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ABSTRACT 

The canals are designed to transport water to meet irrigation and other water demands or to divert water from surplus 
basins to deficient basins to meet the ever increasing water demands. Though the positives of canal network are increase 
in agricultural output and improvement in quality of life, the negatives of canal introduction and irrigation, along its 
route, are inherent problems of water logging and salinity due to seepage from canals and the irrigation, when not man-
aged properly. To plan strategies to prevent waterlogging and salinity, it is necessary to predict, in advance, the prob-
able area which would be affected due to seepage. This paper presents a methodology to predict the area prone to water 
logging due to seepage from canal by using 2D seepage solutions to 3D field problem. The available analytical solu-
tions for seepage from canals founded on pervious medium and asymmetrically placed drains, have been utilized. The 
area, prone to waterlogging, has been mapped using GIS. 
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1. Introduction 

Growing need of food and fibre for increasing population 
needs more agricultural land to be irrigated, necessitating 
the transportation of water through canals from the res- 
ervoirs, wherever possible. In India there is a large varia- 
tion in the rainfall in both time and space leading to sce- 
nario of droughts and floods simultaneously. To over- 
come this challenge of droughts and floods and to pro- 
vide water to the water deficient regions, the Government 
of India has muted river interlinking project. The Parbati 
Kalisindh Chambal river interlinking is a part of penin- 
sular river interlinking project. The surplus water of Par- 
bati and Kalisindh basins is to be diverted to meet the 
demand in upper Chambal basin [1-4]. The construction 
of this link would surely benefit the recipients of addi- 
tional water but the problems of water logging and salin- 
ity due to seepage from canals and irrigation need con- 
sideration for planning preventive measures. In the north- 
west part of Rajasthan state, canal irrigation was intro- 
duced after commissioning Indira Gandhi NaharPariyo- 
jna (IGNP) to irrigate nearly 2.2 million ha of arid land. 
It has increased the food production but it also introduced 
waterlogging and secondary salinization problems [5,6]. 
The size of the waterlogged area in the year 1998 was 
17,220 ha in stage I of the project and 800 ha in stage II  

of the IGNP project [7]. The major reasons for water 
logging and salinization in this area are indiscriminate 
use of irrigation water, canal seepage, sandy texture and 
absence of natural surface drainage [8]. The same factors 
have led to rise in water table in the north-west region of 
Haryana, India and water logging problems. About 500,000 
ha area is waterlogged and unproductive [9,10]. It is es- 
timated that in India nearly 8.4 million ha is affected by 
soil salinity and alkalinity, of which about 5.5 million ha 
is also waterlogged [11]. In the states of Bihar, Gujarat, 
Madhya Pradesh, Jammu & Kashmir, Karnataka, Kerala, 
Maharashtra, Odisha and Uttar Pradesh 117.808 thou- 
sand hectare waterlogged area has been approved for re- 
clamation under command area development program by 
Ministry of Water Resources [12]. The total waterlog- 
ged area in canal command in India, in the year 1996, 
was around 2.189 million ha [13]. More than 33% of the 
world’s irrigated land is affected by secondary saliniza- 
tion and/or waterlogging [14]. These statistics clearly show 
the need to manage canal seepage and irrigation to re- 
duce water logging and secondary salinization. 

Canal linings are used to reduce seepage. Yao et al. 
[15] studied the effect of canal lining and multilayered 
soil system on canal seepage and found that the combi- 
nation of canal lining and a low-permeability layer below  
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the canal is effective in reducing seepage. Though perfect 
canal lining can prevent seepage loss, but cracks can de- 
velop in the lining, and the performance of the canal lin- 
ing deteriorates with time [16]. Wachyan and Ruston [17] 
studied several canals and concluded that significant see- 
page losses occur even in a well maintained canal with 
good lining. 

