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Design Optimization Of Desilting Chamber By Model Studies
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ABSTRACT

Desilting chamber is an arrangement in which the flow velocity is reduced by enlarging the channel
cross section which forces the suspended sediment to settle at the bottom and is removed through silt
flushing tunnels. The water, free from sediment of desired size is in turn carried to the power house
through head race tunnel and penstocks for power generation. Various principles and approaches for
design of desilting chamber are available but in absence of any definite design specifications in many
aspects, its design is conceptualized on the basis of broad guidelines based on past experiences. At this
Juncture, hydraulic model studies play an important role and are carried out for specific projects
wherein, applicability of assumptions and adequacy of design and layout of the desilting arrangements
shall be assessed. As desilting chambers are very large underground structures which involve huge
financial implications, sometimes comparable to the cost of main dam, proper design can go long way to
solve sediment problem in run-of-river hydro power plants. Therefore, to optimize its size required for
desired settling efficiency, model study is the only available tool. In addition to sediment removal
efficiency, the design of inlet and outlet arrangements as well as flushing arrangement is finalized on the
basis of hydraulic model studies. Type of model and scales, suspended sediment simulation, field data
requirement for model studies, model limitations, mathematical models and past experience of CWPRS
in such studies will be described in this paper.

Keywords: - Desilting chamber, hydraulic model studies, settling efficiency, suspended sediment.

1. INTRODUCTION

Efficient and reliable exclusion of sand and silt has always been one of the main challenges while
development of run-of-river hydropower Projects on sediment carrying rivers in Himalayan region.
These perennial rivers carry huge quartz rich sediment with them (sometimes 5000 ppm and above in
monsoon) and many times it is not possible to remove the sediment in hydropower projects completely
which over a period of time drastically reduces the overall efficiency of power generation system. The
size and concentration of sediment depends upon the catchment characteristics and vary seasonally. When

river water is to be used for hydropower generation, the harmful part of the sediment is to be removed to minimize
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minimize the erosion damages to the turbine and other underwater parts of the hydropower plant. In
Himalayas, in almost all run-of-river hydropower projects, desilting chambers are provided and is the
most effective device for extracting specific particle size for the desired efficiency by adjusting shape and

size of the chamber.

A number of approaches for determining the size of chamber are available. These are based on
experimental data and on certain assumptions for flow velocity, fall velocity, sediment concentration and
its movement. The experience has been that each approach gives a size of desilting chamber quite
different from the other for same sediment settling efficiency and design parameters. The settling
efficiency in prototype is also dependent on the hydraulics of inlet and outlet transitions as well as on
flushing arrangements but no definite design criteria of general application for their design is available.

Therefore, preliminary design in each case is tested on physical hydraulic models.

2.NEED FORDESILTING CHAMBERS

Run-of-river schemes are generally provided with desilting chambers to exclude harmful suspended
sediment which passes through the trash rack of power intake into the water conductor system of hydro
electric project. Some recommendations / guidelines for the necessity of a desilting chamber are
available. The maximum permissible size of sediment particles may range between 0.1 to 0.7 mm

depending upon the type of turbine as below (Asthana 2007):

Peltonwheel 0.1 mm
Francis turbine 0.3t00.5 mm
Kaplan turbine 0.5t00.7 mm

The limit on permissible particle size for medium head plants is 0.5 to 0.2 mm and for high head plant it is
0.1 mm as recommended by (Mosonyi 1965). However, Bharat Heavy Electricals Ltd. who are hydro

power equipment manufacturer in India have fixed following guidelines (Acharekar 1978):

- Particles of > 0.25 mm size and hardness > 5 on Mohr's scale are harmful.
- Ifthe concentration of particle is > 200 ppm, desilting measures are required.
- Concentration of harmful particles should be reduced by 85% to 95%.

