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Abstract: An important aspect of economic considerations is the routing and safety of hydraulic
storage facilities such as dams for extreme probable water flooding. The routing of dam reservoirs
requires more attention for determining the magnitude of extreme probable flooding. Apparently,
the type of structure, importance, and economic development of the surrounding area guide the
routing criteria for choosing the extreme flood magnitude. The Maithan and Panchet Dams in India
have faced several major floods with diversified magnitudes since 1978. The present study aims
to estimate the storage and routing of extreme probable floodings for these two dams based on
real-time flood data like inflow, outflow, and elevation for the extreme flood years of 1978, 2009, and
2014. Reservoir storages at different elevations are calculated from the initial storage volumes. For
both reservoirs, discharge equations are derived and calculated at given elevations during extreme
floods. The Modified Puls technique is used for routing extreme floods. At the end of each extreme
flood in 1978, 2009, and 2014, the variation in outflow discharges at different elevations and flood
hydrographs is predicted. Finally, estimated outflow discharges are compared with the actual outflow
discharges for the given inflows during extreme floods. Using this approach, extreme floods that
occurred in 1978 are predicted with less than 10% error. Outcomes from this study may help in
the future planning and routing of flood-control detention facilities and in predicting the variation
in outflow discharges at different elevations. Based on this work, alternative studies and regional
drainage planning can also be carried out.

Keywords: extreme flood; reservoir; dam; discharge; storage; routing; ogee spillway; crest height;
Maithan; Panchet

1. Introduction

The technique of determining a flood hydrograph at a section of a river based on data
of extreme flood flow at one or more upstream sections is known as extreme flood routing.
By the process of extreme flood routing, hydraulic engineers can predict the change in
flood behavior when passing through reservoirs and river channels and can also evaluate
the effects of flood modification due to control or protection works, i.e., the installation of a
reservoir or a levee system. When the tributaries discharge different quantities of outflow,
they estimate the outlook of combined floods and solve many other vital problems in the
planning, design, and operation of hydraulic engineering developments. Flood routing
includes the hydrologic analysis of problems such as flood forecasting, flood protection,
reservoir design, and spillway design.

Clark [1] clarified the inherent relationship between the unit hydrograph and the
methods of flood routing by showing how this relationship can be used to derive accurate
unit hydrographs for very short periods of initial runoff, which may accurately reflect the
influence of the shape of the drainage area on the shape of the hydrograph. Chow [2]
proposed a much simpler and more practical procedure of flood routing than previous
routing methods because of their laboriousness and inaccuracies in basic data that do not
fully justify their use in actual practice, whereas the proposed method was employed in
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an engineering office with very satisfactory results. Nash [3] discussed a method of flood
routing when storage is a linear function of weighted inflow and outflow. He developed
modified coefficients for the Muskingum equation that do not depend on the routing
interval. Carter and Godfrey [4] discussed the reservoir-storage method, where storage was
considered as a function of outflow discharge. Overton [5] showed that routing coefficients
vary for each flood-routing trial using the Muskingum technique. Gill [6] applied the
least squares method to determine linear Muskingum equation coefficients. Weinmann
and Laurenson [7] discussed the limits of application for different groups of flood-routing
models. Tung [8] applied both linear and nonlinear Muskingum models as an example of
pronounced nonlinearity between storage and discharge. He found the nonlinear model
to be superior. Becker and Kundzewicz [9] tried to show that multi-linear modeling is a
means to describe nonlinear systems with a set of linear models. Ponce [10] explained
the mathematical relationship to calculate the outflow from the reservoir with known
inflow, initial conditions, reservoir characteristics and operational rules. To obtain detailed
solutions for discharges and stages throughout the reservoir, the principles of mass and
momentum conservation were used. Fenton [11] discussed an alternative form of routing
equation in terms of the reservoir surface elevation having some advantages over the usual
form involving storage volume. Bacchi et al. [12] proposed a calibration method to correlate
flood peaks with volume. Khan [13] also used the Muskingum inflow flood-routing model
to estimate coefficients.

Calver and Lamb [14] evaluated the flood frequencies simulating river flow. Hicks [15]
tested the feasibility of a hydraulic flood-routing model for the River Peace in Canada,
using limited available field data. Guo and Adams [16] derived a mathematical expression
to determine the relationship of storage discharge. Choudhury et al. [17] simulated the
flood flow in River Narmada networks using the Muskingum method. Gou [18] attempted
to route the storage outflow curve using an inflow hydrograph. Blazkov and Beven [19]
estimated flood frequency for a dam site to evaluate the overall behavioral models using
a cumulative distribution of flood peaks for assessing the risk of a potential flood peak.
Tewolde and Smithers [20], for flood routing, utilized the Muskingum Cunge method to
estimate the stages or rates of flow along ungauged river reaches. Samani and Heydari [21]
described a routing flow model through successive rock-fill dams considering the storage
among them and their effects on each other. Sivapragasam et al. [22] demonstrated that
the storage discharge relationship adopted for the non-linear Muskingum model is not
adequate for routing flood hydrographs in natural channels, which are often characterized
by multiple peaks. Singh and Durgunoglu [23] developed a new method to estimate
future reservoir storage capacities by allowing sediment deposition and compaction; a
reservoir sediment survey was conducted for 117 reservoirs over 60 years by the Illinois
State Provincial Research Service, and the regional constant K was determined.

