Central Water Commission
3" Floor, New Library Building
R. K. Puram, New Delhi — 110066
Email: dir-drip-cwc@anic.in
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mation (USBR)

Table 1-1: Tiered approach to dam breach inundation mapping
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Chapter 2. FLOOD RISK ASSOCIATED WITH DAMS

2.1 Types of Dams

Dams may be classified by the type of con-
struction material used, being listed as either
a masonry/concrete or an embankment
dam. Several dams may have more than one
component (e.g. earthen embankment with
masonry spillway), allowing them to be
categorised as composite dams. The choice
of a dam type for a particular location de-
pends on many factors including foundation
and geology, topography and valley shape,
availability of materials, the influence of
spillway type, seismicity of the region and
construction methodology. It also depends
on the economy of labour availability.

2.1.1 Concrete and Masonry
Dams

Concrete dams include arch, buttress, con-
crete gravity (Figure 2-1), multi-arch, and
roller-compacted concrete (RCC) dams.
These dams are typically constructed of
concrete or masonry (with rubble masonry
or dressed rock). Other types of con-
crete/masonry dams may include hollow
gravity and buttress dams. Many dams con-
structed about half a century ago or earlier
were of the masonry type, in harmony with
the labour-intensive schemes of that time.

Figure 2-1: Concrete gravity dam

2.1.2 Embankment Dams

Embankment dams are made of earthen
materials and may be filled with rock, clay,

or other materials resistant to erosion. It
may also have a cladding on the upstream
face, to protect the dam from water erosion
(Figure 2-2). The central core made of im-
pervious material helps to cut down seepage
losses from the dam, while the permeable
filter downstream captures the seeping water
and provides it a safe exit. A cut-off wall
under the dam increases the length of the
seepage path and reduces the chances of
piping through the foundation.

2.2 Dam Classification
Systems

The dam classification system of India relies
on the hydraulic head and gross storage of
the impoundment at the full reservoir level
as criteria. The classification of a dam into a
category is based on the criteria that indi-
cates the more severe category. It is taken
from the Bureau of Indian Standards (BIS)
in IS: 11223 (1985) “Guidelines for Fixing
Spillway Capacity” and reproduced in Table 2-
1.

The hydraulic head is the difference be-
tween the maximum water level in the res-
ervoir and the annual average flood level on
the downstream side. Since this involves
pre-selection of design flood for assessment
of the MWL, an alternate definition (vide
Amendment No. 2, Sep 1991of 1S:11223-
1983) has been presented, which considers
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Table 2-1. Existing dam classification for inflow design flood selection (IS:11223 - 1985)

Class Gross storage capacity ~ Hydraulic head Inflow Design Flood
(Mm’) (m (IDF)
Small 0.5to0 10 7.5t0 12 100-year flood*
. Standard Project Flood
Intermediate 10 to 60 12 to 30 (SPE)
Probable Maximum Flood
Large > 60 > 30
‘ ° (PM)

“The flood having an annual exceedance probability of 0.01 (1%) or an average recurrence

interval (ARI) of 100 years.

the difference between the FRL and the
minimum tailwater level downstream of the
dam as the hydraulic head.

2.2.1 Dam Size

The prescriptive classification mentioned in
the previous section takes its roots from the
hazard potential created due to breach —
either due to the huge head of water or due
to a huge volume. It is based on the concept
that high head of water will cause devasta-
tion due to the high velocity of flowing wa-
ter. With huge storage, the flooding will
continue for a longer time, increasing the
magnitude of loss.

2.2.2 Hazard Potential

For a detailed discussion on hazard potential
of dams, Guidelines for Classifying the Hazard
Potential of Dams, being prepared by the
CWC under the same series of guidelines,
may be referred to. While the hazard poten-
tial will be at its maximum when there is a
dam breach failure due to overtopping,
downstream hazards due to a dam failure
because of piping or even passage of high
discharge (design flood peak) through the
open spillway gates may sometimes be seri-
ous. The sudden release of discharge of
even lesser magnitudes from a dam without
proper warning may also cause loss of lives;
the unfortunate incident of 8" June 2014
downstream of Larji Dam in Himachal Pra-
desh stands witness to this. On this day, 24
engineering students from Hyderabad, en-
grossed in photography on the riverbed in
the evening, lost their lives as the spillway

gates of the dam were opened to release
water into the river, which was otherwise

dry.

The recent approach of categorisation of
dams based on their hazard potential in
countries like the US follows the assessment
of potential loss of lives and property due to
a dam breach (FEMA, 2013). It classifies
dams into low, significant and high hazard
classes. A dam qualifies for the low hazard
category where there is no anticipated loss
of life due to its failure or misoperation (un-
scheduled sudden release of water). Also,
the anticipated economic, environmental
and life losses are low and generally limited
to the owner. A dam is categorised as having
significant hazard potential if its failure may
lead to no loss of life, but economic and
environmental. Classification of a dam into
the category of high hazard potential follows
it along with economic and environmental
losses, loss of one or more lives is anticipat-
ed. For failure of dams in a series, it has
been recommended that the hazard poten-
tial classification of the upstream dam must
be as high as or higher than that of any
downstream dams, that could fail because of
the failure of the upstream dam (FEMA,
2013).

While it was extremely difficult to arrive at a
reasonable estimate of property and life loss
in earlier days, with the advent of digital
elevation models, high-performance
computers, and modelling software, it has
reduced to a task that can be carried out
easily. Therefore, it appears logical to shift
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gradually towards hazard potential assess-
ment based on anticipated loss rather than
the size of the dam itself. Depending on the
status of development in the downstream
area, in some cases the loss of life and prop-
erty due to the breaching of a smaller dam
may be huge, warranting greater attention.

2.2.3 Probable Loss of Life

Loss of life is clearly the most serious con-
sequence and the one that causes the largest
impact on the public perception of any dis-
aster. Therefore, probable loss of life is im-
portant for hazard potential classification
and emergency action planning. It is often
estimated based on how many habitable
structures and roads are located in the area,
which would be inundated due to a dam
breach. Typically, improbable loss of life,
such as that of a passer-by or occasional,
non-overnight recreational user of the
downstream area is not taken into account.

Many methodologies used for assessment of
loss of life follow the process mentioned:

e Identification of a particular scenario
for assessment, including the time of
the day or day of the week or month
and season of the year as well as the
failure mode of the dam

e [Estimation of downstream impact
of the flood in terms of depth of in-
undation, velocity of water, duration
of flooding, etc. from flood maps

e Conception about the public dis-
semination of the flood warning in-
cluding its timing and methodology

e LEstimation of available time for
evacuation between the receipt of
the flood warning and the arrival of
the flood wave for each cluster of
human habitation

e Estimation of the remaining number
of people in each habitation under
the flooded area after evacuation

e Estimation of the loss of life from
the exposed population in each habi-

tation using the mortality rates based
on the floodwater flow characteris-
tics and the refuges available (build-
ing type, number of stories, availa-
bility of flood shelters, etc.).

The scenario considered for the study will
greatly influence the results of the study.
The characteristics of the situation in which
the dam failure takes place may include:

e The time of the day, as during the
night people will be mostly concen-
trated in residential areas, whereas
during the day they will concentrate
mostly in industrial and commercial
areas. In addition, the warning and
evacuation processes are slower at

night.

e The season of the year, especially for
locations with significant seasonal
fluctuations of the population, such
as places with tourist attractions.

e The mode of dam failure dictates
the characteristics of flood flow. It
also affects the way of flood warning
and the way the population per-
ceives its severity.

Each failure situation generates consequenc-
es that are different from the other. There-
fore, several combinations of consequences
are to be analysed for arriving at a judicious
mitigation plan.

The methodologies for estimation of proba-
ble loss of life have been developed and
calibrated for the case of dam failure. How-
ever, in the absence of more specific meth-
odologies for the cases that do not consider
dam failure, the same methodologies are
usually applied — even at the risk of having
less accurate results. The Guidelines for As-
sessing and Managing Risks Associated  with
Dams, being prepared by the CWC under
the same series, may please be referred to in
this regard.
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2.3 Dam Failure

Based on the type of dam and conditions of
the dam site, a dam may fail due to multiple
causes. In addition, the breach shape and
timing of a dam failure varies with the type
of dam under consideration. Concrete gravi-
ty dams may suffer a partial breach with the
failure of one or more monolith sections.
Concrete arch dams may fail suddenly and
completely within a few minutes. Embank-
ment dams do not fail completely or sud-
denly as their concrete counterparts. Breach-
ing action in an earthen embankment dam
continues to the point where the reservoir is
depleted completely or to the point where
the breached materials resist erosion, such
as the dam foundation.

The most common cause of dam failure is
flood or dam overtopping. The next com-
mon cause is piping or seepage. Different
causes attributable to the structural failure
comprise the third most common category.
Sometimes a dam may even fail due to the
failure of its spillway gate, earthquake or
even poor design/construction. The many
types of dam failures may be summarised
using five failures scenatios/events: hydro-
logic, geologic, structural, seismic, and hu-
man-influenced.

2.3.1 Hydrologic Failure Mode

Hydrologic dam failures are induced by ex-
treme rainfall or snowmelt events that may
cause natural floods of variable magnitude.
The main causes of hydrologic dam failure
include overtopping, structural overstress-
ing, and surface erosion due to high-velocity
flow and wave action.

Overtopping because of flooding is the
most common failure mode for embank-
ment dams. It occurs when the water sur-
face elevation in the reservoir exceeds the
height of the dam. The flow of water over
the crest of the dam, an abutment, or a low
point in the reservoir rim follows as a con-
sequence. The foundation and abutments of
a concrete dam may also be eroded due to

overtopping, leading to loss of support and
failure due to sliding or overturning. Over-
topping usually results from a design inade-
quacy of the dam/spillway system and res-
ervoir storage capacity to handle the flood
event. A failure may also occur when a res-
ervoir outlet system is not functioning
propetly, thereby raising the water surface
elevation of the dam.

Failure of a dam will begin when water
starts overflowing the dam, eroding its sur-
face along the path. For embankment dams,
the failure begins at a downstream location,
with head cutting progressing upwards
gradually. As it reaches the dam top, the
width of the dam crest is eroded fast, before
the reduction in height starts taking place.
This proceeds at a fast rate and may include
the phase of maximum outflow for a reser-
voir with capacity small compared to its
height. In this phase, the earthen dam with-
out a core behaves mostly like a sharp-
crested weir (discharge coefficient C = 1.77,
to be used with variables in metric units).

The opening created by erosion expands
gradually, almost in the shape of a trapezoid
(Figure 2-3). As the height is reduced to the
foundation level, outflow may continue for
a long time if the reservoir is of sufficiently
large capacity. For such cases, the peak rate
of outflow is also expected to occur during
this phase. The flow mostly resembles the
overflow pattern observed over a broad
crested weir with long crest (discharge coef-
ficient C = 1.44, to be used with variables in
metric units).

Progression

Time

Figure 2-3: Breach progression in case of an
overtopping failure
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However, based on conditions like headwa-
ter and tailwater during a breach develop-
ment, flow characteristics may vary between
weir flow, converging flow, and channel
flow. In general, for the earth dams, large
breach dimensions are associated with poor-
ly constructed dams, dams constructed us-
ing easily erodible material, and dams having
large volumes of storage. Apparently, dam
breach outflow from a monolithic earthen
dam with a reservoir of not so large capacity
may be adequately modelled by considering
it as a sharp-crested weir.

If a clay core is present or the dam is made
predominantly of clayey material it may be
more appropriate to consider the flow as
one occurring over a sharp-crested weir (C
= 1.77, to be used with variables in metric
units). If there is the presence of a lot of
sandy/ gravelly material, it may tend to be-
have more like a broad crested weir (C =
1.44, to be used with wvariables in metric
units). The continuously varying flow condi-
tions that occur during a dam breach may
hardly be taken into consideration for a
modelling exercise. However, it is important
to select the flow type as that similar to one
over a sharp/broad crested weir, because it
may lead to serious overestimation/ undet-
estimation of the peak discharge otherwise.

2.3.2 Geologic Failure Modes

Geologic failure modes may include piping
and internal erosion as well as slope instabil-
ity and hydraulic fracturing. For embank-
ment dams, geologic failures may be caused
by continuous seepage of water stored in the
reservoir. The water seeps through the dam
or the foundation and its abutments, weak-
ening the embankment along the pathway
over time. If seepage remains unattended
for a long time, it may lead to internal ero-
sion or piping of the embankment materials.

A geologic failure may also be the result of
the inadequate geotechnical design of the
embankment and foundation, inadequate
seepage controls, or increased load situa-
tions such as the rapid increase of water

level or drawdown of water level — which
may occur due to a flood, landslide, earth-
quake, or wave action.

2.3.3 Piping Failure/Internal
Erosion

Piping occurs when concentrated seepage
paths develop within an embankment dam.
The seepage slowly continues to erode the
dam embankment or foundation, leaving
behind large voids in the soil.

Piping begins near the downstream toe of
the dam and works its way toward the reser-
voir upstream. Erosion proceeds at a more
rapid rate as the voids become larger and
larger. As the erosion reaches the reservoir
upstream, it may enlarge and cause total
failure of the dam. Piping failures occur in
earthen dams only. The failure begins when
water seeping through the dam core increas-
es in velocity and quantity, starting to erode
fine sediments out of the soil matrix. As
enough material erodes, a direct pipe con-
nection from the reservoir water to the
downstream face of the dam is established.
This process of removal of soil particles
along the path of water flow continues until
the roof of the pipe is unable to support
itself, and therefore, collapses. Once such a
pipe connection is formed, it is almost im-
possible to save the dam from failure.

Piping failure begins at a point in the down-
stream face of the dam and expands gradu-
ally as a circular opening. As this circular
opening reaches the dam top, it continues to
expand as a trapezoid. The process of inter-
nal erosion and piping may be broken up
into four phases: initiation of erosion, con-
tinuation of erosion, progression to form a
pipe and ultimately, the formation of a
breach. The breach progression in case of a
piping failure has been shown in Figure 2-4.
Piping may also occur along conduits, outlet
works, and abutments.

Towards the beginning of the piping pro-
cess, the movement of water through the
dam may be modelled as a pressurized ori-
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Figure 2-4: Breach progression in case of a
piping failure

fice flow. Values of piping/pressure flow
coefficients in the range of 0.5 to 0.6 have
been recommended (USACE, 2014). As the
piping hole develops, material above the
hole begins to fall off and be carried with
the moving water. When the hole is large
enough, mass caving of material occurs,
resulting in a large rise in the outflow
through the breach that accelerates the
breaching process further. The flow hydrau-
lics changes from a pressurised orifice type
flow to an open-air weir type flow. The
breach may continue to cut down and widen
to the channel bed if the volume of water
behind the dam is large. Thereafter, the
breach continues to widen. The flow of wa-
ter through the circular opening may be
modelled as otifice flow, but the flow of
water through the trapezoidal section should
be modelled as weir flow.

Internal erosion occurs where two adjacent
zones meet within the embankment, or at
the zone of contact between the embank-
ment and foundation. In other words, it is
the transportation of the finer grained soil
portion of a well-graded soil by water due to
either mechanical or chemical action. Inter-
nal erosion near the dam foundation may be
a result of poor foundation treatment. The
potential for soil grain movement is gov-
erned by its size. Internal erosion is different
from piping as it originates internally, while
piping originates externally. When voids of
the material through which seepage is occur-
ring are larger than a critical size that is re-
quired to retain the particles, the material
with the smaller particle size are transported
into or through the adjacent material with

larger particle size, resulting in internal ero-
sion.

