Design and application of special purpose membrane in canal embankments with clayey soils
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ABSTRACT

Sardar Sarovar Project of Gujarat state of India serves a command area of 1.8 million hectare using about
69,000 Km long a canal network. About one-third of its canal network traversing through clayey areas were
built during initial stage of command area development. Canals were built from the same soils. Upon
manifestation of serious distresses soon after their operationalization due to cyclical swelling and shrinkage
causing piping at several locations, their restoration was required to be taken up. Geomembrane that was
to be used for repairs required to function not merely as a barrier between water and clay but also as a
structural element i.e. membrane. Some limitations of conventional materials like HDPE as a
geomembrane gave an opportunity to explore better material. Textile Chemistry Department of the Indian
Institute of Technology, Delhi, India engineered a special purpose polyolefin whose improved physical and
engineering properties helped achieve the target behavior of geomembrane. The paper discusses the
benefit of special purpose geomembrane and also provides an overview of the background work on
application of thin plate and membrane theories to get a better understanding of function and role of
geomembrane in repairs of distressed canals.
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1 SARDAR SAROVAR PROJECT AND
PROBLEMS WITH ITS CANALS

Gujarat state of India is located on its west
coast and the soil types are significantly varying
throughout its topography. The northern part
contains alluvial strata and the southern part is
made of heavy clay with high swelling pressure.
Sardar Sarovar Project (SSP) consists of a dam
and a reservoir on the Narmada River whose main
canal traverses from south to north supplying
water to 1.8 million hectare of its command area.
Its distribution network of canals is about 69,000
Km long. This large project is designed to provide
water to problematic soils of Gujarat state which
are not covered under command area of any
irrigation project and hence protective irrigation is
provided in the command area.

Canals in the northern sandy areas are
exposed to dangers of subsidence and dispersal of
embankments. Canals in southern clayey areas
face challenges of cyclical swelling and shrinkage
of soils that could distress the lining and affect the
hydraulic conductivity. Construction of the canal

would not allow water to come in to contact of soil;
and, in case there is some seepage, weight of the
lining would take care of swelling pressure of the
soil. But the immediate experiences after
operationalization of the command area were
discouraging which required a detailed study of
reasons of failures.

Fig. 1. Command area of SSP

network in southern part was taken up in 1990s
with a general impression that lined canals should
be safe against swelling pressure of the soil due to
two factors - significant impervious nature of lining

Canals of Bharuch and Vadodara districts of the
southern part of Gujarat developed severe
distresses during initial operation itself. A few



canals are referenced here for understanding the
problem.

A medium sized canal - Tanchha Distributary
(TD) was found leaking very heavily and the
agricultural fields in the surrounding areas were
found inundated with water. Average perimeter of
the canal section was 5.7 m; bottom width 1.1 m;
inner slope of the canal 1.5:1 (H:V); outer slope
was 2:1 (H:V); bed gradient 1 in 6000; and, total
length 8.67 Km as per original design. The
designed discharge, in the middle of the length of
the canal was 1.51 m%/s and was 0.76 m%/s at the
tail. Total command area of the distributary was
2384 hectare. Every season it was tried to be
operated, it used to give more and more troubles in
the form of various kinds of failures. Canal bed
became highly uneven; brick lining got significantly
distressed and wunusually upheaved; piping
phenomenon in canal banks and bottom
suggested approximately 23 cm diameter pipe
holes; and, at certain locations, piping went very
deep in to the embankment (Fig. 2 and 3).

Fig. 3. Piping in TD

A small canal - Keshlu minor meant to supply
water to a village was found to have developed
more severe distress (Fig. 4). Many such minors
with 4 to 6 Km of length and designed to flow water
at the rate of 0.1 to 0.3 m%s were in similar
condition.

A very big and long canal — Vadodara Branch
Canal (VBC), over a 100 Km in length with a
designed discharge of 76 m3/s was found in a very
bad shape. In the tail reach i.e. Chainage 105 Km

onward, concrete lining was upheaved and broken
in to pieces (Fig. 5). There were huge pipings of
approximately 30 cm diameter.

Fig. 5. Upheavals and distresses in VBC

2 UNDERSTANDING CANAL FAILURES

Clay minerals in rocks and soils are responsible
for their expansion or swell. This swelling is caused
by the chemical attraction of water to certain clay
minerals. Layers of water molecules can be
incorporated between the flat, submicroscopic clay
plates. As more water is made available to the clay,
more layers of the water are added between the
plates, and adjacent clay plates are pushed farther
apart. This pushing apart, or swelling, occurs
throughout the mass of soil that is being wetted,
and causes increased volume and high swell
pressures within the mass. Cation hydration can
expand clay mineral silicates when the soils are
wet. When water bonds to the cation in the clay
layer, the cation becomes hydrated. The newly
hydrated cation has a larger ionic radius and the
clay layers expand to accommodate the larger size
(Krenz et. al. 2006).