- Du Tong (1981) has concluded from experimental results that damages take place due to
cavitation and the process is accelerated by sediment. He has recommended that if the turbine is
likely to be eroded within 5-10 years then, the sediment exclusion measures are necessary and if
the life of the turbine works out to be more than 20 years, the sediment exclusion measures can be
eliminated.
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Thus, it can be concluded that in each case certain limit of sediment concentration and particle size has to
be fixed by the designer in consultation with turbine manufacture for provision of sediment exclusion

device but no definite guidelines are available.

3.DESIGNAPPROACHES

The length of the chamber would depend upon fall velocity of particles, depth of flow and forward
velocity of flow in the chamber. Initially, length of the chamber used to be determined by working out the
horizontal distance travelled by particles for its settlement from the top layer of flow to the bed of
desilting chamber. The amount of sediment load deposited in a settling basin is expressed in terms of the

removal efficiency of the basin, which is defined as follows:

n — 3si—9se (1)
L Qsi
Where n=basin settling efficiency; and g, and g,, are amounts of sediment entering and leaving the basin

per unittime.

Empirical and analytical methods of computation of settling basin efficiency have been proposed by
Camp, Dobbins, United States Bureau of Reclamation (USBR), Sumer, Mosonyi, Cean et al.,
Richardson et al. and Garde et al. Some of these methods are based on analyses of extensive laboratory

data and serve as practical tools for design (Qamar 2014).

However, in absence of any definite criteria in many aspects, the design of desilting chamber is to be
based on a broad guide lines, assumptions and experience. Verification of these assumptions and
adequacy of the layout as well as other design aspects is required to be assessed by conducting

studies in physical models.

4.NEED FORMODELSTUDIES

“Experimenting with models seems to afford a ready means of investigating and determining
beforehand the effects of any proposed hydraulic structure; a means, after what I have seen, I should feel
it madness to neglect before entering upon any costly undertaking”, so says Osborne Reynolds CBIP
1954). It is often worth to study the performance of small replica or “model” of the system or “prototype”
that is to be built, before an expensive engineering project is undertaken. Model studies are made for two

purposes viz., in order to avoid costly mistakes and to obtain information that will help in the design of
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the prototype. Since, it is comparatively inexpensive to modify the construction of a model, several
alternative designs in the model may be tried before adopting a final one; such experiments would be

excessively costly if they were undertaken with the full scale system (Verma 2002).

It is only through model experiments and research that improvements in the existing works, safe and
economical design and construction of new works and furtherance of knowledge on various aspects of
hydraulic engineering can be effected. The view that hydraulic models provide a suitable means of
specific solutions of the hydrodynamic equations of motion under a known set of boundary conditions, if
itis possible to establish quantitative rules for transferring data, is often held. Further, hydraulic models
provide the only means of testing and evolving the final design in case of desilting chambers for
optimizing the transition length and length of the desilting chamber, optimizing the flushing discharge,

estimation of settling efficiency and estimation of the efficacy of the flushing system.

In case of desilting chambers, the objective of conducting model studies is:

q)) To identify the critical design parameters of a desilting chamber responsible for its efficient
functioning suitable for site specific design.

(i)  Toreview the empirical approach of preliminary design.

(ii1))  To analyze the model results in view of desired settling efficiency of desilting chamber and its

flushing efficacy.

Generally, model studies for desilting chamber are conducted for testing the adequacy / feasibility of the
desilting basin for 90% removal of suspended sediment coarser than 0.2 mm and efficacy of flushing
tunnel below desilting basin in transporting the settled sediment. The view of prototype and its replica in

model for Teesta H.E. Project, Stage V, Sikkim is shown in photo 1.

— Dome

Hopper slope v#

et‘l].m.g trerich

Photo 1 Inside view of chamber in prototype and model
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5. TYPE OFHYDRAULIC MODELSAND THEIR SCALES

The scales of such models are determined on similarity of geometry and the Froude's law. Various
similitude ratios for a geometrically similar model with Froude's law are as follows;
Letlength scale ratiobe L, /L, = L, for geometrically similar model. Since Froude Number has to be same

in model and prototype.