2.3.4 Structural Failure Modes

Structural failures occur when there is a
failure of a critical dam component. It may
be related to an inadequate design, poor
construction, poor construction materials,
inadequate maintenance and repair or grad-
ual degradation over time. In addition, struc-
tural failure of a dam may be related to oth-
er modes of failure. For example, structural
failure of the main embankment of a dam
may be related to internal piping; or due to
overloading during a flood event, a critical
component of the dam may fail.

Structural failures of concrete dams may
occur with the loss of the entire concrete
dam structure or loss of particular monolith
sections only. Structural failures of earthen
or embankment dams may occur in the
main embankment or appurtenant structures
like guide banks/saddle dams. Failure of an
appurtenant structure such as the spillway
may lead to failure of an embankment dam,
because of increase in the reservoir water
level leading to eventual overtopping.

Conditions leading to overloading because
of high reservoir water levels and conse-
quent structural failure are common in dams
where the reservoir elevation is increased
due to flood in the upstream catchment.
Even when the dam is not overtopped, the
surcharge may increase, overstressing the
different structural components of the dam.
This overstressing may consequently result
in an overturning failure, sliding failure, or
failure of specific components/sections of
the dam. Embankment dams may be at risk
where increased water surfaces result in in-
creased pore pressures and seepage rates,
which exceed the design rates of the seepage
control measures for the dam.

2.3.5 Seismic Failure Modes

Earthquakes are also an important cause of
dam failures, especially in zones that have
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high seismic activity. For this purpose, the
country has been classified into four seismic
zones (IS: 1893, 1984), with the severity of
potential earthquake hazard increasing with
increase in zone number. Seismic failures are
related either to ground movement or to
liquefaction. Ground movements may result
in a shift, settlement, or cracking of a dam
into an undesirable configuration, which
prevents the dam from performing as de-
signed.

For embankment dams, two failure scenari-
os are envisaged: liquefaction and seismic-
induced piping. Earthquakes may cause ex-
treme stress on a dam, and liquefaction may
occur when soils are loaded causing the soil
to be transformed from a solid into a lique-
fied state. Soil liquefaction may result in
almost instantaneous failure of a dam. It
may also cause slumping, which exposes the
dam crest to overtopping and subsequent
erosion failure. Seismic-induced piping may
occur through the internal cracks developed
due to ground motions of an earthquake.
Failure mechanisms due to seismic activities
may include slope instability, permanent
deformations, fissures or cracking, differen-
tial settlement, breaking of principal spillway
and liquefaction.

2.3.6 Human-influenced
Failure Modes

Human-influenced dam failure may be relat-
ed to improper design or maintenance,
misoperation (sudden/uncontrolled/ un-
scheduled/accidental opening of gates), or
acts of terrorism. Misoperation may also
include the release of floodwater because of
an emergency, without any warning. The
inability to operate a gate in an emergency, a
condition that may lead to overtopping of
the dam and consequent breach may also be
considered as misoperation. Acts of terror-
ism  may range from  purposeful
misoperation of the dam to physical attacks
carried out on the dam structure (e.g., rapid
failure of spillway gates, and a lowering of
the dam crest). For an embankment dam,
lowering of the dam crest may lead to over-

topping and subsequent erosion failure of
the dam.

2.4 Floods due to Large
Controlled Release

Flood risks at locations downstream of the
dam may also arise without any failure of
the dam/its components. After construction
of a dam, the safe carrying capacity of the
river channel normally keeps on decreasing,
due to the diversion of water as well as
flood moderation by the reservoir. Conse-
quently, after many years of dam
construction, the river channel downstream
of a dam loses its capacity to carry the peak
flood magnitudes. So, extensive bank over-
flows become associated with flood dis-
charges. The situation gets further aggravat-
ed due to developmental activities taking
place in the floodplain because of reduced
frequency of inundation.

In the event of a severe flood in the dam
catchment having a magnitude of peak dis-
charge near to the design flood of the dam,
the priority of dam operation will shift to
saving the dam. Otherwise, a dam breach
may endanger the lives of many more pet-
sons residing in the downstream area. With
the passage of flood flows near to the spill-
way capacity, severe floods causing huge
inundation may occur. It may even lead to
loss of lives. Incident leading to huge dam-
age downstream of Hirakud Dam due to the
release of water through spillway gates in
2011 has been reported. Future losses of
this type should be minimised through im-
plementation of strict floodplain regulatory
management plans and flood warning.
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Chapter 3. DAM BREACH ANALYSIS — THE CONCEPT

3.1 Introduction

Dam breach inundation studies may be re-
quired for a host of purposes, including
evaluation and establishment of the hazard
potential class of a dam, estimation of the
potential loss of life downstream of a dam
and evaluation of dam safety risk and
prioritisation of dams within a group of
dams being managed by an organisation. In
addition, it may be necessary for selection of
the appropriate IDF for the dam and its
spillway design, preparation of EAPs, prepa-
ration of inundation maps for implementing
flood-warning systems as also for planning
flood mitigation including emergency evacu-
ation. Dam breach inundation maps may
also find its use in risk communication, for
informing the public about the risk of living
downstream of dams. There are two primary
approaches for dam breach analysis. These
are the event-based approach and the risk-

based approach.

3.2 Event-Based Approaches

The event-based approach has traditionally
been the most widely used approach for the
analysis of dam breach. It is a deterministic
method based on specific rainfall events for
the dam breach analysis and downstream
inundation mapping. These events may in-
clude extreme rainfall and runoff events,
which may lead to natural floods of signifi-
cant magnitude.

The maximum flood for which a dam is to
be designed or evaluated is often dependent
on its existing hazard potential classification
(discussed in detail in the Guideline for Classi-
ping the Hazard Potential of Dams) or size clas-
sification (as currently practiced in India).
For the event-based approach, both a “fair
weather failure” (piping failure), and a spe-
cific hydrologic failure event, such as dam
break due overtopping under the Probable
Maximum Flood (PMF), are usually consid-

ered, based on the hazard potential classifi-
cation of a dam.

The main advantage of using an event-based
approach is that it is a direct approach, is
less complicated to perform and regulate,
and produces more conservative breach
inundation zone mapping as compared to a
risk-based approach. Large and important
dams having high-hazard potential in terms
of loss of lives and property are evaluated
for safety against the PMF. Dams with
smaller storage volume or lower hydraulic
head or dams with limited probable damage
to property and lives in the event of a failure
are evaluated for floods of lower magnitude,
as dictated by the category of the dam.

Several hydrologic and non-hydrologic
events of different magnitudes should be
evaluated as part of an event-based dam
safety analysis. For magnitudes of flood
ranging from 50-year flood or 100-year
flood to the PMF, the results of the analysis
may indicate varying zones of inundation
with varying economic loss and a varying
potential threat to life. The flood manage-
ment plans should be chosen in a prudent
way to ensure the best utilisation of re-
sources.

3.2.1 Non-flood Failure (Piping/
Internal Erosion)

A fair weather dam breach event is a dam
failure that occurs during fair weather (i.e.,
no rainfall) condition. Other than piping or
internal erosion in the dam body, failure
may also be caused due to erosion along
hydraulic structures like spillways or con-
duits, erosion due to animal burrows, and
cracks in the dam structure. Since piping/
internal erosion may occur under normal
operating conditions, it may pose higher
risks to a dam than loading conditions like
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floods and earthquakes that have a very
small probability of occurrence.

A fair weather breach is analysed by consid-
ering an initial reservoir water level and ini-
tiating a breach analysis without additional
high inflow from a storm event. The mini-
mum flow may be considered as the inflow
into the reservoir. A fair weather breach is
typically used to model piping failures.
However, it may be appreciated that floods
may increase the possibility of occurrence of
piping, due to higher gradients of seepage
flow.

The possibility of occurrence of piping in a
dam primarily depends on the dam itself,
including the configuration of the dam, the
construction quality of the dam, and the
geologic conditions. Potential locations at
risk for piping failure may be anywhere in
the body of the dam, its foundation or ap-
purtenant structures. A faulty foundation
may lead to piping failure, if the bedrock in
the foundation contains faults not adequate-
ly treated, allowing development of seepage
through the foundation. Soft soils in the
foundation may lead to differential settle-
ment cracks in the dam body, which ulti-
mately results in piping through the dam
body. Weak seams left at the interface be-
tween the dam body and the foundation
may result in contact seepage along the in-
terface.

Sometimes piping may occur if filter materi-
als are gap graded (most of the material be-
ing of a single particle size), instead of being
well graded (an assortment of different par-
ticle sizes). Dams having an impervious core
generally have good control of seepage
through the dam body. However, hydraulic
fracturing is a phenomenon that creates
preferential flow paths through clay core of
dams. Subsequently, the core clay erodes as
water flows along the hydraulic fractures.
Therefore, foundation, abutment, or their
interfaces with the dam body are potential
locations at risk for earth dams with a core.
In addition, contact along any embedded
structure makes vulnerable points.

Breaching of the dam at the normal pool
elevation level/full reservoir level is used to
estimate the volume of water and associated
peak of breach discharge that would result
from a failure event during fair weather
conditions.

3.2.2 Extreme Flood Failure
(Overtopping)

Hydrologic failures that cause dam breach
events are generally analysed based on the
Inflow Design Flood (IDF) established by
the hazard potential class of the dam/size of
the dam, typically a PMF for high-hazard
potential dams. While reviewing design
floods for dams under DRIP, it was found
that many of the older dams in the country
have been designed for floods of smaller
magnitudes, based on the methodology
prevalent and data available at that time.

Following the recent estimation procedure,
the design flood has been observed to in-
crease significantly. In cases of other dams
in the country, the threat of having a flood
that is greater than its spillway capacity, with
consequent chances of eventual overtopping
may not be ruled out either. It may even be
worthy to mention that the estimation of
PMP, the rainfall driving the PMF, follows a
certain procedure based on observed events
with extreme rainfall. However less it might
be, there still exists a chance of having ex-
treme rainfall, which is greater than that
observed or estimated currently. Therefore,
a statistically small chance to have a flood
that exceeds the PMF may still be present.

Even with the inflow flood less than the
inflow design flood for the dam, there is a
probability of reservoir fill up and overtop-
ping, if the flood impinges at a level higher
than that assumed in the flood routing stud-
ies. In case the required release from gated
spillways during a flood event exceeds the
safe carrying capacity of the channel down-
stream, gate operators may be reluctant to
pass on the discharge at that high rate, al-
lowing accumulation of water in the reser-
voir and increase of water level. In addition,
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one or more gates of a gated spillway may
fail during a flood, due to mechanical fail-
ures, loss of power or gate jam.

Spillway discharge curve used in flood rout-
ing is sometimes based on ideal discharge
conditions without consideration of down-
stream interference. Actual discharge during
flood may be less. Spillway openings may be
significantly blocked by debris, lowering the
discharge. For gated spillways, flow at a giv-
en water surface elevation will vary depend-
ing on whether the condition allows free
flow or otifice flow. Otrifice flow will result
in significant reduction of discharge.

Breaching of the dam at the Maximum Wa-
ter Level (MWL, attained during the passage
of the IDF) is used to estimate the volume
and associated breach discharge that would
result from a failure event during extreme
flood failure conditions. It may even be the

storage volume at the crest level or Top of
the Bank Level (TBL) of the dam.

3.3 Risk-based
(Consequences - based)
Approach

Over the recent past, risk-based approaches
to dam breach analysis have become more
acceptable for dam safety and dam design
purposes. There is a gradual shift towards
the use of the risk-based approach to estab-
lish the IDF for a dam for the purpose of
dam design. For the risk-based approach,
the consequences for a range of hydrologic
dam failure events downstream of a dam are
evaluated. The consequences evaluation are
not based on estimation of flood with a
definite probability of occurrence (in other
words, floods with a particular return
period) and the resultant impacts, but relies
instead on the potential loss of life or in-
crease in economic losses caused by the
potential failure of a dam under a diverging
set of situations.

A benefit of the risk-based approach is that
it may demonstrate, through an incremental
damage assessment, that areas located

downstream of a dam may be affected only
marginally due to a dam breach, following a
a reduction in the IDF for a dam. In gen-
eral, this appears to increase the threat to
the population residing downstream of a
dam due to an increased risk of overtopping
dam failure. However, by lowering the IDF
requirements, the limited available funds,
required for execution of the needed reha-
bilitation measures, may now be used for

more dams, resulting in an overall increase
in dam safety (FEMA, 2013).

A disadvantage of the risk-based approach is
that by reducing the IDF to lesser magni-
tudes (from the flood magnitudes dictated
by the hazard/size class of the dam) based
on downstream consequences, the impact of
future developments in the downstream of a
dam is set aside from the present considera-
tions. New development in the downstream
zone that comes under inundation due to a
dam breach may alter the consequences.
This may result in the need for dam rehabili-
tation measures in the future to meet the
demand of increasing the spillway capacity.
Effective risk communication as a compo-
nent of the local development approval pro-
cess may assist in reducing the occurrence
of “hazard creep,” an occurrence where new
downstream development in a dam breach
inundation zone increases the hazard poten-
tial classification of the dam and conse-
quently its design IDF requirement.

Considering the huge expenditure going into
the rapid development of infrastructures like
highway networks and smart cities, it may be
worth to plan the developments with due
considerations of the dams existing up-
stream. This assumes importance as devel-
opment of the area because of completion
of the infrastructure projects will make im-
plementation of dam rehabilitation schemes
(e.g., increase of spillway capacity) further
difficult in the future.

3.3.1 Inflow Design Flood and
the Incremental Hazard

Incremental hazard evaluation and the es-
tablishment of the IDF is part of a risk-
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based approach. The selection of the IDF is
based on the evaluation of the magnitude of
several flood events of different magnitudes.
The incremental hazard evaluation begins
with a simulation of a dam failure during a
hydrologic flooding condition, typically be-
ginning with the PMF, SPF or 100-year
flood, as governed by the dam class. The
same hydrologic event is then carried out
considering non-failure conditions.

The water surface elevations attained by
both the breach and non-breach events are
compared to determine the increase in the
water surface elevation resulting from the
dam breach. If the incremental increase in
downstream water sutrface elevation be-
tween the failure and non-failure scenarios
due to the passage of the IDF results in an
unacceptable increase in consequences, a
flood of larger magnitude is used to repeat
the process. The process is repeated until
the PMF or the situation where the incte-
mental increase in consequences due to fail-
ure is within acceptable limits, and it is ap-
parent that a larger IDF would not result in
a larger incremental increase in consequenc-
es due to failure. Tentative acceptable con-
sequence limits of failure may be set at an
incremental depth of 0.3 m or 0.6 m at the
downstream of a dam, depending upon the
importance (FEMA, 2013). Engineering
judgment and sensitivity analyses are needed
to make final decisions on the acceptability
of consequences and selection of the IDF.

Once the appropriate IDF for the dam is
selected, it is then routed through the dam
to assess whether the flood can be safely
passed through the spillways without failure.
If the IDF can pass safely, then no further
evaluation or action is required; however, if
the IDF cannot pass safely, then measures
must be taken to enable the project to safely
accommodate all floods up to the IDF to
reduce the incremental increase in unac-
ceptable additional consequences a failure
may have on areas downstream.