Seepage from canals can be calculated by physical, 
empirical and mathematical (analytical and numerical) 
techniques [18-21]. Empirical formulae and graphical so- 
lutions are generally used to estimate seepage losses from 
proposed canals whereas the direct measurements such as 
inflow-outflow method, ponding method, seepage meter 
method are used to evaluate seepage from existing canals 
[22,23]. Various empirical formulae for estimating seep- 
age are discussed by Bakri and Awad [24]. The seepage 
losses from irrigation canals with different lining materi- 
als, subsurface flow and subsurface storage along the ca- 
nal, channel longitudinal slope, have been estimated by 
different researchers using direct measurements or elec- 
trical resistivity [25-28]. Analytical and electrical anal- 
ogy solutions of seepage problems related to irrigation 
canals have been presented by many authors. Zhukovsky 
was the first to introduce the method for solution of pro- 
blems involving unconfined seepage using a function 
which is now well known as Zhukovsky’s function. Ve- 
dernikov gave an exact mathematical solution to uncon- 
fined, steady-state seepage from a triangular and a trape- 
zoidal canal in a homogeneous, isotropic, porous medium 
of large depth [29]. Vedernikov [30] solved the problem 
of seepage from a canal to the symmetrically placed col- 
lector drainages, neglecting the effect of the canal water 
depth and side slopes. Many Russian investigators ana- 
lysed solutions for rectangular, triangular channel of zero 
depth for different boundary conditions [31,32]. The so- 
lution for seepage problem for a rectangular canal was 
provided by Morel-Seytoux [33]. Sharma and Chawla 
[34] presented solution of the problem of seepage from a 
canal to vertical and horizontal drainages, symmetrically 
located at finite distances from the canal, in a homoge- 
nous medium extending up to a finite depth. The water 
depth in the canal was assumed negligible in comparison 
to the width. Exact solution of the problem of seepage 
from a canal in a homogeneous medium to asymmetric 
drains located at finite distance from the canal was pro- 
vided by Wolde-Kirkos and Chawla [35]. Goyal [36] pro- 
vided solutions for seepage from canals founded on per- 
vious soil with asymmetric drainages. Algorithm to solve 
the nonlinear integral equations to obtain the value of 
seepage discharges and profile of the free surface was de- 
veloped. The computer program developed for solutions 
generates the coordinates of seepage profile and esti- 
mates the seepage quantities. Ilyinsky et al. [37] have 
carried out a comprehensive review of analytical solu- 

tions for seepage problems and observed that though 
numerical techniques have become more significant in 
solving practical problems of seepage theory but analyti- 
cal methods are necessary not only to develop and test 
the numerical algorithms but also to gain a deeper under- 
standing of the underlying physics, as well as for the pa- 
rametric analysis of complex flow patterns and the opti- 
mization and estimation of the properties of seepage 
fields. Swamee et al. [38] obtained an analytical solution 
for seepage from a rectangular canal in a soil layer of fi- 
nite depth overlying a drainage layer using inversion of 
hodograph and conformal mapping technique. Bardet and 
Tobita [39] presented finite difference approach for cal- 
culating unconfined seepage using spread-sheets. They 
derived the finite difference equations using flux conser- 
vation in the general case of non-uniform and anisotropic 
permeability and boundary conditions. The flow lines 
and free surfaces can be obtained using their method but 
the method cannot be adopted when systems of equations 
become large. 

Sharma and Shakya [40] applied the Bousinessq equa- 
tion using the Laplace transform and Fourier cosine tran- 
sform in determining the phreatic surface elevation in 
horizontal unconfined aquifers along the canal sides. An 
exact analytical solution for the quantity of seepage from 
a trapezoidal channel underlain by a drainage layer at a 
shallow depth obtained by using an inverse hodograph 
and a Schwarz-Christoffel transformation was presented 
by Chahar [41]. It provides a set of parametric equations 
for the location of phreatic line. To reduce the convey- 
ance losses due to seepage, many researchers have pro- 
vided methods to design the canals for minimum seepage 
[20,38,42,43]. Ayvaz and Karahan [44] provided spread- 
sheet application of three-dimensional (3D) seepage mo- 
deling with an unknown free surface. They derived gov- 
erning equation using finite differences method in the ge- 
neral case of anisotropic and non-uniform material prop- 
erties and variable grid spacing and also modified it by 
the extended pressure method. Only one finite difference 
equation was applied to the solution domain instead of 
derivation of additional finite difference equation to im- 
pervious boundary conditions, inclined interfaces, etc. So- 
lution to seepage under the dam has been provided using 
this method. Ahmed and Bazaraa [45] investigated the 
problem of seepage under the floor of hydraulic struc- 
tures considering the compartment of flow that seeps 
through the surrounding banks of the canal. A computer 
program, utilizing a finite-element method and capable 
of handling (3D) saturated-unsaturated flow problems, 
was used. The results produced from the two-dimensio- 
nal (2D) analysis were observed to deviate largely from 
that obtained from 3D analysis of the same problem, de- 
spite the fact that the porous medium was isotropic and 
homogeneous. These solutions may be suitable for a dam 
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with finite length but may not prove suitable when it is 
applied to canals which are longer in length. 