Requena et al. [24] considered different reservoir volumes and spillway lengths to
investigate the influence of the dam and reservoir characteristics on the routing results.
They showed that their methodology improves the design of flood hydrograph estimation
and can be applied to assess the risk of dam overtopping. Tarpanelli et al. [25] described
a methodology to estimate the discharge along rivers and proposed even poorly gauged
ones, taking water level measurements derived from satellite altimetry. They proposed
a method to estimate the flow conditions in a section of a river using only the water
level at that location and monitoring the discharges in other upstream sections. Kim and
Georgakakoset [26] showed that hydrologic routing functions indeed exhibit different
mathematical forms in different areas of their active boundaries. Hossain [27] discussed
that flood routing is a technique used to determine the flood hydrograph at a section of
a river by using the flood flow data in one or more upstream sections. The hydrologic
analysis of problems such as flood forecasting, flood protection, reservoir design, and
spillway design invariably includes flood routing.

Bharali [28] used the flow data of the Dibang River watershed for various years to
estimate the reservoir capacity. He used the residual mass curve to determine the storage
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capacity of the reservoir. Gioia [29] investigated the routing effect provided by an artificial
reservoir to a double-peak flood with a certain return period. He presented a dimensionless
model of the reservoir balance equation, which explains possible hydrologic hydraulic
processes that may occur and allows for the estimation of reservoir-routing coefficients.

Zhu and Chen [30] investigated the hydrological uncertainty of NASH model pa-
rameters using ideal data used for Yanduhe catchment precipitation in China. They
demonstrated the relationship between parameters k (storage discharge parameter of
reservoirs) and n (regulation and storage capacity of that basin) of the NASH model.
Balistrocchi et al. [31] discussed flood control reservoirs, which are widely recognized as
effective structures for mitigating flood risk in natural watersheds. Husain [32] described
the methodology for designing flood estimations and routing the flood for overflow gravity
structures for the Kol Dam in Himachal Pradesh and Kakkadavu Dam in Kerala.

Pandey et al. [33] determined the parameters of the Muskingum method and compared
the estimated results using graphical, least-square, and regression analysis approaches.
Sane et al. [34] routed floods for the upstream Manantali Dam in Africa for the period
1961-2013 using linear Muskingum parameterization. They used the least-squares method
and RMSE (root-mean-square error) to estimate the parameters. Husain [32] used the
Modified Puls technique to route flood discharges through the Kol Dam in Himachal
Pradesh and Kakkadavu Dam in Kerala for the period 1966 to 1994. Gutenson et al. [35]
varied empirical coefficients for both reservoir-routing methods as part of a sensitivity
analysis. Badanapuri [36] suggested that in the design of the dam project, where the safety
of downstream residents is very important, the spillway should be designed for extreme
floods. Many types of spillways can be considered concerning cost, topographic conditions,
dam height, foundation geology, and hydrology.

The above works of literature confirm that several studies have been conducted to
route extreme floods in reservoirs using linear and non-linear techniques, especially using
the Muskingum approach. Few researchers pointed out the drawbacks and limitations of
using the Muskingum model. Now, we will outline the research addressing how much
flood-routing work has been conducted in the Damodar Valley Corporation (DVC) area
in India.

Roy et al. [37] and Jana et al. [38,39] explained the performance of the DVC reservoir
system in meeting the various demands in the basin and sought to derive guide curves.
Chaudhuri [40] compared the development of the Damodar River Valley in India to the
development of the Tennessee River Valley in the United States. Later, Chaudhuri [41]
discussed the Maithan (or Maithon) Reservoir’s life based on past reservoir sedimentation
trends and downstream demands for which the reservoir was built, where increased
or projected demands were not considered. He observed declining reservoir storage,
including the rise of reservoir bed levels in different projected years. He also observed
that the sediment is filling the reservoir much faster than the designed life. Mani and
Chakravorty [42] modeled the dam-break flooding of Panchet and Maithan under extreme
probable flood conditions. They computed the maximum discharge, maximum stage,
maximum flow velocity, and the flood’s time of occurrence.

Bhattacharya [43] conducted a comprehensive evaluation of Damodar’s lower reaches,
where the inhabitants know about their land use in terms of flood events based on their
knowledge of river stages, by applying the concept of flood zoning to the river bed. Chaud-
huri [44] studied the performance of the Maithan Reservoir by evaluating different reservoir
storage zones and reservoir operational parameters for the Maithan and Panchet Dams.
Later, Chaudhuri and Banerjee [45] discussed reservoir sedimentation based on the reser-
voir’s active storage capacity, outlet sill elevation, and back-water conditions for the Panchet
Reservoir. Sanyal et al. [46] routed high-magnitude floods by utilizing SRTM DEM (the
Shuttle Radar Topography Mission Digital Elevation Model) and available topographical
maps of the lower Damodar River but highlighted the uncertainty in model outputs.