3.4 Evaluation Approach

The probable consequences of a dam failure
include loss of life, destruction of residen-
tial, commercial, industrial, and agricultural
structures, equipment, and infrastructure,
damage to structures and infrastructure, loss
of services, and road closures resulting from
flood damage, fallen trees, and accumulated
debris. A major factor influencing the dam
breach flood hazard is the loss of human
life. By the hazard potential based system
adopted worldwide in the recent times, the
population at risk dictates the dam classifica-
tion itself. In a large thickly populated coun-
try like India, it may not be practically feasi-
ble now to categorize all the dams to the
highest class if it poses a potential threat to a
single life, as followed in the countries like
the US. However, evaluation of the number
of persons whose lives may come under
potential threat due to a dam breach may
form the logical basis for an assessment of
the relative importance of one dam over the
other.

3.4.1 Loss of Life/Population at
Risk

Estimation of probable loss of life is an im-
portant factor used in hazard potential clas-
sification systems and emergency action
planning. The population at risk may be
defined as the number of persons present in
areas downstream of a dam and may be in
danger in the event of a dam failure. Persons
residing in the area downstream of a dam
may be estimated by multiplying the number
of residences with the average prevailing
rate of occupancy for the area.

Site-specific information about the probable
occupancy should be used for water or
wastewater treatment works, factories/
manufacturing or production facilities,
farmhouses, fish hatcheries, and similar fa-
cilities. Hstimated number of persons at
temporary use facilities such as resorts,
camping grounds, and recreational areas
should be evaluated separately. In all cases,
estimation of the population at risk in areas
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that might be inundated should be based on
conservative judgment (Dam Safety Guide-
lines, 2007). This has been discussed later in
greater details. In addition, the Guidelines on
Assessing and Managing Risks Associated with
Dams, being prepared in the same series may
be referred to.

The following steps need to be followed to
complete an analysis for estimation of loss
of life:

Step 1: Decide upon dam failure scenarios
for evaluation of the consequences

Step 2: Estimate time categories for which
loss of life estimates are needed

Step 3: Fix when dam failure warnings
would be initiated

Step 4: Estimate the area flooded for each
dam failure scenario

Step 5: Estimate the number of people at
risk for each failure scenario and
time category

Step 6: Apply empirically based equations
ot other methods for estimating fa-
talities. Alternatively, assess fatality
from the depth of inundation, flow
velocity, and population density
maps.

Step 7:  Evaluate uncertainty

The number of fatalities resulting from dam
failure is mostly influenced by three factors:

1. The number of people occupying
the area inundated due to the dam

failure,

2. The amount of warning provided to
the people exposed to dangerous
flooding, and

3. The severity of the flooding, which
can be assessed in terms of the
depth of inundation and the
velocity of inundation.

Without exception, dam failures that have
caused high fatality rates were those in
which residences were destroyed and timely
dam failure warnings were not issued.
Estimating when dam failure warnings
would be initiated is probably the most
important part of estimating the loss of life
that would result from dam failure.

For each failure scenario and time category,
the population at risk must be calculated.
The population at risk is defined as the
number of people occupying the dam failure
floodplain prior to the issuance of any
warning. The methods developed for
estimating the loss of life provides
recommended fatality rates based on the
flood severity, amount of warning time, and
a measure of whether people understand the
severity of the flooding. Possible fatality
rates for estimating the loss of life may be
determined based on a set of criteria that
includes different combinations of flood
severity, warning times, and flood severity
understandings. For tiered estimation of the
population at risk, an attempt to provide
guidance about the requirements has been
made in Table 3.1.

Table 3-1. Tier-wise estimation of population at risk

Tier
level

Tier 1

Appropriate Approach for Estimating PAR

Basic approaches: crude assumptions about inundated area, population at risk based
on district wise population density maps

Intermediate level approaches: analysis of dam breach inundation area using coarse
Tier 2 resolution DEM, more detailed estimation of population at risk, estimation of poten-
tial loss of life using empirical approaches (e.g., USDI, 1999)

Detailed estimation: detailed analysis of dam breach flood inundation area, estimation
Tier 3  of population at household level, application of advanced models like LSM to esti-

mate potential loss of life
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Chapter 4. DAM BREACH MODELLING

4.1 Introduction

Carrying out a dam breach modelling exer-
cise involves prediction of the dam breach
hydrograph and the routing of that hydro-
graph downstream. A number of modelling
tools are available to perform dam breach
modelling, ranging from simple methods to
complex models. With advancements in
Geographical Information System (GIS) -
based modelling, many models can interface
with digital terrain data to produce automat-
ed dam breach inundation zone delinea-
tions.

Fortunately, failures of large embankment
dams (measured either by their height or by
the volume of water they store) are compar-
atively rare. However, if they occur, it may
cause immense destruction and numerous
fatalities. Small dams fail considerably more
often. The level of detail of hydrologic and
hydraulic analyses needed to evaluate the
consequences of dam-breach floods de-
pends on the downstream hazards they pre-
sent.

The impacts of a dam failure depend on its
type of construction (e.g., earth, rock, con-
crete, masonry, and other materials), the
volume of the reservoir at the time of failure
and the height and length of the dam. It also
depends on the purpose of the dam and
reservoir (e.g., flood control, water supply,
generation of hydropower) as it dictates the
water storage level at any point of time
(FEMA, 2012).

4.2 Embankment Dams

Although breaching in embankment dams
may occur due to a variety of reasons,
breaches in embankment dams are most
often modelled as overtopping or piping
failures. Overtopping failures may occur
very differently depending on the composi-
tion of the dam. Perhaps the simplest of the

overtopping failure is the failure of a cohe-
sive soil embankment.

Generally, a small head cut typically forms
on the downstream face of a cohesive soil
embankment and progresses upstream. The
breach is considered to begin when erosion
occurs across the width of the dam crest.
After the breach initiates at the top of the
dam crest, it enlarges to its ultimate extent.
If there is no other physical reason to be-
lieve that the embankment would fail at a
certain location, the breach should be
modelled as initiating at the maximum sec-
tion typically located at the centreline of the
downstream main channel. The stages of
dam breach due to overtopping of an earth-
en embankment are shown in Figure 4-1
(adopted from USACE, 2014). The stages of
a breach in case of a piping failure are
shown in Figure 4-2 (adopted from USACE,
2014).

Figure 4-1: Stages of earth dam breach
during overtopping failure (adopted from
USACE, 2014)
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Figure 4-2: Stages of earth dam breach
during piping failure (adopted from
USACE, 2014)

The breach may stop growing when the
reservoir has emptied and there is no more
water to erode the dam or the dam has
completely eroded to the bottom of the
reservoir or has reached bedrock. The
breach progression may be modelled as ei-
ther a linear progression or a sine wave pro-
gression:

e Linear progression: the rate of ero-
sion remains the same for the dura-
tion of erosion development.

e Sine wave progression: breach grows
very slowly at the beginning and end
of development and rapidly in be-
tween.

Many statistical regression equations were
developed for use with empirical methods
of evaluating dam failure and breach
parameters. The breach modelling process
was further advanced with the prediction of
the reservoir outflow hydrograph and the
routing of the hydrograph downstream.

ASCE, 2011)

Out of these equations, those developed by
Froehlich (1995, 2008), McDonald and Lan-
gridge-Monopolis (1984), Von Thun and
Gillette (1990) and Xu and Zhang (2009) are
the ones most commonly used. Based on
the data from 111 dam failures, Froehlich
(2017a) developed formulae to compute the
dam breach model parameters for embank-
ment dams, along with their variances and
prediction intervals. These equations for
estimating the breach parameters have been
presented later in the document.

For dams having a clay core, the breaching
process will be similar to that of an em-
bankment dam without a core. The major
difference will be in the progression of the
breaching process and the time taken for a
breach. The final breached section is not
expected to be largely different. Schematic
representation of the breach of an embank-
ment dam with a clay core as obtained from
ASCE (2011) has been presented in Figure
4-3,

4.3 Concrete and Masonry
Dams

For concrete and masonry dams, only lim-
ited data are available. Analyses by agencies
like USACE, FERC, and NWS (USACE,
2014) show that unlike the earthen dams,
the failure is almost instantaneous in this
case, and the breach formation time is lim-
ited to 6 minutes to a maximum of 30
minutes. In case of concrete arch dams, it
would be even less than 6 minutes. The side
slopes of the breached section are vertical.
In addition, the width of the breach is gov-
erned by the length of the monolith blocks,
usually, less than 50% of the length of the
dam failing. The limiting peak discharge can
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be estimated using the formula for estima-
tion of peak discharge discussed subse-
quently.

4.4 Dam Breach Parameters

For arriving at a dam breach hydrograph
through dam breach modelling, estimating
the breach parameters related to the geome-
try and timing of the breach formation (e.g.,
width, depth, shape, and time of failure) is a
key step. It has been noted that the selection
of breach parameters for modelling dam
breaches contain the greatest uncertainty of
all aspects of dam failure analysis and there-
fore a careful evaluation and understanding
of the associated breach parameters is nec-
essary.

A number of methods are available for es-
timating breach parameters for use in dam
breach studies. Since the selection of the
breach parameters is specific to each dam,
guidance is provided by describing methods
currently applied by dam safety profession-
als without recommending a single standard-
ized method:

1. Physically Based Erosion Methods —
These methods predict the devel-
opment of an embankment breach
and the resulting breach outflows
using an erosion model based on
principles of hydraulics, sediment
transport, and soil mechanics.

2. Parametric Regression Equations —
These equations, developed from
case study information, are used to
estimate the time-to-failure and ul-
timate breach geometry. The breach
may then be simulated to proceed as
a time-dependent linear process with
the computation breach outflows us-
ing principles of hydraulics.

The regression-based methods enjoy the
advantage of having low complexity and
simple data needs. They yield rapid results
that are satisfactory for appraisal level.
However, there is a host of equations avail-
able, and the associated uncertainty is high.

On the other hand, the physically based
models are expected to yield better results,
since they factor in parameters like erosion
rates, level of compaction, angle of repose,
shear stress, and slope protection works.
However, the accuracy of the results will
depend on the availability and accuracy of
the inputs, which are often difficult to ob-
tain. Detailed information on physically
based models is available in literature
(USDI, 1998; Hanson et al., 2011; USDI,
2012).

4.4.1 Breach Parameters for Em-
bankment Dams

The dimensions of a trapezoidal dam breach
are shown in Figure 4-4. Breaching begins
when the reservoir water surface elevation
reaches the failure elevation Y; (above the
datum).The formulae are (Froehlich, 2017a):

By =0.23xky XV

Whete, B,,, = expected value of B,,in me-

tres (shown as in the figure as B)
o= 1.0, for internal erosion failures
M™ 1.5, for overtopping failures
(0.6, for internal erosion failures
m= . :
1.0, for overtopping failures

Where, m = (shown as %” in the figure)
expected average breach side-slope ratio
(horizontal: vertical) and,

W
{=60x |—
gHj,
¥
Y[ Yd & / Hb Hw
S S T _'T"_ _______ Horizontal Datum _

Figure 4-4: Final dlmensmns of a trapezoidal
embankment dam breach approximation in
metres (adopted from Froehlich, 2008)
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Where, tf = breach formation time in sec-
onds

Vi =Volume of water above breach bot-
tom in m?

H, = Height of breach in metres

An example showing the calculations has
been presented in Appendix B. A few other
commonly used equations used for estima-
tion of dam breach parameters for em-
bankment dams have been provided in Ap-
pendix C.

4.4.2 Breach Parameters for Con-
crete and Masonry Dams

The following equation (Froehlich, 2017b,
personal communication) can be used for
estimation of the average width of the
breach in case of concrete and masonry
dams:

Ve 1/4 I\2/3
Ban:O.lzx’l.STypeX <_\Z> X (_2.) XHb
HB Hb

Where,

Tyne= 1, for concrete dams
YP€10, for masonry dams

L,= approach flow width

4.5 Dam Breach Hydrograph
and Peak Outflow

Because embankment dams are so extensive
in number, it is important to estimate poten-
tial flood hazards that would be generated
by uncontrolled releases of impounded wa-
ter through a breach, for preparation of
emergency action plans. Many of the meth-
ods for estimating peak discharge rely on
reported flow rates from past embankment
dam failures, or from small-scale laboratory
experiments, to evaluate model coefficients.

Froehlich (2016) presents two nonlinear
mathematical models (one empirical and the
other semi-theoretical) to predict the peak
discharge from a breached embankment
dam based on examination of measured
outflows from 41 dam failures of the past.
Being based on the largest data set so far,

these equations are expected to yield better
results and are presented in the next sec-
tions.

The average embankment width for the 41
dams is estimated to have a range of 9.63 m
to 250 m (Froehlich, 2016). The volume of
water above breach bottom has a range of
0.0133 Mm? to 701 Mm?®. The height of
water above breach bottom is shown to vary
between 1.68 m and 77.4 m. The height of
breach may have values between 3.66 m and
86.9 m. The approach flow width varies
between 40 m and 4,100 m. Consequently,
the measured peak discharge varies between
30 m?/s and 65,120 m?/s. It is seen that the
variations extend up to two orders of mag-
nitude.

4.5.1 Empirical Equation for Es-
timating Peak Discharge

The empirical expression given by Froehlich
(2016) for the expected value of peak dis-
charge is:

-~

Qp=0.0175Xky Xky; X

Whete, QP = Peak discharge in m®/s

- {1, for non-overtopping failure modes
M™11.85, for overtopping failure modes
1, fOf Hb SHS

ky= (Hb)l/g
Hg

for Hb>HS
Hy= height of breach in metres
HS:61 m

Hy = height of water above the breach bottom

g = acceleration due to gravity

W

above breach bottom

avg— average width of the embankment

The effect of embankment height on peak
breach discharge as described by the factor
ky; changes significantly for Hy, > 6.1 m.
Peak discharge from breaches of smaller
dams will be greater than would otherwise
be expected. Soil properties including the
degree of compaction, cohesion, and parti-
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cle size have a more pronounced influence
on the rate of erosion of the embankments,
thus causing breach growth to speed up and
peak discharge to increase.

4.5.2 Semi-theoretical Equations
for Estimating Peak Dis-
charge

The semi-theoretical formula is presented
below:

~ 1
Q=R % 3
1+oXte /H—b/

Where, Q,

discharge from a breach of specified dimen-
sions that forms instantly (equations given at
the bottom of this page),

«=0.000045
B=500%[(W,yuxHz )/ V]

= maximum possible peak

2/3

While QP is applicable for embankment
dams only, QP quantifies the upper limit

of peak dlscharge due to instantaneous re-
moval of a water batrier. Therefore, Q,

max

being developed on theoretical considera-
tions, may be considered as the upper limit
for checking the validity of the estimated
peak discharge for concrete dams.

4.6 Dam Breach Parameter
Uncertainty

Owing to the large variations in dam con-
struction material and process, dam dimen-
sions, a multitude of ways in which breaches
develop in embankment dams, and a large
number of factors that influence the speed
and extent of embankment erosion, it is
difficult to describe the dam breach parame-

ters with rigorously precise mathematical
formulae. In addition, most of the available
data on dam breach represents the dams
that are of smaller size. Consequently, huge
uncertainty exists between the breach pa-
rameters estimated using different available
models. Froehlich (2008) used data from 74
embankment dam failures to compare the
observed and predicted breach widths, as
shown in Figure 4-5.