Though, lot of literature about solution to the seepage 
problem and to estimate seepage is available, no case 
study about the application of these solutions to map the 
area, susceptible to waterlogging, has been reported. 

The main objectives of this paper are to use available 
analytical solution to estimate the probable waterlogged 
area and to develop methodology for adopting 2D solu- 
tions to 3D field problem. 

2. Analytical Solution 

The analytical solution for the seepage problem has been 
provided by Goyal [36] for the seepage from canals with 
negligible water depth, founded on finite pervious media 
and asymmetrically placed drains on the either sides. It 
has been done using conformal mapping and defining 
free surface using Zhukovsky’s function. Integral equa- 
tions were obtained by using Zhukovsky’s function and 
Schwarz-Christoffel transformation. It is assumed that 
the soil medium below the canal is homogeneous and 
isotropic. The seepage flow is assumed to be steady and 
furthermore the water depth in the canal and drainages 
and the level of surface does not fluctuate with time. The 
soil within the seepage domain is saturated. It is also as- 
sumed that there is no infiltration/evaporation in the see- 
page domain under consideration. Problem of seepage 
profile has been defined in Figure 1. 

Where, B is the base width of the canal, h1 and h2 are 
the difference of levels between free surface level in the 
canal and the drains on the right and left hand sides re- 
spectively. L1 and L2 are the horizontal distances of the 
drains from the edge of the canal and T is the depth of 
impervious layer/bed rock below the canal bed. 

To solve the equations for seepage profiles and the 
seepage losses at a cross section, using this analytical so- 
lution, the dimensionless parameters L1/h1, L2/h1, B/h1, 
h2/h1 and T/h1 at that section are required. These are de- 
termined from the known values of L1, L2, B, T, h1 and h2. 
The user interactive computer program written in C++, 
on providing the input parameters, calculates profiles of 
 

 

Figure 1. Definition sketch of the seepage problem. 

the phreatic surfaces on the left and right sides of the 
canal and the seepage discharge for that cross section. 

The solution obtained is only for a 2D section under 
consideration. The field problem being a 3-D problem, it 
is required that the 2D solutions are obtained at different 
sections along the alignment. Therefore the third dimen- 
sion of the canal, i.e. the length, is discretized by taking 
sections at regular intervals along its length. The solu- 
tions obtained for each section can then be combined to 
get the solution for a problem in 3D space. 

Geographical Information System (GIS) is a very effi- 
cient tool for spatial data management and analysis. Map- 
ping the canal, the drains and the sections and then ex- 
tracting the required data of L1, L2, B, T, h1and h2, for 
each section, for calculations of input parameters can be 
efficiently done using GIS. Its versatility in spatial inter- 
polation can be utilized to interpolate the 2-D solutions at 
each section to get a 3-D solution and then to map the 
waterlogged area. 

3. Study Area 

The Parbati-Kalisindh-Chambal (PKC) river interlinking 
project is one of the projects proposed by National Water 
Development Agency (NWDA), India [1,2]. The study 
area, surrounding the Kalisindh-Chambal link canal, lies 
between 23˚29'N and 25˚0'N latitudes, and 75˚20'E and 
76˚17'E longitudes. It is bounded by the river Chambal 
and its tributaries on the west and south west, River Ka- 
lisindh and its tributaries forms eastern and south eastern 
boundary. In its feasibility report, NWDA has prepared 
feasibility for two of the proposed alternative routes. The 
alignment of canal between Parbati and Kalisindh rivers 
is same in both routes. The remaining alignment differs 
only while joining rivers Kalisindh and Chambal. The 
two proposed alternative routes are Joining storage dam 
at Kundaliya on the river Kalisindh with full reservoir 
level (FRL) of 370 m to: 

1) Rana Pratap Sagar dam on river Chambal with FRL 
of 352.81 m by a 108 Km long gravity canal and 5.25 
Km long tunnel, or 

2) Gandhi Sagar, with FRL of 399.89 m, on river 
Chambal involving gravity canal of 76 Km and 20 Km 
pipelines and intermediate reservoirs with lift of about 50 
m. This requires a net power of about 20 MW/annum [1]. 