Ghosh and Mistri [47] analyzed the capability and drawbacks of the DVC flood-
controlling system with the help of quantitative measures to regulate the flood flow and
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emerging problems of flood risk in the lower Damodar River. Mukherjee et al. [48] studied
the future storage capability of the Maithan Reservoir using surveyed capacity elevation
data for 1956, 1965, 1971, 1979, 1987, 1994, 2002, and 2010. They presented a graphical
relation for storage loss at different stages such as dead storage, live storage, flood storage
level, and overall capacity loss. Chatterjee et al. [49] estimated that the projected flow for
the future period of 2014-2025, over the corresponding baseline flow, increased in January
and June and decreased in July and August for all sub-basins of Damodar River.

Biswas [50] calculated the recurrence interval through flood frequency analysis in the
pre-dam period from 1934 to 1957 and the post-dam period from 1958 to 2007 wherein the
post-dam period annual streamflow was reduced, and also, the discharge of the Damodar
River was reduced in different recurrence interval years from 5 to 50 years. He discussed
that the high magnitude of flood in the extreme flow season can be reduced by flood
moderation and that DVC dams can reduce the high magnitude of the flood, which leads
to an increase in the frequency of low-level floods. The IMD (India Meteorological Depart-
ment) [51] modeled storms and floods for each sub-catchment of the Maithan Dam using
the Hydrological Modeling System HEC-HMS software and assessed the extreme probable
flood value. The IMD advised collecting project-specific short-term concurrent observed
discharge and rainfall data for a few flood events for the derivation of the catchment
response function. They modified the design flood study using one day and two days areal
extreme probable flood and adopted a storm duration of 48 h. They adopted the value
of 0.2 for the Muskingum routing parameter x. Islam and Sarkar [52] studied the nature
of flood frequency for the Mayurakshi River Basin using the extreme value method of
Gumbel and Log-Pearson type III (LP-III), with the results showing that for Tilpara barrage,
the flood magnitude was the highest during 1957-2009 with return probability of 1.85%,
and it was the lowest during 1956-1977 by the Bakreshwar weir with a return probability
of 4.55%.

From the above literature study, it is clear that a number of studies have been con-
ducted to route extreme floods in the reservoir using the Muskingum method specifically
(which is a channel routing method), but hardly any research has been conducted to route ex-
treme floods using the Modified Puls technique, which is a reservoir-routing method. Also,
routing the extreme floods for Panchet and Maithan Reservoirs has not been performed be-
fore. Therefore, the main objective of the present study is to observe the characteristics and
effect of the extreme floods entering the reservoirs and to predict the variation in outflow
discharges at different elevations and flood hydrographs at the end of three extreme floods
that occurred in the years 1978, 2009, and 2014. The extreme flood data of the Maithan
and Panchet Reservoirs for the years 1978 (26 September 1978 to 30 September 1978), 2009
(5 September 2009 to 11 September 2009), and 2014 (14 August 2014 to 20 August 2014) are
used for this purpose.

This study was carried out in the following parts—(a) to predict the storages at various
given levels during the floods from the initial storage volume of both reservoirs; (b) to
estimate discharges at given elevations during the floods by the discharge equations derived
for both the reservoirs; and (c) to route the floods through the reservoirs using the Modified
Puls technique and to obtain the outflow discharges at various elevations during the flood.

2. Study Area

Above the mean sea level at about 609.57 m, the Damodar rises in the Palamu Hills
of Chhotanagpur in Jharkhand. About 50 km below Kolkata, it joins the River Hoogly
after flowing generally in a south-easterly direction for 540 km. At the upstream of the
Jharkhand-West Bengal border, its principal tributary, the Barakar, joins. It abruptly changes
its course below Durgapur in West Bengal and then is divided into two channels—(i) the
Damodar channel, which is known as the Amta channel, and (ii) the Kanka—-Mundeshwari
channel. The main channel ultimately joins the Bay of Bengal after meeting the Hoogly
River. The total catchment area of the river is about 22,000 km?, which includes 19,000 km?
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in upland and 3000 km? in deltaic plains. It is irregular in shape and in the lower reach
somewhere elongated.

The Maithan and the Panchet Dam projects were built across the Barakar and Damodar
Rivers, respectively, in the Dhanbad district of Jharkhand state in India (Figure 1). The
catchment area of the Barakar River is 6392 km? up to the dam site. The Maithan Dam site
is 6293 km?, and the catchment area of the Damodar River up to the Panchet Dam site is
10,966 km?. Both the dams are of earthen and concrete types. The overall length of the
Maithan Dam is 4427 m, whereas the length of the Panchet Dam is 6777 m.
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Figure 1. Location map of Damodar catchment showing Panchet and Maithan Reservoirs.