Soil shrinkage is generally confined to the upper
portions of a soil. As moisture content decreases,
capillary stress in the void spaces increases due to
the increased surface tension. This increased
surface tension tends to pull adjacent soil particles
closer together resulting in an overall soil volume
decrease. As moisture content continues to
decrease, capillary stress continues to increase,



which continues to reduce overall volume and
hence crack formation on upper portion of the soil
mass (Kapadia 2018).

Especially when such soil possesses good
amount of water content for some time followed by
subsequent decrease, crack formation becomes
more significant. Such processes of swelling and
shrinkage may occur any number of times for a
single soil mass. More the cycles of swelling and
shrinkage, more intense would be the process of
disintegration of the soil mass due to progressive
development of the crack network. In irrigation
canals, water flows on on-off basis and hence
swelling and shrinkage occurs frequently in the
canal embankments made up of clayey soils
resulting in to distortions in the inner prism and
finally hydraulic conductivity gets affected. In case
of lined canals, this problem could be controlled to
some extent but the lining material whether it is
brick or concrete could not be perfectly impervious,
nor could its surface be so ideal to have no crack.
Therefore, the embankment soil would somehow
get in to contact with the water and get dried
subsequently which would cause swelling and
shrinkage that would eventually induce cyclical
stress reversal conditions of high magnitudes
resulting in to failure of lining materials.

T

Fig. 5. Cyclical swelling and shrinking — hogging and
sagging in lining and formation of piping

Sail in this area has a high swelling pressure
varying between 0.80 to 2.5 Kg/cm?. During initial
stage of swelling, hogging tendency in lining tends
to dominate and therefore concrete or brick lining
tends to undergo cracks as it has only little flexural
and shear strength and then more water could
seep through. Thus, further wetting of soil tends to
aggravate the process of swelling which causes
further upheaval of lining i.e. hogging and hence
further cracks due to increased flexural and shear
stresses. When the canal is closed as per
schedule, drying of the soil results in to shrinking
which causes tendency of undergoing sagging in
the lining under its self-weight. Repeated
operations of canal along with aggravating swelling
and shrinkage phenomena lead to progressive
crack deepening and widening. This process finally
forms a continuous pipe like mechanism within the
embankment which is known as piping. Piping
allows further cracking inside the embankment on
its peripheral surface and thus a progressive failure
occurs.

3 GEOMEMBRANE AS THIN PLATE FOR
REHABILITATION OF CANALS

Application of geosynthetics as a barrier or
membrane has been amply known to the world
since long back. It was bituminous canvas in initial
days. In the present days, complex polymers are
available and geocomposites are used as a barrier
or membrane in construction of new dams and
repairs of aging ones besides their vast usage in
checking seepage from canals and many other
hydraulic structures.

Interpretation in context of engineering is
sometime different from parlance usages and
always more specific. When the term “barrier” is
used, the general meaning attached is - something
that does not allow one thing to come in to contact
of another. When we use geosynthetics in
hydraulic applications to check seepage, the
meaning remains the same. On the other hand,
when the term “membrane” is used, it means a
pliable sheet which can flex or bend under effect of
some load. Thus, the term barrier indicates some
active role or function whereas membrane denotes
some behavioral response. In some applications of
geosynthetics, its function or role as a barrier is
distinguishable from that as a membrane. However,
it is the type of application that defines the need of
any of the two roles of geosynthetics or of the both
together.

Geomembrane reduce moisture change and
therefore  minimize volumetric changes in
expansive soils (Steinberg 1998). In case of
construction of a new canal, nearly impervious
sheet of suitable geosynthetic material can be
used to avoid contact of water with soil. It could
help eschew the problem of swelling and shrinkage
of soil and consequent issues of upheaval and
failure of lining. Geomembrane could be used as
an exposed lining where exposure is not severe.
Indian condition can not permit exposed
geomembrane and hence lining atop it to protect is
essential. Thus, in construction of new canal,
geosynthetic sheet could be very effective and its
usage would be more precisely termed as a barrier
to separate water and soil.