Lg ) Lgp

Since force of gravity is nearly same in model and prototype.

viy  (v?
I T\ (3)
L E

This leads to

L AN (4)

v L ’

From this basic model law other model laws can be derived.

Length scale ratio =L,

Areascale =(L)

Volume scale =(L)

Velocity scale V, =(L)"

Therefore, Time Scale T, =Length Scale/ Velocity Scale =L./(L)"=(@L)"
Discharge Scale = Area Scale x Velocity Scale =(L)’ (L)"” =(L)"

The scales are based on the availability of cost, space, head and discharge etc. The experience has been

that bigger models yield better and more reliable results.

Model studies for desilting chambers are generally conducted in geometrically similar scale rigid bed
models for open channel type desilting chambers. In the case of closed conduit type chambers,
transparent Perspex/Polycarbonate sheets are used for convenience of fabrication and for visualization

of'the flow in the chamber. The view of such model is shown in photo 2.
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6. SIMULATION OF SEDIMENT

Generally, chambers are designed for removal of sediment coarser than 0.2 mm. For simulation of
sediment in the model, a low specific gravity material is required to be used. However, it would not be
possible/advisable to go in for very small size of particles of low specific gravity material from the
practical considerations. Taking these aspects into consideration, the scales of the models generally vary

from 1:20 to 1:30 geometrically similar.

Apart from proper reproduction of design features and inlet and outlet conditions for achieving adequate
distribution of flow in the chamber, the accuracy of the results of the model studies would depend upon
the realistic simulation of the distribution of the suspended sediment on a vertical which is given by

following equation developed by Rouse (1949).

¢ _[d-y a ]
C y d-a

where,
Cx = Concentration at depth “y” above bed level
Ca = Concentration at 0.05d above bed level
d = Depth of flow
¥ = Depth at which concentration Cy is to be calculated
a = 0.05d
dz=-—2=
an = —
- K.gds
wherein;
W = Fall velocity of particles
K = Von Karman coefficient
g = Acceleration due to gravity
E = Water surface slope

Thus, for proper simulation of the distribution of sediment on a vertical, 'Z'in model should be equal

to'Z' inprototype for corresponding diameter of the sediment.

Z zZ

w
— z
» =
KP \,IgP dP SP

o K g4,
i mK g?ﬂd?ﬂ S?ﬂ

w,, _
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K
—£ and 2 are equal to 1

K, Eom

Moreover in geometrically similar scale model

£ -1

m

Hence for geometrically similar scale models

W= w 7 (6)

Thus, a relationship between the diameter of low specific gravity material used in the model and that of
the sediment in prototype can be worked out using above equation (CWPRS 2005). Value of K is 0.4 for
clear water and reduces with sediment concentration. Sediment distribution equation given by Rouse,
though qualitatively correct, has certain limitations. One of the most important limitations is that the
theoretical exponent does not agree with the actual exponent. Secondly, it gives only the relative
concentration distribution and the concentration at any level can be found only if Ca is known. Further,
equation is satisfactory, even qualitatively, only in the main flow and not close to the bed. According to
this equation, concentration at the water surface is zero and concentration at the bed is infinity. This is
not true in practice; physical reasoning will show that the concentration at the bed should be finite.
However, equation is valuable in as much as it provides a tool for studying the distribution of suspended
load.

In earlier studies, a procedure of crushing the low specific gravity material and sieving the same
through different sieves and remixing it in the required proportion for obtaining the desired size
distribution curve or proportion of coarse, medium and fine fractions of the sediment in the prototype
was adopted. This procedure was tedious and clumsy. To avoid these difficulties, the following

alternative procedure was followed in the subsequent studies.