The part of the Ganges River basin in the states of Jharkhand and West Bengal in India
spreads over an area of 23,370.98 km?, and the Damodar River Basin (DRB) is a sub-basin.
In between 22°15' to 24°30" N latitude and 84°30’ to 88°15’ E longitude, the geographical
extremity lies. By a flat alluvial plain in the southeast and eastward towards the Bay of
Bengal, the Damodar River flows over a plateau in its upper reaches. Over five districts of
West Bengal, including Purulia, Bankura, Burdwan, Hooghly, and Howrah, and six districts
of Jharkhand, including Palamau, Hazaribagh, Giridih, Dhanbad, and Santhal Pargana, the
river basin traverses conjointly.

Over the valley, the range of annual rainfall is 1000 mm-1800 mm. The annual rainfall
of the upper and the middle parts of the Damodar basin is 1209 mm and 1329 mm for
the lower valley. The escarpment rainfall increases to over 1500 mm per year above the
main plateau. In the basin, the mean annual rainfall is 1300 mm. During the summer
monsoon, about 80% of rain precipitates. The annual inflow into the four reservoirs at
Maithan, Panchet, Konar, and Tilaya was as low as 0.0019 x 10® m3 in the years 19661967,
which was the poorest on record. With a peak flow of 18,405.95 cumec (650,000 cusec), the
extreme flood was recorded in the pre-dam period from 6 to 12 August 1913. In September
1978, with a peak flow of 21,900 cumec, the worst flood was recorded in the valley.
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3. Database and Methodology

This study improves the prediction of changes in reservoir storage and discharge with
elevation, reservoir inflow, and reservoir outflow with time and elevation, which is the
attenuation and change in flood waves through the reservoir. Reservoir structures, such as
dams, require more consideration of flood conditions in their routing. This study proposes
a methodology for extreme flood estimation and extreme flood identification for two dams
that may help in flood risk management.

The flood data of 26 September 1978-30 September 1978, 5 September 2009-11 Septem-
ber 2009, and 14 August 201420 August 2014 of the Maithan and Panchet Dams were
collected on three-hourly basis from the DVC office in Maithan. The capacity, with elevation
data for the years 1978 and 2009, of Maithan Dam, and for the years 1978, 2009, and 2014 of
Panchet Dam, were collected from the DVC office in Maithan. Initial storage levels with
respect to the given levels in the flood data of 2009 and 2014 of the Maithan and Panchet
Reservoirs were collected from the DVC office in Maithan. Type of spillway, spillway crest
length (gross), spillway crest elevation, maximum head on the crest, types of gates, number
of piers, number of gates, type of pier, types of abutments, and maximum head on the
crest were collected from the reservoir characteristics data of both Maithan and Panchet
Reservoirs, DVC.

The storage levels with respect to the given levels were calculated from the initial
storage levels in the given flood data of 2009 and 2014 of the Maithan and Panchet Reser-
voirs. The initial storage levels of 1978 with respect to the given levels for both the Maithan
and Panchet Dams were considered in terms of capacity, with elevation data. The project
spillway is the most important structure for a dam. The spillway releases excess or flood
water in a controlled or uncontrolled manner to ensure the safety of the dam. Both the
Maithan and Panchet Reservoirs have gated ogee spillways (Figure 2).

Hq

Upstream Total Energy Line

Q ——

Upstream Water Level

A ——————ep— S~

Figure 2. Profile of a gated ogee spillway.
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Here, H or H. is the total head, including the velocity head (H;); P is the height
of the spillway crest measured from the river bed; and Hy is the required design head.
Discharge over the spillway is estimated from the basic Equation (1) as per clause 4.2.1 of
IS 6934-1998 [53].

Q=2 acrH 1)

where H = head of the overflow, C = non-dimensional discharge coefficient, and L" = net
length of overflow crest = (2/3)(2¢)*°C = Cq as per clause 4.2.2 of IS 6934-1998 [53].

The coefficient of the discharge, C4 depends on (i) the shape of the crest, (ii) the depth
of overflow in relation to the design head, (iii) the depth of approach, (iv) the extent of
submergence due to tailwater, and (v) the inclination of the upstream face. The value of C;
varies between 1.8 and 2.21 in the SI unit system. The discharge Equation (1) can be written
as Equation (2).

Q = CyL'H? )

Here, the Modified Puls technique has been used for routing of extreme floods attenu-
ated in the Maithan and Panchet Reservoirs. The continuity Equation (3) has been used
as the primary equation in all hydrological routing states that the inflow I and outflow Q
difference is equal to the temporal rate of change of storage [54].

1—g=9% )

dt
where I = reservoir inflow rate, Q = reservoir outflow rate, and S = reservoir storage. In
a small time interval At, in a reach, the difference between the total inflow and outflow
volume is equal to the change in storage (Equation (4)).

IAt — QAt = AS (4)

where I = average reservoir inflow in time At, Q = average reservoir outflow in time At,
and AS = change in reservoir storage.