For restoration of existing canal, on the other
hand, usage of geosynthetic sheet would require to
address some additional concerns. There would be
many piping paths in the embankment all of which
might not be visible during restoration. Even if
grout of suitable material is filled to plug the piping
holes, one practical difficulty would arise in course
of time: the grout material being plastic in nature
would tend to slip down in the piping path as the
entire piping path would not be possible to be
completely filled and that is how eventually the
mouth of the piping hole would be opened up for a



short length. In this condition, the geosynthetic
sheet would tend to rest on the peripheral edges of
the mouth of the piping hole in both the cases —
unplugged pipe or plugged pipe with slipped grout.
It would be gripped all around the mouth of the
piping under the load of the lining and water. Its
behavior would be like a thin plate subjected to
across-the-plain loading. In such cases, the
geosynthetic sheet prevents contact of water with
soil and at the same time acts as a very thin plate
and hence it performs two functions — of a barrier;
and, of a very thin plate or a membrane.
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Fig. 6. Geomembrane as thin plate — bending and shear
converted in to in-plane tension

Slipped Grout

If the pipe hole is in the embankment side, the
water pressure would be significantly less than in
case it is in the bottom mainly due to a shorter
height of water column and inclination of the
membrane surface. In  such a condition,
geomembrane would act as a thin inclined plate
immersed in water as shown in Fig. 7. The worst
case would be when the pipe hole is in the bottom
especially and that, too, when the lining material is
distressed and the entire loading is taken by the
membrane itself. With this context, canals of the
SSP in swelling soils were restored with properly
designed geomembrane and appropriate lining.
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Fig. 7. Hydrostatic pressure on inclined plate i.e.
geomembrane (White, 2011)

4 APPLICABILITY OF PLATE/ MEMBRANE
THEORY

Function of geosynthetics as a membrane i.e. a
pliable sheet under some across-the-plain load
resembles a bending plate problem and hence the
Plate Theory in general is applicable. However, in

analysis, various types of plate problems are dealt
with according to the characteristics of the plate
and loading conditions. Plate theory as a general
problem has evolved over a long period through
efforts by Euler, Bernoulli, Chlandi, Germain,
Lagrange, Cauchy, Poisson, Navier, Kirchhoff,
Levy, Bubnov, Galerkin, Timoshenko, Mindlin,
Hencky, Huber, Reissner, Foppl, Von Karman and
many others. Timoshenko made a significant
contribution to the theory and application of plate
bending analysis. Reissner developed a rigorous
plate theory which considers the deformation
caused by the transverse shear forces. Mindlin
derived the theory for thick plate. In present days,
plate theories by Timoshenko and
Mindlin-Reissner are widely used in solving
real-world problems. Foppl and Von Karman
developed membrane theories which allow only
in-plane tension to take across-the-plane loadings
which is applicable to very thin plate having
negligible thickness compared to span.
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Eqg. (1) is for flexural rigidity of the plate (D)
wherein E is the elastic modulus of the material, tis
the thickness of the material, and v is Poisson’s
ratio suggests that when t approaches a smaller
value, flexural rigidity D approaches zero. Such a
limit visually depicts the transitioning of a structural
element from a thin plate to a membrane. Thus,
geomembrane having too small a thickness
behaves as a membrane in general.

From various plate theories wherein equilibrium
equations, constitutive equations and compatibility
equations are used to arrive at a solution, specific
sets of equations applicable to particular plate
configurations and loading types are compiled by
Wright et. al. (1986) for which generic derivations
are provided by Ventsel et al. (2001). Idealizing
this problem as a membrane analysis and using
equations by Wright et. al. (1986) to be applied
with British Units, reaction of geomembrane was
computed considering a circular membrane with
clamped edges and uniformly distributed load i.e.
water pressure. Deflection in the center was
obtained by Eq. (2), deflection at any other point
between center and edge by Eq. (3), stress at
center by Eq. (4) and stress at edge by Eqg. (5).
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Timoshenko (1940) derived an equation for
deflection at center for uniformly loaded thin
circular plate clamped at edges and found in good
agreement with experiments.
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Table 1. Analyses cases referring details of canal, pipe and
geomembrane

Analysis Name Material Location Pressure
Case of of Pipe (KN/m?)
No. Canal Hole

1 TD IITDP SSB 11.04

2 TD IITDP CB 16.00

3 TD HDPE SSB 11.04

4 TD HDPE CB 16.00

5 VBC IITDP SSi 11.04

6 VBC IITDP SSB 17.76

7 VBC IITDP CB 23.00

8 VBC HDPE SSI 11.04

9 VBC HDPE SSB 17.76

In Eq. (6) known as Timoshenko’s thin plate
deflection equation, & is deflection at center, h is
the thickness of plate, g is uniform load, a is radius
of plate and D is the flexural rigidity of the plate
which is as per Eq. (1).