The available low specific gravity powder is analyzed for the determination of the size distribution
curve. After injecting the material in the model, the settling efficiency of the chamber is determined by
measurement of the volumes trapped at the outlet of the desilting chamber and flushing system, taking
into due consideration of the volume of the sediment trapped inside the desilting chamber or by
simultaneous measurements of the concentration in the inlet and both the outlets, the settling efficiency

inthe model is estimated. The expected settling efficiency using Camp's and others criteria is also
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estimated, for the gradation curve using the mean diameter of the different fractions of the gradation
curve and by integrating the results. Thus, once the satisfactory correlation between the model results
and the estimated settling efficiency for the model parameters is established, the actual efficiency
curve for sediment in the prototype could be estimated. This results not only convenience for the model

studies but also enables to estimate the actual efficiency for the different gradation curves at site.

7.METHODOLOGY OF PHYSICALMODELSTUDIES

Generally, suspended sediment is removed from desilting chambers by continuous flushing through silt
flushing tunnel provided below. An extra discharge equal to about 20 % of design discharge is drawn
through power intake for continuous flushing of settled sediment to maintain the desired settling
efficiency. The layout and size of the flushing tunnels are so worked out that flushing velocity is
maintained and total discharge did not exceed 20% of the design discharge. To achieve this objective one
unit of desilting chamber is fabricated (out of multiple units) in fibre reinforced plastic (FRP) with
transparent Perspex windows along with inlet transition, outlet transition and flushing tunnel below
desilting chamber. Geometrically similar scale model is tested for settling efficiency and flushing
efficacy for sediment removal by injecting crushed and sieved walnut shell powder material having low

specific gravity.

The theoretical design of desilting chamber is tested for its optimum functioning in terms of its minimum
length for maximum / designed settling efficiency and flushing efficacy along with the performance of
inlet transition, openings connecting desilting chamber with silt flushing tunnel, settling trench, side
slope of hoppers and outlet transition. During the experiments, a known quantity of low specific gravity
material is injected at the inlet corresponding to designed sediment concentration. The model is run for
about one day equivalent of prototype operation and settled sediment is recollected and measured at the
downstream to calculate the experimental overall settling efficiency. This is compared with the
analytical settling efficiency of the same material used in the model experiments. Further analysis is done
to find out the settling efficiency for particle size of 0.2 mm and above. During the experiments, the inlet
water level is maintained between MDDL and FRL. Design discharge is maintained at inlet, head race
tunnel and silt flushing tunnel discharges are maintained at the outlet separately. During the experiments,
if the performance of various parts of desilting chamber viz. inlet transition, outlet transition, settling
trench etc. is not satisfactory, the modifications are done in consultation with project authorities and

concerned model part is re-fabricated and tested to evolve optimum design.

For design parameters, the scope of reduction of length of desilting chamber is especially worked out,
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which saves a huge amount of project cost as these are costly structures.

8. MATHEMATICALMODELS

As far as the mathematical model studies for desilting chambers are concerned, various assumptions,
approximations and simplifications are required to be made to make it convenient for numerical
computations. Therefore, mathematical models are unable to provide required information on account of
simulation and injection rate of suspended particles, inlet divergence (diffusor), opening sizes from
desilting chamber to flushing tunnel for flushing sediments and dune formation in the hopper. Two and
three dimensional flow patterns and the associated changes till now can be studied, only by using
physical models because geometrical approximations can be considered adequately. After the
development of numerical methods for simulation of two dimensional flow patterns, better
mathematical models such as Computational Fluid Dynamics (CFD) software are available which may

be tried for 3 D numerical model studies for the desilting chamber.

In the settling chamber flow is three dimensional especially in the inlet divergence and outlet
convergence. Attheinlet, there are structural arrangements for proper distribution of flow. Similarly, at
the outlet the arrangements are made for smooth skimming off the flow layers containing less
sediment in the suspension. Geometrical approximations are required to be made in two dimensional
mathematical modeling which is not considered adequately in the mathematical modeling. All these add
to the three dimensionality of the flow. The limitation of mathematical models is their ability to represent
only two dimensional flows whereas; the flow in the prototype is three dimensional which is being

nowadays taken care of by CFD.