Considering I = (I, + I)/2, Q = (Q1 + Q2)/2, and AS = S, — Sy, Equation (4) can
be written as Equation (5).

(112“2>At— (Ql;QZ)At — 5 -5 (5)

Subsequently, Equation (4) can be rearranged as Equation (6).

L+ A A
<1J2“2>At+ <Sl - le t> = <52+ sz t) (6)

In Equation (6), all terms on the left-hand side are known at the beginning of a time
step At.

Reservoir routing using the Modified Puls technique has been carried out in the
following parts:

O  From the storage-elevation and discharge-elevation data, (S + QAt/2) versus elevation
and discharge versus elevation curves are prepared.

O  The storage, elevation, and discharge at the start of routing are known, and
(S — QAt/2) is determined.

O  Starting from this value of (S — QA¢t/2) and from Equation (6), the term (S + QAt/2)
is determined at the end of the first time step At.

O  From the discharge versus elevation and (S + QAt/2) versus elevation curves, water-
surface elevation corresponding to (S + QAt/2) and outflow discharges are determined.

O  Deducting QAt from (S + QAt/2) of the previous step gives (S — QAt/2) for the
beginning of the next time step.
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O The procedure is repeated until the entire outflow hydrograph is routed.

The peak or extreme elevation (Hp), storage (S + QAt/2),, discharge (Qp), inflow (Ip)
and time (Tp) attained in the routing are determined. Based on the available data for the
Maithan and Panchet Dams, elevation, storage, discharge, inflow, and time are taken as
variables with respect to their extreme values to form the non-dimensional values.

4. Results and Discussion

This section includes the storage calculation, determining the discharge equations
based on the reservoir characteristics of two dams, and lastly, the reservoirs’ routing using
the Modified Puls technique. Characteristics of extreme floods that occurred in 1978, 2009,
and 2014 for Maithan and Panchet Reservoirs are comparatively observed between all
such parameters.

4.1. Storage Calculation

For the extreme flood of Maithan during 5-11 September 2009, the storage volume
after six hours of extreme flood (Sg) is found to be 435 x 10® m3 using At equal to three
hours, as obtained from flood data for Maithan. Using Equation (7), the calculated storage
volume after nine hours (Sg) is found to be 436.14 x 10° m3, where Iy and Og denote
reservoir inflow and outflow at the ninth hour, respectively.

Sg = S¢ + (Ig — Og) At (7)

For both the Maithan and Panchet Reservoirs, the same calculation was repeated with
the different storage times until the 2009 and 2014 floods ended. For both the reservoirs,
the initial storage volumes (S) at the beginning of the 1978 flood were not obtained from
the flood data. However, for the years 1978, 2009, and 2014, the capacity change with
elevation data are obtained for both the Maithan Reservoir and Panchet Reservoir. For both
reservoirs, the initial storages at the beginning of the 1978 flood are calculated from the
given data by applying the extrapolation method.

4.2. Determine Discharge Equations Based on Reservoir Characteristics

The coefficient of the discharge (C;) depends upon the height of the ogee weir (P)
to the design head over the weir (Hg). In general, the design head (Hy) is kept as 80 to
90 percent of the maximum head, as per clause 4.4 of IS 6934-1998 [53]. Here, we have
chosen it as 85, which is the average of 80 and 90. If the height of the weir is more than
1.33 times the design head, the approach velocity has been found to have a negligible effect
upon discharge, and as such, Hyq becomes equal to He, or He/Hq = 0.10. In such a case, the
C4 is taken as 2.2 in S.I units [36]. As the value of C4 generally varies from 1.80 to 2.21 for
S.I units, as per clause 4.2.2 of IS 6934-1998 [53], and since the inclination of the upstream
face is vertical in the reservoir characteristic data, the maximum value of the C; is taken
as 2.21 from the graph of C; versus P/H4, as shown in the figure for the C; varying with
the Hy, as per clause 4.2.4 of IS 6934-1998 [53]. Here, the height of the spillway crest is
measured from the river bed (P), which is equal to the spillway crest level (Figure 2).

Maithan Dam has 12 numbers of bays, each having a 12.19 m (40 ft) width. The net
crest length L’ is 146.30 m. Spillways are of a concrete gravity ogee type. Spillway crest
length (gross) and elevation are 188.37 m (618 ft) and 140.21 m (460 ft), respectively. A total
of 12 radial gates and 11 pointed nose piers are located across this dam. Square abutments
at 90° to the direction of flow are found. From the reservoir characteristics data of Maithan
Dam, the maximum head on the crest (Hpax) is found 12.19 m. Therefore, Hg is taken 85% of
Hpax, which is equal to 0.85 x 12.19 = 10.36 m. Hence, P/H4 is 140.21/10.36 = 13.53, which
is much higher than 1.33. From discharge Equation (2), we determine Q = 323.33 x H3/2
for the Maithan Reservoir.