The regression-based methods were devel-
oped with a view to providing rapid results
for appraisal-level estimation in an econom-
ical way. Nevertheless, due to their low
complexity (compared to physically based
models) and simple data needs (and difficul-
ties in satisfying data requirements for phys-
ically models), they are actually used for
purposes that are more important as well.
Again, there are a host of such regression

® Overtopped Dams  © Non-overtopped Dams —1:1
1000 ¢

o
g 100 i — :f?%ig%
@ SRR

-g 4 i

9 )

___g A.g’,‘.oo do.

O qo L |1l R

o o+ .i'b°° T

1 1 | 1 11 L1l 11l
1 10 100 1000

Measured B (m)
Figure 4-5: Average breach widths: measured
and predicted (adopted from Froehlich, 2008)

equations available, which yield breach pa-
rameter values largely different from one
another.

3 L. 0.28
> (B;g) [B,Wg -m | Hy-= HW ] / oHyy, for Hy<H,
kE (Baig> {(Bavg mH,, )- mHW l(1‘ Hw) ‘11} \ ’gH%% for Hy>H,,
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The same is also true for physically based
methods, as data on input parameters like
erosion rates, level of compaction, the angle
of repose, shear stress and slope protection
are seldom available from observations.
Therefore, these values often have to be
entered based on judgement. As a result, it is
a challenge to choose the right equation, and
after the estimation is cartied out, to be sure
that the obtained values atre reasonable.

In order to have confidence on the reasona-
bleness of the results, guidelines prepared by
reputed agencies (e.g.,, USACE) may be
used. The wvalues suggested by USACE
(2014) are shown in Table 4-1. The obtained
values may be modified if they do not match
with the suggested range of values presented
in Table 4.1. It is to be remembered that
these values are only for the purpose of
providing guidance and obtaining confi-
dence about the rationality of the computed
values. Under certain circumstances, the
estimated values may not compare with
those in the table and still be correct

The outputs may also be compared to the

Table 4-1: Range of possible breach parameters (adopted from USACE, 2014)

Average Breach
Dam Type Width

Horizontal Component of
Breach Side Slope (H)

output parameters predicted by the envelop
curves. The envelope curves from USACE
(2014) are presented in Figure 4-6. Howev-
er, it is also cautioned that this envelope
curve was developed based on fourteen
datasets only, and thus may not represent a
true upper bound of peak flow versus hy-
draulic depth. Sensitivity analysis of the re-
sults may be able to demonstrate the impli-
cations of choice of equations on the pre-
dictions. Figure 4-7 (USACE, 2014) shows
that the difference in predictions of peak
outflow is conspicuous near the dam, but at
greater distances downstream, they are mi-
nor. This helps to demonstrate that the rela-
tive importance of making the correct
choice during model selection is more for
locations immediately downstream of the
dam than for locations which are further
downstream.

Considering the uncertain nature of the in-
put breach parameters predicted outcomes
(peak stages and peak flow rates) may be
obtained for a host of input parameter
combinations with a stochastic model of
dam breach flooding using Monte Carlo

Failure Time, t;

hours
(B..) (H:V) (oS
(0.5 to 3.0) X Hy, 0 to 1.0 0.5 to 4.0
(1.0 to 5.0) X Hy 0 to 1.0 0.1to 1.0
Earthen/Rock fill ) ¢ 50y x H, 0 to 1.0 (slightly larger) 0.1 to 1.0
(0.5 to 5.0) X Hp* 0to 1.0 0.1 to 4.0*
Multiple Monoliths Vertical 0.1to 0.5
Concrete Gravi Usually < 0.5 L Vertical 0.1 to 0.3
VI Usually < 0.5 L Vertical 0.1t0 0.2
Multiple Monoliths Vertical 0.1 to 0.5
Entire Dam Valley wall slope <0.1
Concrete Arch Entire Dam 0 to valley walls <0.1
0.8xL)toL 0 to valley walls <0.1
08xL)toL 0 to valley walls <0.1
(0.8xL)to L
Slag/Refuse 08x1)tol. 1.0 to 2.0 0.1 to 0.3 <0.1

*Note: Dams that have very large volumes of water and long dam crest lengths, will continue to
erode for longer durations (i.e., as long as significant amount of water continues flowing through the
breach), and may therefore have longer breach widths and times than what is shown here.

Hp = height of the dam; L. = length of the dam crest
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Figure 4-6: Envelope of experienced outflow rates from breached dams (adopted from USACE, 2014)
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Figure 4-7: Dam break wave progression downstream (adopted from USACE, 2014)

simulation approach. The stochastic dam
breach model will randomly sample the
probability distributions for each of the in-
put variables, carry out a dam breach simula-
tion using the generated parameters, and
then repeat the process many times.

The outcomes (range of breach width, time
of breach formation and breach side slope)
of simulation will cover all potential conse-
quences of the flood model. This will allow

estimation of confidence intervals for out-
puts like peak discharge at a downstream
location. The results of Froehlich and
Goodell (2012) showing the peak discharges
for Big Bay Dam breach in the US with dif-
ferent levels of confidence has been pre-
sented in Figure 4-8. It also shows the peak
discharge realised during the breach.

These profiles of predicted peak discharges
for various exceedance probabilities were
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Figure 4-8: Peak discharges predicted at dif-
ferent confidence intervals and observed
peak discharge (adopted from Froehlich and
Goodell, 2012)

obtained through multiple simulations with
varying average width, side slope and time
of failure (considered as uncorrelated varia-
bles). The values of these parameters corre-
sponding to different probabilities were
estimated using the estimated variance of
the parameters. It was revealed that the ob-
served values in most cases were between
the 50% and 99% exceedance probability
limits.

The reasons for these differences were at-
tributed to several factors including: uncer-
tainty of estimated high-water marks, one-
dimensional flow approximations that con-
sider water-surface elevation to be constant
along cross sections, imprecise estimates of
coefficients of flow resistance, expansion
and contraction coefficients, and cross-
section representations, and the effect of
debris blockages at bridges and other chan-
nel constrictions that remains unaccounted
for.

One may prepare such plots for dam breach
outputs like flood peak arrival time at a par-
ticular location, as also others. Depending
on the demand for the situation, the choice
of the appropriate confidence interval may
be made.

Generally, for each failure mode, a range of
breach sizes and failure times is predicted

using several methods. Several regression
equations may be used to estimate breach
parameter values. In case the dimensions of
the dam under investigation are outside the
range of data that were used for developing
the dam breach regression equation, result-
ing breach parameter estimates should be
examined closely for its reasonableness.
Type of dam should be considered with care
for choosing the breach equation. All the
breach parameters should be estimated us-
ing the same set of equations chosen.

For advanced levels of study, physically
based computer models should also be used
in addition to the regression equations. An-
other parameter that introduces uncertainty
in the outputs is the pool water level eleva-
tion. It has to be chosen based on engineer-
ing judgement.

Check for reasonableness should also be
carried out for velocities through the breach
during the breach formation process. The
existence of very high flow rates and veloci-
ties through the breach at the full breach
development size and time are indicative of
breach size too small or breach time too
short if there are no physical constraints
limiting the size of the breach. Otherwise,
very small flow rates and velocities through
the breach before the breach reaching its
tull size and development time are indicative
of breach size too large or the breach time
too long.

The breach progression curve and the hy-
draulic coefficients (weir and piping) are
other important factors that need considera-
tion. The level of effort to estimate breach
parameters should commensurate with the
type of risk assessment. The effort and de-
tail will increase with the increase in the
hazard potential of the dam.

Depending on the need, the uncertainty may
be reduced to acceptable limits by using
guidelines prepared by several agencies (e.g.,

USACE, FERC, NWS etc), envelope
curves, sensitivity analysis or probabilistic
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analysis. While following the guidelines or
envelope curves may be sufficient for Tier 1
level analysis, sensitivity analysis and proba-
bilistic analysis may be warranted for the
Tier 2 and Tier 3 level analysis. Taking the
analysis to higher levels may be required if
there are important cities/structures of na-
tional importance (e.g., power plant) in the
immediate downstream area of a dam.

4.7 Upstream Flood Routing

As per current practice in the country, the
routing through the reservoir upstream is
carried out considering a level pool, using
approaches like the Modified Puls method.
This may be expected to yield satisfactory
results for reservoirs that are wide and short.
An example of such reservoir (Marudha-
nadhi Dam of Tamil Nadu) is shown in
Figure 4-9. For a long and narrow reservoir
like the one behind Sathanur Dam, Tamil
Nadu (Figure 4-10), this may introduce sig-
nificant error. In such cases, use of hydro-
dynamic routing is warranted. It has been
shown (USACE, 2014) that under certain

circumstances the errors may reach even

45% or more.

4.8 Downstream Flood Routing

Once the peak of flood discharge coming
out of a breached dam is estimated, the
most important inputs required for carrying
out an emergency evacuation plan are the
areas that will be inundated, depth of flood-
ing and velocity of flow of the floodwaters.
In addition, information about the time
available before inundation takes place is
crucial. All these are estimated through
flood routing exercise, with roughness and
other parameters chosen based on judge-
ment.

In Appendix D, Figure D-1 a methodology
to estimate the limits of the model in case of
a cascade effect of dams is presented.

4.8.1 Downstream Extent of
Study

The downstream area to be considered for a
dam breach analysis is to be chosen judi-
ciously. As discussed earlier, the two-
dimensional modelling is quite demanding
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Figure 4-9: Wide and short reservoir behind Marudhanadhi Dam, Tamil Nadu
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computationally, and with the hardware
configurations available at present, each run
may take hours together. Depending on the
chosen cell size of the grid, the time re-
quired increases rapidly with increasing area.
In general, the study area should extend
downstream up to the point where the river
under study debouches into the sea/larger
river/large reservoir. In case this does not
happen within a few tens of kilometres, it is
checked whether the flow velocities have
reduced to nominal values of 0.3 m/s or
less/the flow area is restricted to the normal
boundary of river flow.

4.8.2 Overview of Modelling
Approach

Dam breach modelling can be classified into
two categories, each of which has a number
of models, tools, or equations, ranging from
simple to advanced:

1. Tools that generate the dam breach
peak discharge and/or hydrograph on-
ly; and

2. Tools that develop a breach hydro-
graph and perform downstream flood
routing using a one- of two-
dimensional hydraulic model.

Simplified numerical models typically relate
the breach hydrograph (or breach peak
flow) to simple reservoir characteristics such
as reservoir volume and dam height. These
models may or may not include hydrologic
modelling to determine the envelope of
maximum water depths to calculate the
breach flow.

Most simplified models do not consider
complicated downstream conditions such as
backwater effects. Additionally, reservoir
routing (if present) uses level pool routing
methods; in other words, the reservoir water
surface is considered to be horizontal during
the drawdown. This simplification is not
applicable to all situations. The main benefit
of simplified numerical models is that sub-
stantially less time is required to set up and
run these models.
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Figure 4-10: Long and narrow reservoir behind Sathanur Dam, Tamil Nadu
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It is a common practice to first estimate
breach parameters through empirical equa-
tions and then to use another model to de-
fine the breach hydrograph. The breach
hydrograph is then routed downstream us-
ing either a one-dimensional cross-section
averaged or a two-dimensional depth-
averaged hydraulic model. Kinematic wave
equation (the simplest of all) is valid only for
uniform flow during a large, steady flood. In
this case, backwater effects are not repro-
duced either. Diffusion wave equations are
most applicable in subcritical flows where
effects of viscosity prevail and effects of
inertia are not pronounced. Full dynamic
wave equations (Saint Venant’s or shallow
water equations) are applicable in almost all
hydraulic problems. However, it is the most
complex to deal with, and computation time
demand increases in the same way. For dam
breach analysis, this last approach should
always be used. However, for some rough
preliminary  assessment,  diffusion-wave
equations may be applied.

The modelling software handles the full
hydraulic complexity through numerical
solutions. For each time step, diffusion
wave or full hydrodynamic equations (Saint
Venant’s equations) are solved for each grid
cell, ensuring continuity of the flow at all
stages. In this way, the best mathematical
representation of the flood flow through the
channel and over the floodplains is ensured.

4.8.3 Modelling Software

For analysing the dam breach process and
routing the peak breach outflows to deter-
mine inundation depths downstream of the
dam, a model DAMBRK was developed in
1977. It was followed by NWS Flood Wave
Dynamic Model (FLDWAYV), HEC-1,
HEC- HMS, and HEC-RAS, amongst oth-
ers. Some more developments include the
NWS SMPDBK, GeoDamBREACH devel-
oped by FEMA, Decision Support System
for Water Infrastructural Security (DSS-
WISE) developed by the National Centre
for Computational Hydroscience and Engi-
neering of the University of Mississippi,

MIKE software by DHI, FLO-2D by FLO-
2D Software Inc., SIMBA by ARS, and
Win-DAM developed through a collabora-
tive effort between ARS, NRCS, and Kansas
State University.

Amongst all these, the recent version of
HEC-RAS has a few advantages:

e It is capable of modelling at a courser
grid cell size while taking sub-grid
scale variation of bathymetry (from
terrain model with finer resolution) in-
to account

e It can handle structured and unstruc-
tured mesh together

e It has a very wide user community and
strong support

e It comes free of cost

Though this guideline does not recommend
any particular software/programme over the
other, owing to the advantages mentioned
above, HEC-RAS has been chosen for dam
break analysis in the DRIP project. There-
fore, a brief discussion on HEC-RAS has
been presented in the flowing section.

4.8.4 The HEC-RAS Software

HEC-RAS has been developed by the Hy-
drologic Engineering Centre of the US Ar-
my Corps of Engineers. The program has
the ability to solve either the 2D full Saint
Venant shallow water equations (with op-
tional momentum additions for turbulence
and Coriolis effects) or the 2D Diffusion
Wave equations, as chosen by the user. The
2D unsteady flow equations solver uses an
Implicit Finite Volume algorithm, allowing
for larger computational time steps with
improved stability and robustness in han-
dling subcritical, supercritical and mixed
flow regimes. The 1D and 2D solution algo-
rithms are coupled through time steps. Each
cell and cell face are defined as tables to
have properties like elevation-volume, eleva-
tion-area, elevation wetted perimeter and
roughness based on the resolution of the
terrain model which is much smaller than
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the grid size of the mesh used for 2D com-
putation. This allows much faster computa-
tion without losing details. It also has de-
tailed flood mapping and flood animation
capabilities.

4.8.5 One-Dimensional Models

One-dimensional models solve either full
dynamic or simplified forms of one-
dimensional, cross-section-averaged shallow
water equations. These models are more
sophisticated than simplified numerical
models and do typically consider backwater
effects.

Many one-dimensional models are capable
of carrying out dynamic reservoir routing
rather than level pool routing. Many of
these one-dimensional models also have
downstream routing capabilities.  One-
dimensional routing is fairly sophisticated,
being best suited for modelling flow
through a well-defined, confined channel.

One-dimensional models provide reliable
results for many situations. These models
are best suited to geographic regions with

moderate to steep slopes where floodwaters
are constrained within a relatively narrow
floodplain and generally flow in the direc-
tion of a single streamline without major or
frequent divergence of flow. An example of
one-dimensional model in HEC-RAS is
shown in Figure 4-11. However, one-
dimensional models in unconfined flood-
plains do not accurately represent the breach
flood wave moving downstream. For rout-
ing over wide, flat surfaces, such as flood-
plains, one-dimensional models make cer-
tain assumptions (such as uniform flow ve-
locity over a cross-section) which do not
hold good and may have significant conse-
quences on the accuracy of the model.
Routing under these situations using one-
dimensional models is possible using appro-
priate, conservative modifications. Another
option is to use two-dimensional models
that can more accurately model flow over
floodplains.