Mathematical modeling through CFD

Computational Fluid Dynamics (CFD) is the computer solution of the governing equations for fluid
flows (the conservation of mass, momentum, and energy) for three dimensions. Using CFD software is
in many ways similar to setting up a physical experiment. If in a physical model, experiment is not set up
correctly to simulate a real-life situation, then the results will not reflect the real-life solution, similar is
the case for numerical model. It is important to ensure that the problem being modeled represents the
actual physical situation as closely as possible. Simple hand calculations (Bernoulli's equation, energy
balance, wave speed propagation, boundary layer growth, etc.) help in selecting physics and parameters,

and provide checks to compare with results.
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To conduct CFD model studies, the first step is to make exact 3 D geometry of the desilting chamber.
Then mesh is created to define the flow area, inlet and outlet boundary conditions are specified and model
is run for simulation. Initially, desilting chamber model studies may be done using the CFD program
before conducting physical model studies as it is comparatively difficult to make additions and
alterations in a physical model. Various design parameters such as length of desilting chamber, length
and bed slope of inlet transition, outlet transition, size and spacing of openings connecting main chamber
with silt flushing tunnel etc. may be tested on this CFD program and only the best possible alternative

may be selected to conduct physical model studies to finalized the design.

Thus, CFD can be used as a complementary tool for analysis of flow in desilting chambers.

9. LIMITATIONS OF MODEL STUDIES

It does not necessarily follow that model studies provide ready answers to all questions. For, one cannot
devise a suitable model test or interpret the model test results, unless one understands the basic theory of
the phenomenon under study. Time and money are wasted by a test of a model that does not adequately
represent the prototype. Sometimes it is impractical to build a model that will furnish all the desired
information. And lastly, it is wasteful to resort to model study if the results can be predicted by theory. In
spite of these limitations, model tests have proved to be invaluable in many cases and the use of models in
hydraulic engineering is steadily increasing. However, following are the limitations for desilting

chamber models.

- In case of hydraulic model experimentation, it is the hydraulic similitude and not geometric
similitude, which is the guiding and controlling factor in the design of models. Hydraulic

similitude is ensured by satisfying Froude's law.

- Quantitative estimation of the performance of flushing system could not be attempted since low
specific gravity material based on weight-volume relationship of the sediment in the model

differed from the prototype.

- Efficiency of desilting chamber in prototype is expected to be more than that estimated using the
model results, as the ratio of size of opening to the size of particle to be removed is very high in

prototype than that in the model.
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- In Nature, the forces that play, cannot be gauged accurately, neither the duration of forces for
which the resultant action is responsible is known. It is therefore, to be found out from actual
experiments, the optimum hour that a particular model should be run so as to be able to faithfully
represent the prototype conditions. It is only possible for a skilled observer with long practical
experience to diagnose from the performance of a model, how far the results can be relied on and

to what extent they can be applied in practice.

It is difficult to simulate all the conditions and properties of nature in the hydraulic models and
consequently difficulties do arise in the translation of results obtained from studies in the models. The
hydraulic models have, therefore, been considered as means towards an end in predicting certain factors

at least qualitatively to be met within the prototype (Verma 2002).

10. FIELD DATAREQUIRED FOR CONDUCTING MODEL STUDIES

Following field data are required for conducting hydraulic model studies for desilting chambers:

(1) Preliminary drawing of the desilting chambers viz. longitudinal section, plan, cross-sections at
important locations along with design calculations.

(1)  Flushing arrangement drawing along with design calculations.

(i11))  Concentration of the suspended sediment giving breakup of coarse, medium and fine sediment.

(iv)  Gradation curves of bed material and suspended sediments.

(V) Maximum sediment concentration for which studies are to be conducted.

(vi)  Details of inlet and outlet transitions of the chambers.