Out of the above two, the first alternative requiring no 
power and maximum length of open channel has been 
considered for the seepage analysis. The part of the PKC 
project between Parbati river and Kalisindh river as well 
as the second route between Kalisindh and Chambal ri- 
vers which to a large part coincides with first route and 
thereafter consists of small reservoirs and tunnels is not 
being considered for analysis. The alignment has been 
detailed by NWDA in Technical report in 2004. The  
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alignment passes through the area covered in the Survey 
of India Toposheets numbered 45P, 46M, 54D and 55A. 
It mainly passes through Shajapur district of Madhya 
Pradesh, Jhalawar, Kota and Chittaurgarh districts of Ra- 
jasthan. Kalisindh-Chambal link and various districts are 
shown in Figure 2. The hydrogeological fault line on 
northern side between river Chambal downstream of Ra- 
na pratap Sagar and river Kalisindh closes the study area. 
The study area is drained by rivers Kalisindh and its tri- 
butaries, rivers Ahu and Kanthili, Amajar and Takli. These 
rivers are also shown in Figure 2. 

The study area is characterized by high hills on south 
west side and is sloping towards north east. The digital 
elevation map of the area and the alignment of proposed 
link are as shown in Figure 3. The highest and the lowest 
elevation in the area are 561 m and 187 m above mean 
sea level. 

4. Methodology 

The analytical solution of the seepage problem, as de- 
fined in Figure 1 and presented by Goyal (1994), needs 
the distances of the drains from the edge of the canal, the 
thickness of porous media up to the impervious layer and 
the elevation differences between the canal bed and the 
drains to define the boundary conditions. To extract this 
information the canal alignment was mapped using the 
drawings in the Technical Study under feasibility report 
of PKC link project. The rivers, viz., Kalisindh, Chambal 
and their tributaries forming the boundary and the rivers, 
viz., Ahu and Kanthili, Amajar and Takli draining the 
area have been mapped using existing maps of the area. 
 

 

Figure 2. Study area. 

 

Figure 3. DEM of study area. 
 
The cross sections have been marked at every half kilo- 
meter along the alignment. The cross sections start from 
the drain/reservoir on the left side of alignment cross the 
alignment and end at the drain on its right side. The Ka- 
lisindh-Chambal link alignment can be taken as made of 
two straight segments neglecting minor deviations. The 
cross sections have been marked in two sets. In each set, 
the cross sections have been kept parallel so that solution 
of one cross section doesn’t interfere with the solution of 
other adjacent section. The sample cross sections are also 
shown in Figure 3. It is assumed that at the change of 
direction in alignment the sections which intersect with 
other sections don’t have impact on the final solutions. 

The area has complex geology and has alluvium, wea- 
thered to compact sandstone, limestone, shale and basalt 
at different depths. The hydrogeological units were ide-
alized by combining similar nature of layers as single 
layer and conceptual hydrogeologic model was devel- 
oped. The compact shale has hydraulic conductivity less 
than 1/10th of other formations and therefore shale layer 
has been taken as impermeable layer. The borehole re- 
cords of Jhalawar, Kota and Chittaurgarh districts of Ra- 
jasthan [46], the details of various hydrogeological for- 
mations at piezometer locations in Madhya Pradesh and  
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the district resource maps of all the districts in the area 
have been used to create layers of hydro geological for- 
mation. The average depth of impervious shale layer 
from the canal bed for each section was extracted using 
spatial analyst tool and 3D feature of cross section, in 
GIS environment. The given analytical solution provides 
the seepage profile coordinates with origin at the edge of 
the canal bed. The elevations of various points along the 
section are required to determine the difference of eleva- 
tions between the ground level and the seepage profile. 
These can be extracted from digital elevation models of 
the area. The ASTER dataset being the latest Global Di- 
gital Elevation Model (GDEM) has been used in the stu- 
dy. The GDEM is produced with 30 meter postings and 
has Z accuracies generally between 10 m and 25 m root 
mean square error [47]. The ASTER dataset referring to 
latitudes and longitudes of the study area was down- 
loaded from the ASTER web site. The mosaic of down- 
loaded elevation datasets was made in GIS to get the 
digital elevation model for the area. The DEM of the area 
using ASTER data set is shown in Figure 3. 