4.8.6 Two-Dimensional Models

Two-dimensional models use full dynamic
or simplified forms of one- and two-
dimensional shallow water equations to
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Figure 4-11: One-dimensional model in HEC-RAS
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solve both one-dimensional channel flow
and two-dimensional ovetland flow. Two-
dimensional models are capable of routing
flow over unconfined floodplains where
floodwaters are not constrained within a
defined channel. Two-dimensional models
and coupled one- and two-dimensional
models have the capability to route both
channel flow (one-dimensional) and over-
land flow on flat terrain (two-dimensional).
Predefinition of the flow routes, a prerequi-
site for the one-dimensional models is not a
requirement for 2D. It may be more accu-
rate as velocity variation on floodplains is
taken into account.

Geographic regions with flat to mild slopes,
areas of depressed terrain, poorly defined
flow paths, alluvial fans, and fluvial areas
typically exhibit unconfined floodplains
where floodwaters are not constrained with-
in a well-defined channel and generally flow
in multiple directions, often with frequently
diverging and converging flows. Unconfined
floodplains are highly unpredictable and
may exhibit both deep and shallow flooding
with significant lateral differences in water

surface elevations. In flat areas, the results
of a dam break are likely to be highly influ-
enced by the location of the breach because
the flat terrain has the potential to allow
dam break floodwaters to flow in many di-
rections without being confined to a river
channel. These are modelled best using two-
dimensional models. An example of a two-
dimensional model in HEC-RAS is shown
in Figure 4-12.

4.9 Geographical Data
Requirements for
Modelling

The starting point of dam breach analysis is
the exact geographical location of the dam
in terms of its latitude and longitude. For
two-dimensional dam breach analysis, the
spatial dataset on terrain elevation is neces-
sary. It is the elevations of each cell that
guides the flow and depth of inundation.
Spatial data about land use and land cover is
required to have representative values of
roughness related to the movement of water
in the floodplain. In order to assess popula-
tion at risk due to a dam break flood, the
spatial dataset on population is required.
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Figure 4-12: Two-dimensional dam break modelling results in HEC-RAS
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4.9.1 Terrain Data

Terrain data forms the backbone of two-
dimensional dam breach analysis. It is also
known as Digital Elevation Model (DEM),
which is a digital representation of three-
dimensional information (x,y,z) of topogra-
phy. It is available in raster data format,
where every pixel denotes the elevation val-
ue. The common sources from which DEM
are generated include:

e spot heights obtained through field
survey

e spot heights obtained from maps

e contours obtained from topograph-
ical maps

e stereo photographs from air survey
or stereo imagery obtained from re-
mote sensing satellites

e Radio Detection and Ranging (Ra-
dar) data from air survey or satellite,
and

e Light Detection and Ranging (Lidar)
data obtained through ground-based
ot aeroplane/drone based survey.

The resolution of the DEM plays a crucial
role in modelling the flow of flood waters.
While a large river in a sparsely populated
wide floodplain without much complexity in
terms of topography and cross drainage
structures may be adequately modelled with
a coarser resolution DEM, the water levels
and time of arrivals for a river with many
protection embankments along the river
banks and bridges across the river modelled
with the same coarse DEM, may be mislead-
ing. For the Tier 2 and Tier 3 analysis, use
of high-resolution topographic data is re-
quired. DEM of an area as depicted with a
30 m resolution is shown in Figure 4-13.
The same area in DEM of 5 m resolution
appears in Figure 4-14. The Lidar DEM of
the area with a resolution of 1 m is present-
ed in Figure 4-15. The difference in the rep-
resentation of topography due to variation
in DEM resolution is clearly displayed in
these images.

Figure 4-13: An area as portrayed in DEM
with 30 m resolution (adopted from Miller
and Hess, 20106)

At the same time, use of very high-
resolution data (e.g., Lidar data) for flood
modelling of a large area is not warranted
because it will not only prove costly but also
pose difficulties for analysis due to the limi-
tations of computer hardware to handle data
of such enormous size. Of particular im-
portance is the use of bathymetric infor-
mation of the river (obtained through a
hydrographic survey, or ground-based sur-
vey during the dry season) and the infor-
mation about the embankments/bridges and
culverts. Fortunately, HEC-RAS allows the
use of high-resolution DEM at some loca-
tions (e.g., riverbeds and areas near im-
portant towns/cities) with coarser resolu-
tions being used elsewhere. Some guidance
about the tentative requirement of resolu-
tion for different tiers of preparation of
emergency action plan has been provided in
the first chapter.
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Figure 4-14: The same area as portrayed in
DEM with 5 m resolution (adopted from
Miller and Hess, 20106)

As on date, DEM for the Indian region is
available for free download at resolutions of
30 m from the websites of the following
satellite missions:

e Shuttle Radar Topography Mission
(SRTM) DEM from National Aero-
nautics and Space Administration of
the USA (NASA)

e Advanced Spaceborne Thermal
Emission and Reflection Radiometer
(ASTER) GDEM from NASA

e Carto-DEM from Indian Space Re-

search Organisation (ISRO)
/National Remote Sensing Centre
(NRSC)

e Advanced Land Observing Satellite
(ALOS) DEM from Japan Aero-
space Exploration Agency (JAXA).

The vertical accuracies associated with these
data are less than =16 m for SRTM; £20 m

Figure 4-15: The same area as portrayed in
Lidar DEM with 1 m resolution (adopted from
Miller and Hess, 20106)

for ASTER; 3.4 m near the sea and +4.72
m near the hills for Carto-DEM version 2;
and 5 meters for ALOS. However, the
absolute errors in topography do not lead to
inaccuracies of the same order in the dam
breach flooding analysis, because the relative
elevation differences between the different
topographic features are much smaller. So,
the slopes that rule the flow are more accu-
rately represented.

4.9.2 Land Use / Land Cover Data

There are multiple uses of land use/land
cover data in the mapping of flood risks.
The first use is in the formulation of appro-
priate roughness factors for the different
categories of land use/land cover in the
floodplain, as they pose different resistances
to the flow, affecting travel time as well as
the elevation of water surface. Land
use/land cover information is also required
to estimate the economic losses due to in-

Doc. No. CDSO_GUD_DS_05_v1.0

Page 33 of 144



Guidelines for Mapping Flood Risks Associated with Dams

January 2018

undation under different conditions of
breach/emergency (overtopping failure of
the dam/piping failure of the dam/large
controlled release/flood with 100-year re-
turn period/others) for each land-use cate-
gory (e.g., agriculture, industry etc.). The
Globcover raster land use/land cover data
having a resolution of 300 m set may be
downloaded from the website of the Euro-
pean Space Agency free of cost. This has
been used in DRIP for the creation of inun-
dation maps suitable for preparation of
EAPs of Tier 1 level.

Land use/land cover of finer spatial resolu-
tion will be required for preparation of
evacuation plans, noting down the patches
that would become isolated due to inunda-
tion / the high-rise buildings, which may be
used as a shelter to save persons residing in
single-storied buildings.

Recent road/railway maps are also required
to figure out whether the approach roads
connecting habitations are inundated due to
a flood. In such a case, alternative roads
passing through higher reaches should be
planned and constructed. The vector maps
showing road/railway lines may be down-
loaded from the website of the Open Street
Maps. The distance to the nearest approach
road may be one of the critical factors in
deciding upon the adequacy of the time of
warning to be issued in case of any flood
emergency.

4.9.3 Manning’s n value for differ-
ent Land Cover Classes

Choice of Manning’s n for different land
cover classes assumes importance as it influ-
ences flow velocities and consequently, flow
depths. The more irregular the surface, the
greater will be the roughness. Choice of
roughness will also depend on the data
scale/ spatial resolution of raster data. For
use with two-dimensional dam breach analy-
sis in HEC-RAS modelling software, an
indicative range of values is presented in
Table 4-2 (adopted from NRCS, 2016).

It is recommended to have site visits to view
and assess the reach below a dam, especially
in the context of analysis of low flows. Ra-
ther than using these values blindly, it is
recommended that the model results be
checked for reasonableness of the assump-
tions regarding the n values. In case the
model predicts excessive high velocities or
high Froude numbers (greater than 1.5 — 2),
all the model parameters including the Man-
ning’s n should be checked again. A sensitiv-
ity analysis of the n values may also be car-
ried out. The Manning’s n values used with
Globcover dataset for dam breach analysis
in DRIP have been presented in Table 4-3
for guidance.

4.9.4 Population Data

Data on the spatial distribution of popula-
tion plays a crucial role in assessing the haz-
ard due to the breaching of a dam/high
release from a dam. This may be the starting
point of the hazard categorisation of dams,
as it is not always necessary that breaching
of a small dam will lead to potential loss of a
smaller number of lives and vice versa, atis-
ing out of the difference in population den-
sity. It is also required for preparation of
evacuation plan under EAP. In India, web-
sites of the Census Department provide
information about population and its
breakup (male, female, persons and children
in different age groups, the status of literacy
etc.) at District, Taluka (sub-district) and
village level.

Once the habitations that get inundated
under a dam breach condition are identified,
population information may be collected
through field survey also.

Under DRIP, raster dataset showing Grid-
ded Population of the World (GPW) with a
spatial resolution of 1 km has been used for
the preparation of Tier 1 level estimation of
population at risk under the different cate-
gories of emergency considered. The data
can be freely downloaded from the website
of Socioeconomic Data and Application

Centre (SEDAC) of NASA.
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Table 4-2: Manning’s n values for various land covers to be used for dam break analysis (adopted

Land Cover Definition

Open Water - All areas of open water, generally with less than 25% cover or vegetation
or soil

Developed, Open Space - Includes areas with a mixture of some constructed materials,
but mostly vegetation in the form of lawn grasses. Impervious surfaces account for less
than 20 percent of total cover. These areas most commonly include large-lot single-
family housing units, parks, golf courses, and vegetation planted in developed settings
for recreation, erosion control, or aesthetic purposes.

Developed, Low Intensity -Includes areas with a mixture of constructed materials and
vegetation. Impervious surfaces account for 20-49 percent of total cover. These areas
most commonly include single-family housing units.

Developed, Medium Intensity - Includes areas with a mixture of constructed materials
and vegetation. Impervious surfaces account for 50-79 percent of the total cover. These
areas most commonly include single- family housing units.

Developed, High Intensity - Includes highly developed areas where people reside or
work in high numbers. Examples include apartment complexes, row houses and
commercial/industrial. Impervious surfaces account for 80 to 100 petrcent of the total
covet.

Barren Land (Rock/Sand/Clay) - Barren areas of bedrock, desert pavement, scarps,
talus, slides, volcanic material, glacial debris, sand dunes, strip mines, gravel pits and
other accumulations of earthen material. Generally, vegetation accounts for less than
15% of total cover.

Deciduous Forest - Areas dominated by trees generally greater than 5 meters tall, and
greater than 20% of total vegetation cover. More than 75 petcent of the tree species shed
foliage simultaneously in response to seasonal change.

Evergreen Forest - Areas dominated by trees generally greater than 5 meters tall, and
greater than 20% of total vegetation cover. More than 75 percent of the tree species
maintain their leaves all year. Canopy is never without green foliage.

Mixed Forest - Areas dominated by trees generally greater than 5 meters tall, and greater
than 20% of total vegetation cover. Neither deciduous nor evergreen species are greater
than 75 percent of total tree cover.

Shrub/Scrub - Areas dominated by shrubs; less than 5 meters tall with shrub canopy
typically greater than 20% of total vegetation. This class includes true shrubs, young trees
in an early successional stage or trees stunted from environmental conditions.

Grassland/Hetbaceous - Ateas dominated by hetbaceous vegetation, generally greater
than 80% of total vegetation. These areas are not subject to intensive management such
as tilling, but can be utilized for grazing.

Pasture/Hay - Areas of grasses, legumes, or grass-legume mixtures planted for livestock
grazing or the production of seed or hay crops, typically on a perennial cycle.
Pasture/hay vegetation accounts for greater than 20 petrcent of total vegetation.

Cultivated Crops - Areas used for the production of annual crops, such as corn,
soybeans, vegetables, tobacco, and cotton, and also perennial woody crops such as
otrchards and vineyards. Crop vegetation accounts for greater than 20 percent of total
vegetation. This class also includes all land being actively tilled.

Woody Wetlands - Areas Where forest or shrub land vegetation accounts for greater
than 20 percent of area. Substrate is periodically saturated with or covered with water.

Emergent Herbaceous Wetlands - Areas where perennial herbaceous vegetation

from NRCS, 201 6)
Normal Allowable
Manning's n Range of n
Value values
0.040 0.025-0.05
0.040 0.03-0.05
0.100 0.08-0.12
0.080 0.06-0.14
0.150 0.12-0.20
0.025 0.023-0.030
0.160 0.10-0.16
0.160 0.10-0.16
0.160 0.10-0.16
0.100 0.07-0.16
0.035 0.025-0.050
0.030 0.025-0.050
0.035 0.025-0.050
0.120 0.045-0.15
0.070 0.05-0.085

accounts for greater than 80 percent of vegetative cover and the soil or substrate is
periodically saturated with or covered with water.
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Table 4-3: Manning’s n values used with Globcover land use/ land cover data in DRIP

Value

11
14

20

30

40

50
60
70

90

100

110
120
130
140

150

160

170

180

190
200
210
220

Glob cover global legend

Post-flooding or irrigated croplands
Rainfed croplands

Mosaic Cropland (50-70%) / Vegetation (grassland, shrubland,
forest) (20-50%)

Mosaic Vegetation (grassland, shrubland, forest) (50-70%) /
Croplands (20-50%)

Closed to Open (>15%) Broadleaved evergreen and/or semi-
deciduous forest (>5m)

Closed (>40%) broadleaved deciduous forest (>5m)
Open (15-40%) broadleaved deciduous forest (>5m)
Closed(>40%) needle leaved evergreen forest (>5m)

Closed (>40%) needle leaved deciduous or evergreen forest
(>5m)

Closed to open (>15%) mixed broadleaved & needle leaved
forest (5m)

Mosaic Forest/Shrubland (50-70%) / Grassland (20-50%).
Mosaic Grassland (50-70%) / Forest / Shrubland (20-50%).
Closed to open (>15%) shrubland (<5m)

Closed to open (15%) grassland

Sparse (>15%)Vegetation (woody vegetation, shrubs, grass-
land)

Closed (>40%) broadleaved forest regularly flooded-fresh wa-
ter

Closed (>40%) Broadleaved semi-deciduous and/or evergreen
forest regulatly flooded-Saline water

Closed to open (>15%) vegetation (grassland, shrubland,
woody vegetation) on regular flooded or waterlogged soil-
Fresh brackish or saline water

Artificial surface and associated areas (urban areas >50%)
Bare areas
Water Bodies

Permanent snow and ice

Colour Manning's
Code n

0.034
0.06

0.034

0.034

0.1

0.1
0.05
0.11

0.05

0.11

0.035
0.035
0.07
0.034

0.09

0.04

0.1

0.02

0.4
0.035

0.04

0.04
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Chapter 5. MAPPING FLOOD HAZARD

5.1 Mapping

A map is a graphic depiction of all or part of
the earth surface showing the location and
distribution of various natural or cultural
phenomena, in which the real-world features
are replaced by symbols in their correct spa-
tial location on a flat surface at a reduced
scale. Unlike photographs that show all the
objects which are physically present, a map
shows only the details that are chosen to be
represented on the particular map. The ob-
jects shown on a map may have physical
existence (like habitations/ roads/ houses/
hospitals), or they may be the results of
some analysis only (like flood hazard zones),
without any demarcation present on the
ground.