(vil)  Discharge of each unit of desilting chamber at inlet and outlet.

(viii)  Size of openings in trash rack.

11. CONCLUSIONS

The design of desilting basin in each case has to be wisely determined considering the type of turbine and
the base metal of underwater parts and sediment characteristics. There are several approaches for
determining the size of a desilting chamber. These basically depend on size of particle to be excluded and
its fall velocity. The approaches differ in accounting for the effect of turbulence and concentration of
sediment on fall velocity of particle. These approaches are found to give largely varying size of chamber

for aparticular size of sediment to be excluded. Hydraulic model studies are important because it
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facilitates the visualization of flow, sediment movement and advantage of finalizing efficient inlet and
outlet transition, size and spacing of holes connecting main chamber to silt flushing tunnel and silt
flushing arrangement besides the determination of sediment removal efficiency. Especially, the scope of
curtailment of length of main chamber is ascertained by the model studies. These are the basis for the

necessity of amodel study for design optimization of desilting chamber.
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ABSTRACT

For transporting a large quantity of water from a source to desired location at a long distance, large
sized pipes are used. Water can be transported by gravity or by pumping. In most of the cases, water is
transported by pumping. For economic consideration, these pipelines are laid following the ground
level profile. In some situations, the longitudinal profile of the pipeline may be highly undulating.

Pipelines laid, following an undulating nature of the ground, usually create an inverted siphon type of
pipeline profile. Installation of Break Pressure tanks (BPT) at proper locations on such pipelines can

provide a good solution to control water hammer pressure in the pipeline within desirable limits. In this
paper, a pipeline on the downstream side of the BPT is forming a shape of an inverted siphon, has been

analyzed to obtain the appropriate size of the BPT. Based on the analysis of unsteady flow in the

pipeline, mathematical expressions have been derived to express the relationship between the area of the

BPT provided and the maximum level to which the water in the BPT wouldrise. The governing equations

are nonlinear in nature and as such, to obtain a general solution of these equations, an approximation

has been introduced by replacing the velocity variable. A case study has been presented to compare the

applicability of approximate linearized differential equations with nonlinear differential equations by
solving the governing nonlinear differential equations using MATLAB.

Keywords: - Pumping Main, Unsteady Flow, Numerical Simulation, Break Pressure Tanks

1. INTRODUCTION

Conveyance of water from a source to the water treatment plant is generally carried out by the long and
large diameter pipelines. These pipelines are generally laid following a ground level profiles. If inlet and
outlet elevation difference is large, such pipelines undergo variation in pressure during valve operations
(Jordon 1984). Variation in pressure is responsible for the water hammer effect and can rupture the
pipeline (Kirmeyar et al. 2001). To avoid possible effect of water hammer pressure various pressure
reducing devices are used. Flywheel, air chamber, surge tank and air valves are few among them. Break

Pressure Tank (BPT) is an open tank, operates under atmospheric pressure and generally installed in the
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long and large diameter pipeline to avoid the water hammer pressure. Functioning of the BPT depends
upon its location on the pipelines and are generally provided on high summit points. BPT allows the flow
to discharge into the atmosphere, thereby reducing its hydraulic pressure to zero or atmospheric pressure
(Johnson 1977, Jordon 1984, Niskanen 2003).

Importance of providing BPT on the pipeline and its stability against earthquake forces (Blackwell,
1979), feasibility aspect of the BPT (McNAbola et al. 2011), are available in the present literature.
However, no attempt has been made to determine the size of the BPT. The method currently used for
evaluating the BPT's size is based on the detention period; this method gives the volume of the BPT. On
the basis of the volume of the tank, cross sectional area and height of the BPT cannot be determined. In
practical situation, based on the volume; height and the area of the BPT is arbitrarily decided. This
arbitrary dimensioning of the BPT yields larger or smaller size of the BPT. It is important to highlight
that, if the size of the BPT is large enough, it remains empty during the operations of the pipelines;

whereas, if the size of the BPT is small, it overflows (Ager et. al 2011).