drains, on left and right sides, from the edge of the canal 
i.e. L1 and L2 were calculated by using geographical co- 
ordinates (in meters) of the points at the intersections of 
the cross sections with the drains and the canal. The dif- 
ference of elevations between the canal bed and the 
drains, h1 and h2, have been computed by using the ele- 
vations of canal bed and left and right end points of the 
sections. The elevations of the bed of the canal at each 
section, along the alignment were calculated using in- 
formation in the Technical Report of the proposals. The 
depth of impervious layer from the canal bed, T, at each 
section was calculated by finding the difference of eleva- 
tion of canal bed and average elevation of impervious 
layer at that section. The data of L1, L2, h1, h2 and T for 
each section were tabulated for calculation of input pa- 
rameters. The details of L1, L2, h1 and h2 for some sample 
cross sections are presented in Table 1. 

In the case of Kalisindh Chambal Link, it is evident 
from the DEM given in Figure 3 that the elevations of 
the drains on the left side are higher than the elevation of 
canal bed at almost all the cross sections. Therefore the 
value of h1 works out to be negative. Since the program 
developed does not work for the negative h1 and h2 val- 
ues, it was not possible to use the program for calculating 
profile on both sides. It was found that the depth of left 
hand did not make any significant difference in profile of 
right hand side and vice-versa and therefore a uniform 
depth of 1 m for left hand side was artificially chosen to 
obtain the profile of only right hand side. Profile ob- 
tained for left hand side was ignored. Table 2 shows the 
details of calculated input parameters for some sample 
cross sections. 

The elevations of the ground level and the impervious 
layer along a section can be extracted in ArcGIS by cre- 
ating 3D features of the sections which are 2D features. 
The 3D features were created using 3D Analyst tools in 
ArcGIS and were then used to get the profiles of ground 
surface. ArcGIS provides tools to create profile of a par- 
ticular layer along a line of interest. This profile can be 
obtained as a graphical representation of distance versus 
elevation or can be exported as table in excel format. This 
technique was used to extract the information regarding 
elevations of ground surface and impervious surface for 
each section. The sample profile of ground at cross sec- 
tion no. 40 is shown in Figure 4. The input text file for all the sections was prepared to 

run the program. The computer program developed for 
the solution of seepage problem can be run in two modes, 
i.e. obtaining result on screen for single cross section or 
for multiple cross sections using input and output text 
files. The program outputs present the coordinates of  

The distance along the cross section from its starting 
point is given on X axis and the elevations are shown on 
Y axis. The vertical scale is exaggerated. The data set 
exported in excels format gives the elevations of points 
approximately at 28 to 30 m interval. The distances of  
 

 

Figure 4. Sample profile at cross-section no. 40. 
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Table 1. Selected cross-section details. 

Section  
No. 

L1, L2 in 
m 

Elevation of 
canal bed in m

Elevation of left & 
right drain in m

h1, h2 
in m 

1 
30,455 
1893 

364.7 
451.0 
330.0 

−86.3
34.7 

50 
19,727 
24,185 

362.0 
396.0 
301.0 

−34.0
61.0 

150 
21,408 
17,066 

358.1 
398.5 
315.0 

−40.5
43.1 

184 
17,135 
8171 

356.9 
352.8 
332.0 

4.0 
24.9 

 
Table 2. Calculated input parameters. 

Section No. L1/h1 L2/h1 B/h1 h2/h1 T/h1 

1 54.6 877.7 0.231 0.029 1.03 

10 129.9 736.7 0.198 0.025 1.21 

30 344.6 535.8 0.192 0.024 1.75 

50 396.6 323.5 0.131 0.016 1.26 

70 490.0 258.3 0.103 0.013 0.86 

90 110.0 2841.2 0.410 0.051 1.90 

110 150.5 422.7 0.116 0.015 0.68 

130 441.2 677.6 0.228 0.029 1.12 

150 396.0 496.7 0.186 0.023 0.68 

170 366.3 555.4 0.144 0.018 0.53 

184 328.8 689.4 0.322 0.163 1.28 

 
seepage profile, with origin at the edge of canal, in terms 
of non dimensional ratios x/L and y/h. Where x and y are 
the horizontal and vertical distance of the seepage profile 
form the origin, L is length of cross section on one side 
of the canal and h is the difference of elevation of canal 
bed and the drain on that side. The program also calcu- 
lates the rate of seepage. The output of seepage profile 
coordinates, required for plotting water logged area, was 
used for further processing. Sample output for one set of 
input parameters is shown in Figure 5. 