Similarly, Panchet Dam has 15 numbers of bays, each having a width of 12.19 m. Net
crest length = L’ = 182.88 m. Here also, the type of spillway is concrete gravity ogee. The
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spillway crest length (gross) is 233.23 m (765 ft) and the spillway crest elevation is 123.40 m
(405 ft). The maximum water level (MWL) is 135.63 m (445 ft). The maximum head on
the crest is 12.19 m. It has 15 radial gates and 14 pointed nose piers. Abutments are of a
square shape and positioned at 90° to the flow direction. From the reservoir characteristics
data of Panchet Dam, the maximum head on the crest (Hmax) is identified as equal to
12.19 m. Therefore, H; = 85% of Hmax = 0.85 x 12.19 = 10.3615 m (as per clause 4.4 of IS
6934-1998 [53]). Hence, P/Hy = 123.40/10.36 = 11.0947 > 1.33. From the discharge Equation
(2), the outflow equation for the Panchet Reservoir can be written as Q = 404.16 X H3/2,

4.3. Reservoir Routing by Modified Puls Technique

At the start of extreme flood routing, the initial storage and outflow discharges are
known. All the terms on the left-hand side in Equation (5) are the initialization of the At
time step. Here, At is selected as 3 h (=0.01 x 10° s) because the data availability is found
at least 3-hour intervals. Here, S represents reservoir storage and Q represents outflow
from the reservoirs. From the available data, a table presenting elevation, discharge, and
(S + QAt/2) is prepared. Graphs of Q versus elevation and (S + QAt/2) versus elevation
are prepared simultaneously.

During the 1978 extreme flood, an elevation of 146.014 m is found at the start of the
routing of the extreme flood in Maithan. From the derived discharge equation of Maithan
Dam, Q = 4521.56 m>/s and (S — QAt/2) = 467.11 x 10° m3 are obtained. Now, starting
from this value of (S — QAt/2), Equation (6) is used to obtain (S + QAt/2) at the end of the
first time step of three hours as 468.57 x 10 m3. From the elevation versus (S + QAt/2)
curve, water-surface elevation corresponding to (S + QAt/2) = 468.57 x 10° m3 is estimated
as 145.50 m, and the corresponding outflow discharge Q is estimated as 3556.87 m3/s. In
the next step, the initial value of (S — QAt/2) can be expressed as (S + QAt/2) + QAt, which
becomes equal to 430.16 m3/s.

This process is repeated in a tabular form for the total duration of the extreme flood. In
columns, by using the data such as time (h), elevation (m), and discharge Q (m?/s) from the
outflow discharge table, the outflow hydrograph and the variation in reservoir elevation
versus time are prepared. In such a manner, the extreme floods that occurred in 1978, 2009,
and 2014 in Maithan and Panchet Reservoirs were routed.

For Maithan, during the 1978 flood, the storage versus elevation curve is steep because
the reservoir storage is found to be increasing gradually with the increase in reservoir ele-
vation (Figure 3). During the extreme flood of 2009 in Maithan, the storage versus elevation
curve becomes steeper at the beginning with the corresponding increase in reservoir stor-
age, with a corresponding increase in reservoir elevation. However, it eventually decreases
at the end due to the decrease in reservoir elevation corresponding to the reservoir storage.
During the 2014 extreme flood, the reservoir storage first increased slightly with a slight
increase in elevation. Then, it increases gradually with the gradual increase in elevation
and becomes nearly flat at certain elevations.

It slightly increases again at higher elevations and ultimately decreases at the end as
the storage decreases, with a corresponding decrease in elevations. Storage reaches the
highest value corresponding to the highest elevation during the 2009 extreme flood, in
comparison with the 1978 and 2014 extreme floods in the Maithan Reservoir.

For Panchet Reservoir, during the 1978 extreme flood, the storage versus elevation
curve is found to be steeper because reservoir storage gradually increases with the increase
in reservoir elevation (Figure 4). Also, during the 2009 extreme flood, the storage versus
elevation curve becomes steep due to the increase in reservoir storage with a corresponding
increase in reservoir elevation. During the 2014 extreme flood, the reservoir storage
increases in the beginning with the increase in elevation. Then, it becomes flat at certain
elevations and again slightly increases at higher elevations. It decreases as the storage
decreases with the corresponding decrease in elevations. Again, it becomes flat and
ultimately decreases with the corresponding reservoir elevation. Storage reaches the peak
value (S + QAt/2), during the 1978 extreme flood that occurred in Panchet Reservoir.



Water 2024, 16, 663

10 of 17

—8—1978 Maithan 2009 Maithan —e—2014 Maithan
1.00 -
099 +
T 098
T .
T 097 T
z .
— 1
0.96 +
0.9 +—+—r—+——+r—+—r—tr—r—r—r—+r—r—r—r—+r—r—r—r+trrrrtrrrrtrrr
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
(S+QAH2)/(S+QA2),,

Figure 3. Non-dimensional variation in reservoir storage with elevation or level of Maithan Dam.
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Figure 4. Non-dimensional variation in reservoir storage with elevation or level of Panchet Dam.