A map uses different colours, symbols, and
labels to represent features. Map-making/
cartography has been an integral part of the
human history for a long time, probably
dating back to a few thousand years. Map
making or cartography combines the use of
science, aesthetics and technical ability to
create a balanced and readable representa-
tion that is capable of communicating in-
formation effectively and efficiently.

The process of mapping comprises the steps
of planning (including fixation of project
specification), data acquisition (and data
analysis to generate the results to be
mapped, as in the case of flood hazard
maps), cartographic production (including
cartographic design, drafting and
proofreading, printing) and product delivery
(including storage and dissemination). Only
a judicious blending and proper coordina-
tion of the scientific and artistic skills that
go into its production can produce a good
map. One of the basic problems in cartog-
raphy is to transfer the shape of the earth on
a plane surface.

5.2 Map Projection

The earth is an oblate spheroid, flattened
slightly at the poles and bulged somewhat at
the equator. The complex graphical, geo-
metrical and mathematical methods of
transforming the shape of the earth on a
plane surface are collectively known as a
map projection. An ideal map projection is
one, which represents the meridians and the
parallels in the same way as a globe (Mishra
and Ramesh, 2002).

The key properties portrayed by a globe are
conformality or orthomorphism (maintain-
ing true shape), equivalence (maintaining
proportional sizes), equidistance (maintain-
ing correct distances between points),
azimuthality (maintaining true representa-
tion of directions), and simplicity (maintain-
ing an arrangement of longitudes and lati-
tudes that it is easy to locate a point). As
such, it is not possible to maintain all the
five properties required to make a perfect
map. It is only possible to maintain one or
more of the properties, which leads to the
choice of a projection system for a particular
map. Numerous projection schemes have
been developed, out of which the two sys-
tems with wide use in India are being dis-
cussed.

5.2.1 Polyconic Projection

Survey of India, the authority for producing
and distributing maps in the country since
1767, was using Polyconic projection for its
topographic maps. The maps were available
in scales 1: 1 000 000 (million sheets), 1: 250
000 (degree sheets) and 1: 50 000 and 1: 25
000 (toposheets). The projection is neither
conformal nor equivalent. For preparing
topographical sheets, separate central merid-
ian was used for each strip.
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In polyconic projection, the central meridian
is a straight line and it intersects the equator
and all parallels at right angles. Parallels are
parts of a circle drawn with different cen-
tres. The parallels are equally spaced along
the central meridian, away from the central
meridian distances between parallels increas-
ing rapidly. Each parallel is projected as a
standard parallel, developed from its own
cone (Figure 5-1). The scale is correct along
the central meridian and along every parallel.
The datum used is Everest (India and Ne-

pal).

| fL*ﬂ--. /l}
V- ERTF
x_\h o B _,_,-/"

Figure 5-1: Polyconic map projection

5.2.2 Universal Transverse
Mercator (UTM) Projection

Since the implementation of the National
Map Policy in 2005, Survey of India has
switched to Universal Transverse Mercator
projection (Figure 5-2) system with WGS84
as a datum. The UTM projection is confor-
mal; shapes and angles within any small area
are essentially true. All distances, directions,
shapes, and areas are reasonably accurate
close to the central meridian. Multiple cylin-
ders touch the globe at 6° interval, resulting
in 60 projection zones each 6° longitude

Cenligl Aendian

Figure 5-2: UTM map projection

wide. In order to avoid extreme distortions
in polar areas, projection zones are limited
between 84° N and 80° S.

The UTM coordinates are expressed as dis-
tance in meters to the east (easting) and
distance in meters to the north (northing).
Easting is referred to central meridian,
which is assigned a value of 500 000 — elim-
inating the use of negative coordinates. For
the northern hemisphere, equator has a
northing value of 0 m N. For southern hem-
isphere, equator has a northing value of
10000000 m S. This offers the advantage of
measurement of distances and areas in
common metric units.

5.2.3 The WGS84 Datum

Choosing correct datum is important, as the
accuracy of the estimated elevations are
directly dependant on it. A datum is an
information that is required to fix a coordi-
nate system to the earth. Without a datum,
coordinates have no meaning. A geodetic
datum describes the relationship of coordi-
nate systems for an ellipsoidal model of the
earth with the real earth. W(GS84 is an earth-
centred terrestrial reference system and geo-
detic datum. It is based on a consistent set
of constants and model parameters, which
describe the size, shape, and gravity and
geomagnetic fields of the earth (Figure 5-3).

It comprises a reference ellipsoid (a smooth
three-dimensional surface generated by ro-
tating an ellipse), a standard coordinate sys-
tem, altitude data and a geoid (an equipoten-
tial surface, i.e., a surface on which the grav-

Clarke 1866

GRS 80 /
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i / " by \\
i \ ?j \
'

G "/ WGS 84

—

Figure 5-3: Datum WGS 84
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ity potential is constant everywhere, a sur-
face to which the direction of gravity is per-
pendicular everywhere). It is defined pre-
cisely using the GPS satellites. The error of
WGS84 is considered to be much less,
compared to any other datum. In addition,
these values are universal, leaving no room
for confusion.

5.2.4 Coordinate System
Transformation

Coordinate system transformation is re-
quired when existing data are in different
coordinate systems or projections. It allows
users to manipulate the coordinate system
using mathematical models, adjustments,
transformations, and conversions (inbuilt
with GIS). It is important to include the
map projection and coordinate system in
metadata documents. Coordinate system
transformation is reversible and does not
destroy or damage data.

For carrying out the analysis with multiple
layers of maps, it is necessary to have all of
them on the same projection system. For
DRIP, UTM cootdinate system with datum
WGS84 has been used. This allows meas-
urement of distances and areas in kilometres
and square kilometres, respectively.

5.3 Map Elements

In all maps, certain common features called
map elements are present. The elements
used in any particular map and their location
and style vary with the purpose, targeted
viewer, and scale. Not all map elements are
necessarily present in each map. The most
commonly used map elements are:

5.3.1 Title / subtitle

The title is the largest and most noticeable
text on a map (Figure 5-4). It should reflect
the purpose of the map. It should include
the name of the area and the main subject of
the map in most precise manner.

Name of Dam SATHANUR DAM

State TAMIL NADU

Title OVERTOPPING FAILURE

Figure 5-4: Map title

5.3.2 Author / source(s)

The author information includes the names
of organization/ person involved in the
process of preparation of the map (Figure 5-
5). It may also include information on
source of the data if it is different from the
author himself/organisation.

CENTRAL PROJECT
MANAGEMENT UNIT

DAM REHABILITATION
AND IMPROVEMENT
PROJECT

Dam Rehabilitation & Improvement Project

Figure 5-5: Author/ source(s)

5.3.3 Index

A map index helps to show the position of
the current map within a map series/ ad-
ministrative zone covered under the current
context (Figure 5-6). Since the potentially
inundated area for many of the DRIP dams
is too large to be covered in a single map
with suitable scale, index showing the cov-
erage of any particular map within the inun-
dation zone has been included in every map.
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5.3.4 Legend/symbology

Legend or list of symbols helps to explain
the symbols used on the map. They are one
of the most important map elements to con-
sider during map making. It should be clear,
legible, and easily comprehensible. The
symbol may be a dot, a line, an area with
color code, shape, or an icon that looks sim-
ilar to what it represents (Figure 5-7).

MAXIMUM DEPTH
Depth (m)

Jo-03
[ o03-05
[105-12
1 12-20
[120-40
[ 40-100
[ 10.0-20.0
[ 20.0-30.0
[ 30.0-36.0
—— ROADS
—— RAILWAYS
[_] SETTLEMENTS

Figure 5-7: Map legend

The symbols should preferably follow that
of the standard maps. In addition, the sym-
bology should be chosen in a way that fea-
tures with greater importance draw greater
attention naturally, even before it is decoded
with the help of the legend. The legend is
usually a small box in a corner of the map or
on the side. It includes the symbols and
their meaning. It is also referred to as the
map key. It should be checked to ensure
that all the features shown on the map by
symbols are contained in the legend.

5.3.5 Date of preparation/survey

The date of map preparation or the date of
sutvey/data collection should cleatly be
mentioned on the map (Figure 5-8). In con-
nection with flood hazard mapping, it will
help to indicate the relevance/validity/ cot-

Date : December 2017

Figure 5-8: Date of preparation

rectness of the map with respect to the de-
velopments that have taken place in the
intervening period.

5.3.6 Orientation /north arrow

Even though maps are generally drawn with
north towards top and south towards the
bottom, it is required to provide the north
arrow on the map (Figure 5-9) to avoid any
confusion. North arrows should point to-
wards the geographic north cardinal direc-
tion (and not towards the magnetic north
direction, which is always changing).

Figure 5-9: North arrow

5.3.7 Grid/coordinates

The grid is a series of horizontal and vertical
lines running across the map. The grid often
indicates the latitude and longitude of dif-
ferent points on the map (Figure 5-10).
They provide handy guides for horizontal
and vertical measurements. It may be used
to scale the coordinates of important loca-
tions.
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Figure 5-10: Map grid
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5.3.8 Scale

Map scale is one of the essential map ele-
ments (Figure 5-11). It may be expressed
either as graphic scale or verbal scale or as a
representative fraction. A graphic scale or
scale bar pictorially shows the distance units
on a map. Verbal scale mentions the map
distance to ground distance as text. A repre-
sentative fraction mentions the map dis-
tance to ground distance as a ratio or frac-
tion. It is better to have graphic scale on
maps as sometimes distortions are intro-
duced either inadvertently or otherwise (dur-
ing reduction/enlargement) when a map is
reproduced/copied at a scale other than that
at which it was originally prepared. The ver-
bal scale or representative fraction will add
to confusion in such cases. In DRIP, the
maps produced bear graphical scales.

20100 20 40 60 80 100
e e P e K1

Figure 5-11: Map scale

Choice of a map scale is important to con-
vey the right amount of information in an
optimal way. For the preparation of Tier 1
inundation maps under DRIP, map scales of
1:50 000 have been used for most of the
maps. This has been chosen so that the
maps may be compared easily to the SOI
toposheets of the area — which is the most
commonly available source of mapped in-
formation. For some dams having much
lesser inundation area, a scale of 1:25 000
were chosen. This also matches with the
other scale at which toposheets are available.
For a few dams, a scale of 1:40 000 were
chosen, as the mapped village boundaries
were too small to be legible at the smaller
scale. At the larger scale, the region was
spreading unnecessatily over many maps.

In general, it may be considered that a scale
of 1:50 000 or larger is suitable for Tier 1
level of analysis. For Tier 2, the scale may be
1:10 000 or larger, depending on the area to
be covered. For Tier 3, a scale of 1:4000 or

larger may be more appropriate for estima-
tion of losses at individual property level.

5.3.9 Others

Other map elements include information on
map projection, graphic primitives (e.g., a
neat line inside the border, and the map
border) and inset maps to provide perspec-
tive to the viewer in case the map represents
a small area out of a larger area that is better
known. Sometimes it is also required to put
the logo of the company/client on the map.
The names of the places/objects may be
shown with the help of labels. Sometimes, if
only a single feature of a type is to be shown
on a map, it may be preferred to use labels
for it in place of including it as another entry
in the map legends. The font types for the
labels should be chosen to match the map
theme. The font size should be large enough
to ensure readability, yet small enough to
blend with the aesthetics of the map design.

5.4 Planimetric Accuracy

For different scales of mapping, the Ameri-
can Society of Photogrammetry and Remote
Sensing (ASPRS, 1989, 1990) standards re-
quire the level of planimetric accuracy as
mentioned in Table 5-1 below.

Table 5-1: Planimetric accuracy requirement
by ASPRS (adopted from ASPRS 1989, 1990)

Required Planimetric

Map Scale Accuracy (m)
1:500 0.125
1:1000 0.25
1:2000 0.5
1:4000 1
1:5000 1.25
1:10000 2.5
1:20000 5

5.5 Map Design

Map design is the most crucial and complex
part of map preparation, demanding depic-
tion of all information with clarity, simplici-
ty, accuracy and aesthetic touch. Under-
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standing the human perception plays an
important role in map design. Map symbols
may be point symbols, line symbols or area
symbols, depending on the scale and the
object depicted.

5.5.1 Colours

Often, colours are used to enhance map
appearance. Human eyes are most sensitive
to red, followed by green, yellow, blue and
purple - in that order (Misra and Ramesh,
2002). Colours like yellow, blue, green, red,
white and black appear as individual colour,
while the others appear as mixed colour.
The human eye has difficulty deciphering
more than 12 colours in one view. The hu-
man eye can decipher at most 7 or 8 shades
form the 256 shades of one colour. In addi-
tion, a fraction (= 5 to 7%) of the popula-
tion is colour blind. The map may some-
times also be reproduced in black and white.
So, the colour balance should be observed
to see that dominant colours occupying
large areas do not overpower the remainder
of the map. On large areas, pastels appear
better than saturated colouts.

5.5.2 Legibility

The minimum line thickness that can be
produced with good quality equipment is 0.1
millimetres. The minimum size of hollow
symbols should not be less than 0.5
millimetres, in order to be legible. For solid
symbols, it should not be less than 0.4
millimetres. The minimum separation be-
tween two symbols should not be less than
0.2 millimetres.

5.5.3 Balance

The human eye expects balance in map lay-
out around visual centre and alignment.
Visual centre lies about 5% higher than the
geometric centre. The human eye interprets
hill shades with the light source coming
from the northwest. Good map design may
require practice, patience and many revi-
sions.

5.5.4 Principles of Cartographic
Design

Cartographic design deals with the use of
symbols and typography to convey infor-
mation that is both easily understood and
visually appealing to map user. The factors
that influence cartographic design include:

o Objective: The purpose of map

preparation.

° Audience: Their education, age,
and background.

. Reality: Data representation limita-

tions and aspects of data accuracy.

o The Scale of Mapping: Depends
on the quality of the available data.

° Technical Limitations: The feasi-
bility of reproduction of true
colour and complex shape or line
type cotrectly in print/ display de-
vice should be considered before-
hand.

° Use: Wall mounting/report
writing/presentation warrants dif-
ferent map scales, font sizes, sym-
bology.

A few basic principles of cartographic de-
sign has been mentioned underneath:

1. Concept before compilation: Im-
plies including only those features
in the map that fit the context (out
of the many available), and design-
ing the map from the whole to the
part. It also involves redesigning
the map to suit different user cate-
gories or use categories.

2. Hierarchy with harmony: Involves
making important things appear
important and vice versa. Associ-
ated items should be treated in an
associated manner, in keeping with
the harmony of the whole map.

3. Simplicity from sacrifice: Com-
prises following simplicity by tak-
ing out all except the most im-
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portant through generalization
(sacrifice). The extent of generali-
zation depends upon the scale of
the map and its content.

4. Maximum information at mini-
mum cost: Implies providing
maximum functional utility that is
visible at a glance.

5. Engage the emotion to engage the
understanding: Involves focusing
the attention of the user to pass
on the message with aesthetics and
emotional contents, i.e., the mes-
sage of the map should be under-
stood by the viewer even before
the map keys are used for interpre-
tation.

Together, these principles help to prepare a
map that has aesthetic appeal.

5.5.5 Cartographic
Generalisation

Cartographic generalisation is a part of the
mapping process by which map data are
abstracted and transformed into a represen-
tation at a reduced scale. The need for cat-
tographic generalisation arises, as the data is
normally available at a larger scale than the
one in which it is to be presented. In addi-
tion, reduction of complexity is needed to
make the map aesthetically more pleasing at
the scale appropriate for the application.
The benefits include reduced data storage
requirement and faster data processing.