Hencky (1915) found that in practical
applications, very thin uniformly loaded plates are
sometimes used; and, in such cases the bending
stresses may be small in comparison with the
stresses due to the stretching of the middle surface
and the plate can be considered as a thin
membrane which has no flexural rigidity at all.
Based on this philosophy, Fo6ppl-Hencky
membrane theory came in to being. Eliminating the
bending effect from Eq. (6) and resorting to the

membrane theory envisaged by Henchy (1915), Eq.

(3) was derived and found applicable by
Timoshenko (1940). In this historical engineering
background, membrane theory was applied to
analysis and design of geomembrane for solution
of the given problem.

5 ANALYSIS OF GEOMEMBRANE

Out of a huge canal network affected due to
swelling nature of soil which were in the worst
condition were selected for designing the

geomembrane as a solution strategy viz. TD (Fig. 2)
and VBC (Fig. 5). Maximum operating water depth
in TD was 1.6 m of and pipe holes observed were
of 230 mm diameter. VBC was designed for a
maximum flow depth of 2.3 m and pipe holes
observed were of 300 mm diameter. The worst
case would be pipe hole in the canal bottom
especially; and, that, too, when the lining material
is distressed such that the entire loading is taken
by the geosynthetic membrane. Detailed analysis
was carried out for various locations of pipe holes
and respective diameters like at intermediate
height of side slope (SSI), near bottom on the side
slope (SSB), and in canal bed (CB) (Fig. 8 and
Table 1).
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Fig. 8. Locations of pipe holes in canal embankment

As a geomembrane, initially HDPE with 0.75
mm thickness was considered. Detailed analysis
showed that its performance might not solve the
problem effectively. Even thicker sheet of HDPE
did not show much promising outcomes. Some
better material was required to be explored
considering scale of the problem. Indian Institute of
Delhi, India was contacted and a specially
designed polyolefin (IITDP) was developed with
engineered properties with thickness of 0.6 mm.

IITDP weighed only 260 g/m? against 705 g/m?
the weight of HDPE. Breaking strength (ASTM
D638 Type IV) of IITD was 36 KN/m against that of
HDPE as only 15 KN/m. Breaking elongation
(ASTM D638 Type IV) of ITDP was only 20% against
that of HDPE as 500%. In all, tensile behavior of the
ITDP outperformed the HDPE for the entire
stress-strain curve. Significantly lower weight assured
much better handling ease. Drapability point of view,
[ITDP provided a sharp bending with 90° angularity
whereas HDPE followed a radius of 12 cm with the
same angularity. Drapability was required for existing
trapezoidal canal section. Curvature at corners were
not permitted in the given application.

Analysis cases are enumerated in Table 1 so
that results for each case as summarized in Table
2 can be correlated. Results of application of
classical membrane theory and subsequent
confirmatory FEA with plate element mention
sufficient level of reliability of the analysis. Bending
effect being nominal due to very small thickness of
geomembrane, using plate element in FEA did not
attract any reservation against.  Superior
performance of IITDP could be appreciated from



the results of detailed analysis.

For analysis, consideration of Young’s modulus
(E) for HDPE and IITDP was a very critical aspect.
Ambient conditions might be very different from
laboratory conditions and hence several practical
aspects were required to be considered to make a
safe design. Tensile behavior of geomembrane
depends on manufacturing process, temperature,
strain rate, duration of load, etc.

Experiments by Amjadi et al. (2020) suggested
that stress—strain curves were greatly influenced
by temperature; an exponential reduction in tensile
strength and elastic modulus was seen by
increasing temperature regardless of the specimen
thickness; and, elastic modulus and ultimate
tensile strength linearly increased at higher strain
rates.

Polymers present a very complex nonlinear
behavior depending on external factors and
structural parameters and are classified by taking
into account three basic characteristics that greatly
influence the processing and end-use properties.
These characteristics are density, molecular
weight, and molecular weight distribution
(Dusunceli et. al. 2011).

Actual testing of HDPE to be used suggested
the value of E as 620 N/mm?. In order to decide the
value of E to be considered for analysis, some
other references were also used. Experiments by
Amijadi M. et al. (2020) suggested the value of E at
temperature of 40° C which is generally prevalent
on the target canal sites as 600 N/mm?;
considering very slow filling of canal and hence a
very slow rate of strain, the experiments suggested
the same value but comprehensive equation
derived from many experiments suggested the
value of E as 744 N/mm? From the same
experiments, variations due to several parameters
are incorporated in Eg. (7) in which Temperature T
is in © C and strain rate ¢ in st and A, B, C, and D
as empirical constants obtained from the data fits

which are 0.11, -0.27, 1924 and 2253
respectively.
E=D+C(Logé)+B(T)+A (T (7)

Considering very small value of permissible
strain say about 1% as per sensitivity of the
application, much longer a duration of load and
consequent creep, expected longevity of the
solution, etc., value of E was factored and
considered as 300 N/mm?2. By separating the effect
of creep and factoring E in a more rational way
might open a new avenue for further refinement of
the solution. Poisson’s Ratio for HDPE may be
reasonably considered as 0.4 (Drainage Handbook,
2020) though it is not used in classical theories;
nor does it make much effect on the results of FEA.