For the Maithan Reservoir, during the 1978 extreme flood, the discharge versus eleva-
tion curve is found to be steep because discharge increases gradually with the increase in
reservoir elevation (Figure 5). Correspondingly, during the 2009 flood, the discharge versus
elevation curve becomes steeper as the discharge increases with a corresponding increase
in reservoir elevation. In the 2014 extreme flood, the discharge increases gradually with the
increase in elevation. Peak discharge (Qp) reaches the highest elevation (Hp) during the
2009 extreme flood in the Maithan Reservoir.

For Panchet Reservoir, during the 1978 extreme flood, the discharge versus elevation
curve is observed as steeper because with the increase in reservoir elevation, discharge
increases gradually. Also, during the 2009 extreme flood, the discharge versus elevation
curve becomes steep as the discharge increases, with a corresponding increase in reser-
voir elevation. In 2014 extreme flood, discharge gradually increases with the increase in
elevation. Higher discharge is observed at the corresponding elevation during the 1978
extreme flood, as compared to the 2009 and 2014 extreme floods in Panchet Reservoir.
Non-dimensional plots for all three years collapse nearly into the same curve (Figure 6),
confirming a similar pattern of flood increase.
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Figure 5. Non-dimensional variation in reservoir discharge with elevation of Maithan Dam.
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Figure 6. Non-dimensional variation in reservoir discharge with elevation of Panchet Dam.

For the Maithan Reservoir, during the 1978 extreme flood at the beginning, the eleva-
tion is found to decrease with increasing time. Again, it increases with time, attaining its
higher value, and then decreases with time at the end (Figure 7). During the 2009 extreme
flood, the elevation also decreases at the beginning with time then again increases over
time and decreases at the end. During the 2014 extreme flood, elevation abruptly decreases
with time.

During the 1978 extreme flood in Panchet Reservoir, elevation increases with time at
the beginning. It reaches its high value and then decreases with time at the end (Figure 8).
During the 2009 extreme flood, elevation decreases with time at the beginning. Again,
it increases with time and reaches a higher value. Finally, it decreases at the end. At
the beginning of the 2014 extreme flood, elevation slightly increases with time and then
decreases with a flat slope, since elevations do not change much with respect to the variation
in time.



Water 2024, 16, 663

12 of 17

—e— 1978 Maithan 2009 Maithan 2014 Maithan
0.98
0.97 +
T ]
T 096 T R\\““f’.““‘u‘
[ ]
o 095 +
—
094 1
0.93-""I"llIllllIllllIllllIllllllllllllllllllllllll
00 01 02 03 04 05 06 07 08 09 10
Time (t/T)

Figure 7. Non-dimensional variation in reservoir elevation with time of Maithan Dam.
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Figure 8. Non-dimensional variation in reservoir elevation with time of Panchet Dam.

For the Maithan Reservoir during the 1978 extreme flood, outflow decreases at the
beginning with increasing time. It increases again with time, attaining its high value, and
finally decreases with time at the end (Figure 9). During the 2009 extreme flood, outflow
also decreases with time in the beginning. The outflow increases again with time, reaching
a higher value, and then decreases at the end of the flood. During the 2014 extreme flood,
outflow slightly increases with increasing time at the beginning and then abruptly decreases
with increasing time.

During the 1978 extreme flood in the Maithan Reservoir, at the beginning, the inflow
curve is found slightly flat as the values of inflow do not change much with respect to time.
Then, this curve becomes steep as the inflow gradually increases with the increase in time.
Finally, it reaches its high value (Figure 10). Again, it decreases abruptly with time and
becomes almost flat at the end. During the 2009 extreme flood, the inflow curve is found
to be flat at the beginning; then, it becomes steep as inflow increases with time. It again
starts decreasing for a short period of time. Then, it becomes steep as the inflow increases
and falls as it decreases with time. Finally, it reaches the peak inflow (I},). In the end, it
decreases with respect to time. During the 2014 extreme flood, the inflow curve is found to
be flat with respect to time as the inflow does not change with the variation in time.
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Figure 9. Non-dimensional variation in reservoir outflow with time of Maithan Dam.
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Figure 10. Non-dimensional variation in reservoir inflow with time of Maithan Dam.

For Panchet Reservoir during the 1978 extreme flood, outflow slightly decreases at
the beginning with time. Again, it gradually increases with time. After reaching its higher
value, it finally decreases with time at the end (Figure 11). During the 2009 extreme flood,
outflow also decreases with time at the beginning. After that, the outflow increases with
time reaching a high value and finally decreasing at the end. During the 2014 extreme flood,
outflow slightly increases with increasing time at the beginning and then decreases with
increasing time.