The conditions that lead to the use of carto-
graphic generalisation include:

e Congestion: Where there are too
many features in limited geographic
space.

e Coalescence: Where features touch
each other as separating distance is
less than the resolution of the
output device or the symbol size.

e Conflict: Where any spatial repre-
sentation is in conflict with its back-
ground (e.g., a road bisects two por-

tions of a park, generalisation neces-
sitates combining the two park seg-
ments across the road).

e Complication: Where data from dif-
ferent sources/ at different scales/
generalized with different tolerance
levels are combined to arrive at the
results.

e Inconsistency: Where a set of
generalisation decisions applied non-
uniformly across a map lead to bias
in the generalization between the
mapped elements. However, it may
not always be an undesirable condi-
tion as important features are some-
times shown in a way that overrides
the general rule of generalisation.

e Imperceptibility: Where a feature
smaller than minimum representa-
tion size of the map is to be shown
on the map.

Some methods used to deal with the above
problems include (Shea and McMaster,
1989):

1. Simplification (Figure 5-12): Repre-
senting original line using the most
representative subset of initial coor-
dinates (e.g., kinks on a road are re-
moved, except the most important
ones).

Vaink 7~

Figure 5-12: Simplification (adopted
from Shea and McMaster, 1989)

2. Smoothing (Figure 5-13): Relocating
or shifting coordinate pairs to even
out small perturbations (e.g. remov-
ing all kinks on a road up to the
chosen level of smoothing).

] -

Figure 5-13: Smoothing (adopted from
Shea and McMaster, 1989)
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Aggregation (Figure 5-14): Grouping
point features into higher order class
(e.g., different elements of the same
class clubbed together).

A Pueblo Ruin: //ﬁ/ /'%;
n0 Miguel Ruins Ruins

Figure 5-14: Aggregation (adopted
from Shea and McMaster, 1989)

Amalgamation (Figure 5-15): Joining
smaller features of the same type in-
to a larger map element retaining the
general characteristics of a region
(e.g. merging small ponds or intri-
cate boundaries of a pond into a
single large one).

Figure 5-15: Amalgamation (adopted
from Shea and McMaster, 1989)

Merging (Figure 5-16): Representing
parallel line features using single line
(e.g. representing divided highways
with a line).

Figure 5-16: Merging (adopted from
Shea and McMaster, 1989)

Collapsing (Figure 5-17): Decom-
posing features with multiple dimen-
sions into features with lesser di-
mensions and less complex bounda-
ries (e.g. airport with a dot).

S/
M =/
Lake Lake

]

Figure 5-17: Collapsing (adopted
from Shea and McMaster, 1989)

Refinement (Figure 5-18): Discard-
ing smaller features from among a

10.

11.

cluster of features and depicting only
selective number and pattern of the
symbols, which is accomplished by
leaving out the smallest or least im-
portant features.

Lam [l

oot | el

Figure 5-18: Refinement (adopted
from Shea and McMaster, 1989)

Typification (Figure 5-19): it is a
kind of refinement that using repre-

sentative pattern of features or sym-
bols.

mein
318

Figure 5-19: Typification (adopted
from Shea and McMaster, 1989)

Exaggeration (Figure 5-20): Ampli-
tying the shape or size of features
for better readability (e.g. widening
of openings to show navigability).

/QBay /QBM /'(AB&Y
Inl
Inlet Inlet “

Figure 5-20: Exaggeration (adopted
from Shea and McMaster, 1989)

Enhancement (Figure 5-21): Dealing
with exaggeration of shapes and siz-
es of symbols to meet specific map
requirements (e.g. a bridge shown at
a larger scale than that dictated by
the scale of mapping).

M|

Figure 5-21: Enhancement (adopted
from Shea and McMaster, 1989)

Displacement (Figure 5-22): Shifting
position of features to improve clari-
ty when two or more features are in
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conflict (e.g., road by a canal very
close to each other shown separate-

ly).

Figure 5-22: Displacement (adopted
from Shea and McMaster. 1989)

12. Classification (Figure 5-23): Group-
ing objects into categories of fea-
tures sharing identical or similar
characteristics into fewer categories.

123456789101112,
13,14,15,1617,18,19,20

Figure 5-23: Classification (adopted
from Shea and McMaster, 1989)

1-5, 6-10,11-15, 1620

To the advantage of the users, the GIS
software used for preparation of maps ap-
plies some of the cartographic generalisation
techniques by default, particularly for vector
maps, while the exercise of discretion is
required to apply the other ones as per the
need. The consideration of the cartographic
generalisation is important for planning the
mapping process to ensure compatibility of
the data collection and analysis with the final
map scale, so that resources are used opti-
mally, avoiding chances of misrepresenta-
tion.

5.6 Planning the Mapping
Process

Planning of the mapping process includes
steps from data acquisition to cartographic
production. The final scale of the map pro-
duction has to be decided upon. The choice
of data to be acquired depends on the final
scale of output. Data acquired with much
detail (suitable for large-scale mapping) will
require extra time and cost for processing
and finally may not be properly displayed in
the output, requiring generalisation. Data
acquired with limited detail (suitable for
small-scale mapping) may bring difficulties
at a later stage in case of some new devel-
opments cropping up to dictate mapping at

a larger scale than that initially conceived.
This may cause not only financial conse-
quences but also project delay. It may be
prudent to select the level of data acquisi-
tion (data selection in case of existing data)
just enough to meet the needs of mapping at
a scale one-step larger than that in the initial
plan.

5.7 Geographical Information
System (GIS)

In the earlier days, the maps were prepared
on papers, so it was difficult to update them.
In addition, the map prepared for showing a
particular extent of the area was seldom
found suitable for extracting information on
smaller or larger areas. With the advent of
Geographical Information System (GIS)
since the latter part of the last century, prep-
aration of soft copy of maps with possibili-
ties of dynamic change of display scale with
easy update and overlay came up.

Geographical information system (GIS) is
an information system that is used to input,
store, update, retrieve, manipulate, analyse
and output geographically referenced data or
geospatial data, in order to support decision-
making for planning and management of
land use, natural resources, environment,
transportation, urban facilities and other
administrative needs. It comprises an orga-
nized collection of computer hardware,
software, geographic data, and personnel,
enabling the performance of the tasks men-
tioned.

GIS, in one sense, may be thought of as a
modern extension of traditional cartography
with one fundamental similarity and two
essential differences. The similarity lies in
the fact that both a cartographic document
and a GIS contain examples of a base map
to which additional data are added. The
differences are that there is no limit to the
amount of additional data that may be add-
ed to a GIS map and secondly the GIS uses
analysis and statistics to present data in sup-
port of particular arguments that a carto-
graphic map cannot do.
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Nowadays GIS is being used for supporting
a multitude of planning needs that have a
geospatial connection. It includes making
spatial queries about the attribute value at
any particular location, finding locations
with a particular range of attribute values,
analysing change detection, analysing spatial
patterns and checking regularity of arrange-
ment. It also includes finding an association
between  two  entities/  phenomena,
modelling with multiple parameters, finding
the optimum path, locating suitable sites etc.
In short, it has become an integral and in-
dispensable part of planning and decision-
making.

5.8 A Few GIS Software

In recent times, many GIS software are
available including quite a few of open
source type that are available free. A few
open source Desktop GIS include GRASS
GIS, gvSIG, ILWIS, JUMP GIS, MapWin-
dow GIS, QGIS, SAGA GIS, uDig, GeoDa,
OpenJump, Diva GIS, Capaware, Falcon-
View, OrbisGIS, Kalypso, TerraView,
Whitebox GAT. Other than desktop GIS,
the following web-based map servers are
also free: GeoServer, MapGuide Open
Source, Mapnik MapServer. PostGIS,
SpatiaLite, and TerraLib are some of the
free spatial database management systems.

A few popular commercial or proprietary
GIS software include ArcGIS, GeoMedia,
Maplnfo, and Smallworld. Besides, Auto-
CAD (with Map 3D, Topobase and
MapGuide), MicroStation (including Bentley
Map and Bentley Map View), eSpatial, Map-
titude, CARTO, Simple GIS Client, Maplt-
Fast, MapViewer, Map Business Online,
Ubiquiti, SuperGIS Desktop, 3-GIS Net-
work Solutions, Agile GIS, AziMap and
CartoVista are some other software in use.
The list continues. Out of all these, ArcGIS
by ESRI has been used for mapping flood
hazard at the CPMU under the DRIP pro-
ject. However, it should be clear that CPMU
does not advocate or endorse the use of any
particular commercial/ free software, as the
capability of performing the task of map-

ping efficiently is common to many, if not
all of them.

5.9 Data Types in GIS

The real world is represented in the GIS
database as a stack of different layers — each
containing information about a particular
property of the object. The files are of two
types: raster and vector. All the files have
some spatial information (related to the
place on earth where the data belongs to)
and some attribute information (related to
properties of the object like its name, eleva-
tion, land use etc.). A brief description of
the data types is provided underneath.

5.9.1 Raster Data

Raster data represents phenomena with the
help of a continuous set of variables, each
one defined at each possible position. The
geographic space is represented by a matrix
of equal-sized square cells. Each cell has a
numeric value that represents a geographic
attribute (like elevation) for that unit of
space. The number of rows and columns,
the cell size and the coordinate system de-
fines the grid. The grid values may be either
of the integer or the floating point (decimal)
type. Raster data representing a point, line,
and area feature have been shown in Figure
5-24, Figure 5-25 and Figure 5-20, respec-
tively. In case of flood hazard mapping, the
DEM and land use are input raster data,
while water surface elevation, depth of wa-
ter, the velocity of water and flood arrival

amm |

.J::
I
Figure 5-24: Raster data representing
point features (location of flood shelters)

I
7 £ B

Figure 5-25: Raster data representing line
features (river)
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time are output raster data.

Figure 5-26: Raster data representing area
features (reservoir)

5.9.2 Vector Data

Vector data represents the real world as a
finite number of variables, each defined at a
position as a discrete entity in space. They
have distinct location/ boundary. The geo-
graphic features in the real world are repre-
sented as any of the three following entities:

i. Points or dots (nodes): representing
trees, towers, airports, cities.

i. Lines (arcs): representing streams,
streets, sewers, railway lines.

ii. Areas (polygons): representing land
parcels, cities, counties, forest, soil

type.

Vector data representing point, line and area
teature (polygon) are shown in Figure 5-27,

Figure 5-27: Vector data representing point
features (location of flood shelters)

<

X
Figure 5-28: Vector data representing line
features (river)

| ;
X
Figure 5-29: Vector data representing area
features (reservoir)

Figure 5-28 and Figure 5-29, respectively.
The boundaries of human habitation used in
flood hazard mapping are vector layers.

5.10 Imperfections in GIS

Maps generated using GIS generally have
appealing appearances, which may lead to
erroneous assumptions about their inherent
accuracy. It has to be appreciated that the
accuracy of these maps is limited by the
accuracy of the input data, along with the
magnification of errors imbibed during anal-
ysis and output. Imperfections arise because
of the world being too complex and detailed
and decisions on data categorization, zone
definition being not always fully justified
(ike categorisations of vegetated land
through boundaries demarcating open forest
and dense forest). Using either raster or
vector data format, it is impossible to repre-
sent world perfectly, and therefore, uncer-
tainty is inevitable. This uncertainty de-
grades the quality of spatial representation.

From the real world, the propagation of
error takes place through the stages of con-
ception, measurement and representation,
data conversion and analysis and finally the
presentation of the result, being amplified at
each stage. The process of conception may
involve the spatial uncertainty (objects do
not have a discrete, well-defined extent),
vagueness (criteria that define an object are
not explicit or rigorous), ambiguity (a
substitute or indicator is used in lieu of the
original parameter because the original is
not available). It may also suffer from re-
gionalization problems (spatial distributions
tend to change gradually, while zones imply
that there are sharp boundaries between
them).

The errors associated with measurement
may include physical measurement error
(instruments and procedures used are not
perfectly accurate), digitising error (over-
shoot, undershoot, duplicate arc, sliver, label
error or miss) or error caused by combining
data sets from different sources (with differ-
ent resolution, projection, and data accuracy
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standards). The uncertainty in the represen-
tation may comprise uncertainty in earth
model (ellipsoid models, datum, and projec-
tion types), uncertainty in the raster data
model (presence of impure cells or mixels),
and uncertainty in the vector data model
(fitting data in zones with boundaries not
respecting its natural distribution patterns).

The uncertainty in the data conversion and
analysis may include data conversion errof,
georeferencing, and resampling error (near-
est, bilinear, cubic), error due to projection
and datum conversions and classification
errors. Coupled with a thickness of a dot, its
placement may have a positional error of 0.5
millimetres. At a scale of 1: 5 000, it implies
an accuracy of 2.5 metre, which increases to
500 metres at a scale of 1: 1 million. In addi-
tion, the reliability of data decreases with its
age. Further, use of data available at differ-
ent scale because of non-availability of data
on the proper scale introduces error.

Uncertainty being inevitable, metadata
should be used to document the uncertainty.
Sensitivity analysis may be carried out to
find the impact of input uncertainty on out-
put. Finally, the results of GIS analysis
should be reported in honest and informa-
tive manner.

5.11 Flood Hazard

A flood hazard is an indication of the
possible source of danger due to flooding.
It, however, does not imply any risk unless
persons or objects that are vulnerable to
damage are exposed to it. Flood hazard var-
ies with flood severity (i.e. for the same lo-
cation, the greater the return period of the
flood the more severe the hazard) and loca-
tion within the floodplain for the same
flood event. This varies with both flood
behaviour (velocity and depth, the rate of
rising of floodwater and the time from rain-
fall to flooding) and the interaction of the
flood with the topography. The hazards to
be mapped include themes like the flood
inundation areas, water depths and veloci-
ties, and arrival times of flood waves.

As the depth of water increases, the damage
increases. However, even shallow water
moving at high velocity may significantly
damage a structure or dislodge/damage its
foundation. Flowing water may also carry
debris, which, by way of colliding with exist-
ing structures or infrastructure, cause signif-
icant damage. Faster the velocity of flowing
water, greater is the chance of loss of life.
Persons unable to evacuate may become
trapped in a home or business centre that is
being destroyed by high-velocity water or
rising floodwaters. Emergency responders
may not be able to reach the area. Vehicles
can get washed off roads and bridges. Dur-
ing a flood, the death of people trapped in
their vehicles may be significant in number.
Increased velocity leads to increased ero-
sion, or scour (FEMA, 2012). The velocity
of water flow will vary throughout the area
of inundation, and damage to assets close to
the dam may be very high, while damage
several kilometres downstream might be
negligible.