Value of E for IITDP was similarly factored and
considered as 533 N/mm2 and value of Poisson’s
Ratio as 0.31.

In case of IITDP, greater value of E suggests
higher stresses against same strain if compared
with HDPE; and, that, too for a much lower value of
ultimate elongation for the entire stress-strain
curve and that is how controlling overall deflection
was obtained. Considering the facts that creep
strain increases with increasing temperature and
increasing stress; and, high molecular weight
polyethylene have better resistance against
Environmental Stress Cracking, HDPE could not
be preferred in Indian conditions especially for
such a sensitive application. Exposure to UV could
be avoided by placing a brick or concrete lining
atop the geomembrane but temperature exposure
could not be avoided during closure of canals
which would be a substantially long period maybe
over 100 days per year. Thus, stress cracking was
also an important parameter for selecting the
material for geomembrane besides mechanical
behavior under various hydraulic loading
conditions. In analysis case no. 9 wherein HDPE
exhibited a very high deflection in side slope
position suggested its limitations under higher
loads.

Table 2. Results of membrane analysis

As per Membrane

As per FEA Theory Equations

Deflection Stress at

Deflection Stress at

Analysis at Center Center at Center  Center
Case No. (mm) (N/mm2)  (mm) (N/mm2)
1 10.65 5.40 11.95 5.63

2 12.12 7.05 13.53 7.21

3 11.78 4.10 13.44 4.01

4 14.12 5.21 15.21 5.13

5 15.37 6.50 17.54 6.82

6 18.07 9.10 20.55 9.36

7 19.74 10.90 2241 11.13
8 17.02 4.90 19.73 4.85

9 21.45 7.82 23.12 7.73

Fig. 9. FEA — deflection for analysis case no. 1

6 APPLICATION OF GEOMEMBRANE

IITDP was engineered, tested in laboratory and
put in to analysis and was finally preferred for
application. In TD, instead of providing a single
layer masonry as a lining, the bricks were placed
side by side as a layer without any cement mortar



filled in the joints and a plaster was applied over it
(Fig. 10). In brick masonry lining, frog on the brick
is kept on backside whereas in this case, it was put
on front side so as to provide better bonding with
cement plaster. Surface roughness of I[ITDP
provided enough bond between geomembrane
brick layer. This methodology for lining was aimed
at testing the performance of the geomembrane as
a thin plate or membrane in real world situation. In
case of any tangible deflection in geomembrane at
the center of pipe hole at any location in the canal,
the plaster would be cracked as there was no
masonry to offer any strength and all the loading
was to be taken care of only by the geomembrane.
As TD was taken as a pilot project, performance of
the special purpose geomembrane was required to
be tested in the worst scenario and hence was put
to a rigorous test. Initial and long-term
observations suggested no distress in the canal.

Fig. 10. Brick layer with cement plaster covering
geomembrane

VBC being a large and a very long canal,
concrete lining was preferred. Loading on the pipe
hole and permissible shear strength of concrete
lining were almost equal. This means that concrete
lining had just enough strength of taking the load
and hence principle of compatible displacement
would hold good after providing geomembrane. In
such a situation the role of geomembrane would be
to share some of the reactive stresses and reduce
the deflection to some extent. However, in some
rare case of rupture of concrete lining due to any
reason, the entire loading would be required to be
taken care of by the geomembrane and hence the
deflection shown by analysis might take place
which could induce a maximum strain of 1.48%
which is little greater than the expected limit. The
canal could not be closed without a properly set
schedule and hence until a planned closure, the
geomembrane must stand with permissible
deflection without giving way to seepage or
filtration. With this detailed engineering and
serviceability considerations, IITDP was applied.

Canal restorations that were executed during

2010 are found performing well till date. Periodical
inspections are conducted. Special purpose
geomembrane developed by IIT, Delhi eventually
got a patent. From over promising experiences of a
large scale restoration in southern part of the
command area of the SSP, in many other areas
where clayey soils were encountered, site specific
designs of geomembrane based solutions were
carried out and several canals were constructed
and repaired.
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