In the Panchet Reservoir, during the 1978 extreme flood, inflow increases with time
at the beginning; then, the curve becomes steep as the inflow gradually increases with
the increase in time. The inflow then reaches its higher value (Figure 12). Ultimately, it
decreases with time at the end. During the 2009 extreme flood, the inflow curve is observed
to be flat at the beginning; then, the inflow starts increasing in time increments. The inflow
then reaches a high value, and again, it decreases at the end. During the 2014 extreme flood,
the inflow curve is found to be flat with respect to time, like in the case of the 2009 curve,
as the inflow was not found to change with the increase in time.



Water 2024, 16, 663

14 of 17

05 —8— 1978 Panchet 2009 Panchet 2014 Panchet
04 +
N
203}
o} ]
2 ]
2 02
5 ]
o ] ?
01 T g8vSd
0.0244'.}.:....:....:-...:....
0.0 0.2 0.4 0.6 0.8 1.0
Time (¢/T)

Figure 11. Non-dimensional variation in reservoir outflow with time of Panchet Dam.
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Figure 12. Non-dimensional variation in reservoir inflow with time of Panchet Dam.

It can be noted that the reservoir sediments change the reservoir bed annually during
each monsoon season, and there is a gap of 36 years between historical high flood events.
Because of these sediments, the amount of water in the reservoir can vary significantly
during this period and into the future. Therefore, the height of sediment deposited in
Maithan Reservoir needs to be estimated for the years 2009 and 2014 based on the elevation
and declined capacity curves given in [41,55]. However, there is no such curve in the
literature for Panchet Reservoir. The revised universal soil-loss equation and satellite
remote sensing can be used to empirically estimate the height of such sediments. However,
this will be an average or approximate value. In the actual situation, during the extreme
floods of 1978, 2009, and 2014, the height of the deposited sediment may be considerably
different from the graphic or empirical estimates above. Therefore, a more detailed study
and analysis re needed for extreme floods, taking into account the annual changes of the
reservoir bed.

Current research only focuses on changes in reservoir levels, incoming flow, storage
capacity, and discharge during extreme floods in 1978, 2009, and 2014. Reservoir discharge
can vary due to human or automatic control by means of valves or spillway gates. Outflows
from both the Maithan and Panchet Reservoirs are controlled by the ogee spillway with



Water 2024, 16, 663

15 of 17

radial gates. In the case of reservoir routing, storage is a unique function of outflow
discharge, but when the channel is routed, the storage becomes a function of both outflow
and inflow discharges. When inflow and outflow discharges are available, work may be
extended to route channels.

After routing, the estimated outflow is found to be 7.02% more than the actual outflow
at the end of the 120 h flood in Maithan Reservoir in 1978. In the case of 146 h of flood
in 2009, the estimated outflow is estimated to be 22.26% more than the actual outflow.
However, in the 2014 extreme flood with a 154 h duration, the estimated outflow is found
to be 59.78% more than the actual outflow. Simultaneously, after routing the three extreme
floods into the Panchet Reservoir, actual and estimated outflows are compared. For the
120 h flood in 1978 in Panchet, the estimated outflow is found to be 0.53% less than the
actual outflow. However, during the 2009 flood that occurred for 147 h, the estimated
outflow is estimated to be 31.63% more than the actual outflow. However, for the 156 h
of flooding in 2014 in Panchet, the estimated outflow is found to be 55.97% more than
the actual outflow. These percentages show how alarming the rate of increase in extreme
floods is. Reservoir flow prediction is very important for extreme flood control. In areas
with poor rainfall records, lateral flow, which is difficult to predict during extreme floods,
has a significant effect on water flow. This could be a possible reason for the significant
difference between the calculated and actual flow rates. Therefore, if all the data required
for the estimation of extreme floods are available, the estimated extreme outflow can be
closer to the actual extreme outflow. The estimated extreme outflow variation within 20%
of the actual extreme outflow is acceptable.

5. Conclusions

With the help of the Modified Puls reservoir-routing technique, here, the peak dis-
charges and flood hydrograph patterns for three different extreme flood conditions are
determined, which can help in flood forecasting. The location and the sizing capacity of
the reservoirs can also be estimated using the reservoir-routing method. By knowing the
volume-elevation characteristics of the reservoir, the variations in reservoir elevations and
outflow discharges over time can be predicted. Using the outflow-elevation relationship
for the spillways and also observing how the other outlet structures of the reservoir affect
the flood wave entering the reservoir, this can be predicted. This is all demonstrated in
this paper. Therefore, the flood hydrographs at the end of three extreme flood events
in 1978, 2009, and 2014, which occurred at Maithan and Panchet Dams, are predicted.
Non-dimensional variations of different parameters with respect to their extreme values
are analyzed to show the nature of the flood wave for these three different flood events.
Using this approach, the extreme floods of 1978 are predicted with an error of less than
10%. At the same time, it was found that the extreme flood prediction for 2009 and 2014
deviated from the actual extreme floods by more than 20%. These flood wave observations
for different flood events are necessary for the estimation of future water levels and inflow
in the reservoirs or flood forecasting. This involves making predictions for future extreme
floods and enabling us to prepare for an extreme flood event.
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