5.11.1 Hazard to People

The most important factors affecting human
stability in flood waters are firstly depth and
secondly velocity. Depth dictates what type
of failure is to occur, either sliding (friction)
or tumbling (moment) failure. High depths
increase buoyancy and reduce friction under
foot. Low depth-high velocity flows may
cause instability but the chances of drown-
ing are less than in the more dangerous
deep-water situations. While distinct rela-
tionships exist between a subjects height
and mass (HXM; m.kg) and the tolerable
flow value (DXV; m?s™"), the definition of
general flood flow safety guidelines accord-
ing to this relation is not considered practi-
cal given the wide range of such characteris-
tics within the population. Hazard regimes
may be defined for adults (HXM > 50 m.kg)
and children (HXM = 25 to 50 m.kg). In-
fants and very young children (HXM < 25
m.kg) or frail older persons are unlikely to
be safe in any flow regimes without adult
support.
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For children with a height and mass product
(HXM) of between 25 and 50, a low hazard
exists for flow values of DXV < 0.4 m?/s,
with a maximum flow depth of 0.5 m re-
gardless of velocity and a maximum velocity
of 3.0 m/s at shallow depths. For adults
(HXM > 50), a low hazard exists for flow
values of DXV < 0.6 m?/s with a maximum
depth limit of 1.2 m and a maximum veloci-
ty of 3.0 m/s at shallow depths. Moderate
hazard for adults exists between DXV = 0.6
to 0.8 m?/s, with an upper working flow
value of DXV < 0.8 m m?/s recommended
for trained safety workers or experienced
and well-equipped persons. Significant haz-
ard for adults exists between DXV = 0.8 to
1.2 m?/s. The flood hazard regimes for in-
fants, children, and adults, adopted from
Cox et al. (2010) have been presented in
Table 5-2 and Figure 5-30.

Loss of stability may occur with lower flows
when adverse conditions are encountered
including uneven, slippery conditions or
obstacles in the bottom, the presence of
floating debris, low temperature, poor visi-
bility, unsteady flow and flow aeration,
strong wind or poor lighting.

5.11.2 Hazard to Vehicles

The total number of registered vehicles in
the country exceeds three crores, which is
increasing by the day. The total length of
roads in the country is more than 55 lakh

kilometres, many more being under plan-
ning and construction stage. During a flood
emergency arising out of fair weather failure
of a dam or gate misoperation (unscheduled
opening of gates to pass discharge down-
stream), a significant number of persons
may be on a road travel. In addition, vehi-
cles play a crucial role in an emergency
evacuation. Therefore, securing the safety of
vehicles during flood assumes importance.

During a flood emergency, vehicles may
suffer from instability due to sliding, top-
pling or floating. Shand et al. (2011) propose
the stability criteria for stationary vehicle
categorised into three classes: small passen-
ger cars, large passenger cars and four-wheel
drive vehicles (Table 5-3 and Figure 5-31).
These classes were considered to have float-
ing limits of 0.3 m (small passenger vehi-
cles), 0.4 m (large passenger vehicles) and
0.5 m (four-wheel drive vehicles). All stabil-
ity criteria were considered to have a limit-
ing velocity of 3.0 m/s. This is in agreement
with human stability criteria to ensure that,
in the event of vehicle failure, safety is not
compromised once people abandon their
cars.

5.11.3 Hazard to Buildings

The range of forces that might affect build-
ing stability includes hydrostatic actions,
hydrodynamic actions, debris actions, wave
action from wind and wakes, and erosion
and scour due to flood actions. At velocities

Table 5-2: Flood hazard regimes for infants, children and adults (adopted from Cox et al., 2010)

Infants, small children
(H.M < 25) and frail/

older persons

Children (H.M = 25 to
50)

Adults (H.M >
50)

Safe Safe

Extreme Hazard; Danger-

ous to all

Low Hazard

Low Hazard!

Moderate Hazard; Danger-

ous to some

Extreme Hazard; Dangerous to

all

Extreme Hazard; Danger-

ous to all
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Figure 5-30: Threshold for stability of persons in flood (adopted from Cox et al., 2010)

in excess of 2 m/s, the stability of founda- e Structural damage leading to build-
tions and poles can get affected by scouring. ing collapse and injury to occupants,
As grass and earth surfaces begin to erode, or even death

scour holes may develop. At depths in ex-
cess of 2 m, lightly framed buildings may be
damaged by water pressure, floatation and
debris impact, even at low velocities.

e The buoyant and lateral force of the
water overcoming the strength of
the anchors and weight of the build-
ing holding it to its foundation —

) ) . making it float.
The major failure mechanisms that may

make a building unsafe are: The thresholds for building stability in

e Filling with water to a depth that is floods has been adopted from Smith et al.
unsafe for people inside (2014) and presented in Figure 5-32.

Table 5-3: Flood hazard criteria for stationary vehicle stability (adopted from Shand et al., 2011)
Limiting high
velocity flow
depth at velocity

Limiting still
water depth
at velocity =

Limiting
velocity at Equation of
low depth stability

Kerb  Ground
Weight clearance

Class of Length

vehicle (m)

(kg) (m) O0m s 5 rr:s'l (m S_l)
Small passenger <43 <1250 <0.12 0.3 0.1 3.0 DI"=0.3
Large passenger >4.3 >1250 > 0.12 0.4 0.15 3.0 DI7=0.45
Large >45 >2000 >022 0.5 0.2 3.0 DI < 0.6

four-wheel drive

Doc. No. CDSO_GUD_DS_05_v1.0 Page 50 of 144



Guidelines for Mapping Flood Risks Associated with Dams

January 2018

2.0

1.6 1

Depth (m)
-
o

0.6

Low hazard for vehicles

Extreme hazard for non-specialty vehicles

—— Draft guidelines - small cars
—— Draft guidelines - large cars
— Draft guidelines - large 4WD

Limiting
velocity

for all
non-speciality
vehicles

in good
conditions

0.0 r T
0.0 0.5 1.0

1.5

2.0 3.0 3.5

Velocity (m/s)
Figure 5-31: Threshold for stability of vehicles in flood (adopted from Shand et al., 2011)

a constraints analysis. A set of curves
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Figure 5-32: Thresholds for building stability in flood (adopted from Smith et al., 2014)

5.11.4 Combined General Flood

Hazard Classification

In preliminary analyses, there is a need for a
combined set of hazard vulnerability curves,
which can be used as a general classification
of flood hazard on a floodplain to feed into

(AEMI, 2014) based on the thresholds men-
tioned above has been presented in Figure
5-33. These thresholds relate to the vulnera-
bility of the community when interacting
with floodwaters. These combined curves
are used to make hazard classifications that
relate to specific vulnerability thresholds as
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Figure 5-33: Combined flood hazard curves (adopted from AEMI, 2014)

Table 5-4: Vulnerability thresholds for combined hazard curves

Hazard
Vulnerability Description
Classification
H1 Generally safe for vehicles, people and buildings.
H2 Unsafe for small vehicles.
H3 Unsafe for vehicles, children and the elderly.
H4 Unsafe for vehicles and people.
5 Unsafe for vehicles and people. All buildings vulnerable to structural
damage. Some less robust buildings subject to failure.
H6 Unsafe for vehicles and people. All building types considered vulnera-

ble to failure.

described by Smith et al. (2014), and shown
in Table 5-4. Table 5-5 provides the limits
for the vulnerability thresholds correspond-
ing to the classifications indicated in Table
5-4. In addition, factors like isolation during
a flood, effective warning time and rate of
rising of floodwater and time of the day play

important roles in describing the flood haz-
ard.

The flood depth used as the basis of hazard
for people and vehicle stability is referenced
to the ground level, but for building stability
it is referenced to the floor level. The vul-

nerability of the community and its assets
can be described by using thresholds related
to the stability of people as they walk or
drive through floodwaters, or take shelter in
a building during a flood. The vulnerability
to hazard will also be influenced by whether
the primary consideration is strategic land-
use planning aimed at ensuring that the land
use is compatible with the flood risk or as-
sessing development proposals or emergen-
cy management planning aimed at address-
ing residual flood risks.
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It may be wondered why the estimation of
crop loss due to a dam breach flood has
never metited a discussion in literature un-
der the classification of flood hazard. It is
because of the fact that with the range of
magnitude of water depths and velocities
generated due to such an event, all the
standing crops are expected to be complete-
ly washed off, irrespective of the crop type
or stage of crop development. So a com-
plete loss of all crops in all the inundated

and potential loss of life when implemented.
This may include the provision of systems
for advanced flood warning and relocating
critical infrastructure and facilities out of the
inundation zone. Consequence assessment
includes identifying and quantifying the po-
tential consequences of a dam failure or
incident, based on the economic and social
impacts of a potential disaster and the or-
ganizational and government actions needed
in the aftermath of a dam breach to respond

Table 5-5: Classification limits for vulnerability thresholds of combined hazard curves

Hazard Classification Limiting Still - .
o - Limiting Velocity

Vulnerability Limit Water Depth .
Classification (D and V in combination, m?s™) (D, m) (¥, m s7)

H1 DXV =0.3 0.3 2.0

H2 DXV =0.6 0.5 2.0

H3 DXV =0.6 1.2 2.0

H4 DxV =1.0 2.0 2.0

H5 DXV = 4.0 4.0 4.0

Ho6 DXV > 4.0 - -

area may be assumed with fair confidence.

5.11.5 Use of Flood Inundation
Maps

Inundation maps may have a variety of uses
including preparation of EAPs, emergency
response planning, hazard mitigation plan-
ning and consequence assessment. An EAP
includes inundation maps to assist the dam
owners and emergency management author-
ities in identifying critical infrastructure and
sites with population-at-risk that may re-
quire protective measures and warning and
evacuation planning. An emergency re-
sponse plan may include warning and evac-
uating the population at risk. These evacua-
tion plans should be developed before the
occurrence of an incident, based on worst-
case scenarios.

Hazard mitigation is the selection of proac-
tive measures, both structural and non-
structural, that will reduce economic losses

and recover. Data compiled for a conse-
quence assessment may also be used for risk
assessments.

5.11.6 Inundation Mapping

After completion of a dam breach simula-
tion, the inundation boundary is the most
important output dataset of inundation
mapping. It may be generated in HEC-RAS
directly, without the help of any other soft-
ware. The output may also be exported for
further analysis/map generation to any oth-
er GIS software. The selection of the terrain
dataset with a particular resolution and accu-
racy limits the potential accuracy of an in-
undation model and consequently may limit
the accuracy of the inundation delineation.
Therefore, evaluating and understanding the
accuracy of a selected terrain dataset should
be done carefully.
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5.12 Flood Hazard Mapping

Flood hazard mapping provides land-use
planners, flood risk managers and emergen-
cy managers with an overview of changes in
the severity of flood hazard for a range of
events. Under DRIP, output grids of HEC-
RAS were converted to Keyhole Markup
Language, an XML based file format used to
display geographic data in an Farth browser
such as Google Earth, Google Maps (kml)
and displayed through Google Earth as an
overlay. Transparency levels were adjusted
to make the settlements on Google Earth
visible. Layers with boundaries of human
settlements (polygons) were created as kml
files using Google Farth. These kml layers
were converted to vector files in GIS plat-
form. Contours for water surface elevations,
depths of water, water velocities and flood
arrival times were created. These layers were
also classified with suitable intervals. For
mapping vulnerability, both the water depth
layer and the layer portraying depth X veloc-
ity were used together.

5.13 Flood Hazard Maps

The outputs of dam breach modelling from
HEC-RAS includes a host of important
parameters, which contribute to the assess-
ment of the flood hazard. These are:

e Depth of inundation

e Water surface elevation
e Velocity of water flow
e Inundation boundary

e Shear stress

e Depth X velocity

e Depth X velocity?

e Flood arrival time

e Time of flood recession
e Duration of flooding

e Percent time inundated

e Stream power

Out of these, the inundation boundary,
depth of inundation, the velocity of water

flow, flood arrival time and duration of
flooding are the parameters used most
commonly. The map showing the depth of
inundation due to overtopping failure of
Sathanur Dam of Tamil Nadu for Tier 1
level of analysis has been shown in Figure 5-
34.

The map indicating the velocity of water
flow for the same case has been shown in
Figure 5-35. The map showing time of flood
arrival for the same case has been presented
in Figure 5-36. The map showing vulnerabil-
ity (due to the combined effect of water
depth and water velocity) has been repro-
duced in Figure 5-37. Other than the over-
topping failure due to the inflow design
flood impinging the reservoir, inundation
maps due to fair weather failure (piping fail-
ure) under minimum inflow conditions are

also being prepared under DRIP.

The maps showing the depth of inundation,
the velocity of water flow, time of flood
arrival and vulnerability for the piping fail-
ure of the same dam has been presented in
Figure 5-38 to Figure 5-41. In addition, in-
undation maps due to large controlled re-
lease (corresponding to the discharge equal-
ling the spillway capacity) continuing for a
long time are also being prepared. The maps
portraying the depth of inundation, the
velocity of water flow and vulnerability due
to a large controlled release (passage of the
design flood through the spillway gates) are
shown in Figure 5-42 to Figure 5-44. These
maps will form the backbone for prepara-
tion of emergency action plan in the short
term and floodplain regulatory management
in the long term. These maps will also help
to point out important places for which Tier
2 and Tier 3 level analysis are warranted.
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Chapter 6. FLOOD RISK MAPPING

6.1 Flood Risk

Risk is the uncertainty about the occurrence
of a loss. The fact that a site may be flooded
occasionally and be subject to a variety of
flood hazards does not itself represent a
problem. It is only with the occupation and
utilisation of a floodplain that flood risks are
invited. What becomes a risk to the lives
and/or assets, and how great or small the
risks are is a reflection of what development
is allowed on the floodplain, how carefully it
is planned and designed and how well or
how pootly the flood hazards are under-
stood before and after the site is developed.

The risk is generally thought of as having
two components, which are the probability
of a harmful event occurring and conse-
quences of the event. A simple and com-
monly used definition of risk is risk = prob-
ability X consequence. Flood risk estimation
involves assessment of hazard, vulnerability,
and consequence due to flooding. Hazard is
a condition that creates or increases the
chance of loss. In this context, the hazard is
the naturally occurring threat (flood). The
vulnerability is the fragility of the
construction (e.g. the embankment systems)
to withstand/contain the hazard. This in-
cludes exposure, coping (short-term mitiga-
tion) and adaptation (long-term adjustment).
The consequence is the adverse outcome of
the combination of hazard and vulnerability
(e.g. economic and property losses, loss of
life or environmental damage). While infre-
quent events of very high magnitude may
cause huge damage, but rarely, smaller
events of much smaller magnitude may
cause significant collective damage due to
their high frequency of occurrence. The
concept is shown graphically in Figure 6-1.

Flood risk estimation involves an assess-
ment of the population and infrastructure
that may be exposed to the flood hazard and
the losses that may be incurred because of

the exposure. The severity of the risks is
directly proportional to the significance of
the impacts of flooding i.e., the consequenc-
es of flooding. Limiting the flood hazards
and reducing the degree of vulnerability to
the flood impacts (such as proneness to
water and velocity damage) may significantly
reduce the consequences of flooding. Better
management of future flood risk is required
to reduce potential losses.

6.2 Flood Hazard to Flood
Risk

Traditionally, floodplain management is
dominated by the hazard-based method. By
adopting structural measures such as em-
bankments, this method aims to protect the
community against the risks due to design
flood (e.g. in case of dams: flood of a par-
ticular magnitude is chosen based on the
gravity of the consequences that may arise
due to the failure of the structure). Here, the
focus is only on the hazard, intending to
exclude the risk by controlling/containing
the flood so that losses due to inundation
are minimised. It is realized that the flood
hazard based approach suffers from ineffi-
ciency due to the following limitations:

e Provision of protection against the
design flood is only effective up to
floods with a certain probability of oc-
currence. So, the residual risks, which
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Figure 6-1: Risk conceptualised
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may lead to unforeseen consequences,
are ignored.

e The structural measures adopted are
fragmented and designed separately,
which fail to provide a holistic ap-
proach needed for managing flood
risks.

e As the consequences of the flood
are left open for interpretation in the
decision-making, the adoption of risk-
reduction measures is based on as-
sumptions rather than testing, which is
not scientific.

Therefore, current management strategies
are more inclined towards the reduction of
the risk through a reduction in vulnera