The output of the program was post processed to ob- 
tain the data for plotting in GIS. The distances at each 
output point from origin of its coordinate axis and the 
depth of seepage profile were calculated. The elevations 
of seepage profile were computed by subtracting the 
depth of seepage profile from the elevation of canal bed. 
The difference between the ground elevation and the 
seepage profile elevation at the points, at an approximate 
spacing of 28 to 30 m, was calculated for each section. 
This difference determines whether the point is getting 
waterlogged or not. The criterion for classification of 
waterlogged areas as laid down by [48] has been used for 
classification. As per this classification, the area is water- 
logged, if the water table is within 2 m of land surface, 
potential area for waterlogging, when it is between 2 to 3  

L1/h1 150.47  Left free surface 

L2/h1 422.68  x/L2 y/h2 

B/h1 0.12  −1.00028 1

h2/h1 0.01  −0.990284 0.992401

T/h1 0.68  −0.980284 0.985305

q/kh1 0.004507  . . 

q1/kh1 0.004496  . . 

   −0.0202839 0.304121

   −0.0102839 0.297026

Right free surface  −0.000283903 0

x/L1 y/h1    

0 0  Impervious Layer 

0.01 0.013201  x/L1 y/h1 

0.02 0.02315  −5.61893 0.690019

0.03 0.033098  −5.05711 0.689958

. .  −4.4953 0.690033

. .  . . 

0.98 0.978121  . . 

0.989999 0.988068  0.79992 1.47901

1 1  0.89996 1.57853

   1.2 1.68

Figure 5. Sample output. 
 
m and safe if it is below 3 m. 

Layer of points, at approximately 28 to 30 m spacing 
along every section, with difference of elevation of ground 
and elevation of seepage profile as attribute, was created 
in GIS. The difference between elevation of ground and 
elevation of seepage profile was spatially interpolated. 
The raster output was then reclassified as per the MOWR 
classification of water logged area. 

5. Result 

The results show that the total area which is prone to 
water logging is around 256 Sq. Km out of the area of 
1846 Sq. Km which lies between the right side of the 
canal and the boundary. The probable area susceptible to 
water logging is shown in Figure 6 and the area in 
square kilometers lying under each category is tabulated 
in Table 3. 

6. Conclusion 

The methodology for applying analytical 2D solution of 
seepage problem to get solutions to 3D field problem 
with the use of GIS has been presented. The probable 
waterlogged area for proposed Chambal-Kalishindh link 
canal has been predicted and mapped using GIS. Since 
the analytical solution requires minimal input data which 
is readily available, methodology could be adopted to 
quickly do a preliminary analysis. The methodology is 
likely to be inaccurate where ever there is change in 
alignment however the variations could be insignificant. 
Using the methodology it has been predicted that an area 
of 214.36 Sq. Km is likely to be waterlogged and 42.07  
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Figure 6. Waterlogged area. 
 

Table 3. Waterlogged area (Sq. Km). 

MOWR (Govt. of India)  
classification 

District, state 

Area falling in 
study area, 

area analyzed for 
waterlogging  

Water 
logged 

area 

Potential area 
for  

waterlogging
Safe area

Jhalawar,  
Rajasthan 

2838.58, 1178.49 110.25 24.18 1044.06

Kota, Rajasthan 740.77, 478.98 45.38 9.54 424.06

Chittaurgarh, 
Rajasthan 

485.63, 0.00 0.00 0.00 0.00 

Mandsaur, M.P. 2439.01, 20.56 7.00 1.62 11.94

Shajapur, M.P. 2500.72, 168.17 51.72 6.73 109.72

Total 9004.71, 1846.20 214.36 42.07 1589.77

 
Sq. Km is likely to become potentially waterlogged if the 
Chambal-Kalisindh link canal project is adopted. How- 
ever it is important to compare the result with another 
solution, such as mathematical groundwater model. 
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