In some cases, depending on the BPT — pipeline geometry and flow characteristics, and specifically
during the BPT filling, the water level into the BPT undergoes oscillations which can be greater than
water level under steady state conditions. If BPT is designed under the steady flow condition rather than
under unsteady flow conditions, the water overflows out of the BPT. Therefore, a more rational approach
is essential for dimensioning of the BPT. In this paper, a pipeline on the downstream side of the BPT is
forming a shape of an inverted siphon, has been analyzed to obtain the appropriate size of the BPT. Based
on the analysis of unsteady flow in the pipeline, mathematical expressions have been derived to express
the relationship between the area of the BPT provided and the maximum level to which the water in the

BPT wouldrise.

2.MECHANISM OF BPT-PIPELINE SYSTEM

Filling process of the BPT, located at a high summit point between the pumping main and a water
treatment plant is mainly governed by the pipeline profile on the downstream side of the BPT. The
pipeline laid following the ground level profile may either be plain, undulating or slopping. When the
nature of the ground is continuously sloping, due to gravity effect, BPT — pipeline will remains empty
after stopping the inflow to the system. When inflow starts filling the empty BPT and the pipeline, water
level in the BPT starts rising gradually till the velocity in the pipeline attain a steady state condition. Rise
in a water level in the BPT corresponding to a steady state velocity in the pipeline will be the maximum

rise in water level in the BPT. In such case the height of the BPT will be equal to the maximum frictional
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losses for the particular pipe at a steady state velocity. When topography or elevation of the ground
changes abruptly, the pipeline is laid following such profile will be in the form of an inverted siphon
(Fig.1). During no operation condition water remains in the pipeline up to the level of the outlet of BPT in
stagnant condition. During operation of the pipeline, if the size of BPT is not adequate, there will be

overflow as the rate of rise of water level will not become zero when it reaches the steady state value.

Steady State EGL
Unsteady State EGL

52

=3 Outlet (at same
level as mlet)

Pump | \A

Figure 1 Inverted siphon type BPT - pipeline profile
3. ANALYSIS OF UNSTEADY FLOW IN THE PIPELINE PROVIDED WITH BPT

Equations describing the unsteady flow in the pipeline system have been derived from the first principle
of conservation of mass and conservation of momentum. As shown in Fig (1), when the steady state
discharge from the pump starts filling the BPT, the velocity (7) changes continuously from 0 to V,
(steady state velocity) and the quantity of water (Q, — 4,V) raises the water level in the BPT or develops
head. This developed head pushes the stagnant water in the inverted siphon portion of the pipeline.

Thus, Inflow — Outflow = Change in control volume per unit time

dh
—ApV=Agpr — (1)
QO F BFT :’.ff

where: Q,= constant inflow discharge; 4, = cross sectional area of the pipe; V= velocity of flow in the
pipe under unsteady flow conditions; 4,,, = cross sectional area of the BPT; /# = total head at the inlet;
and r=time

The Bernoulli equation applied between the section at the pipeline inlet and the section at the

pipeline outlet (see Fig. 1) under unsteady flow conditions is given by the following equation:

v , VY
g+ 24—y P2 +Xh +he+h, (2)
w 2g ° 9w 2g
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where: z, and z,= elevation at the pipe inlet and outlet, respectively; p,/w and p,/w = pressure head at the
pipe inlet and outlet, respectively; V,’/2g and V,’/2g = velocity head at the pipe inlet and outlet,
respectively; Y h,= Y K[ 1(V*/2g) = sum of the local head losses in the reach between sections 1 and 2; Y K
= sum of the local loss coefficients in the reach between sections 1 and 2; h=fI1L/D[(V/2g) = friction
head loss; = friction factor; L = pipe length; D = internal pipe diameter; 4, = L/gl|(dV/dt) = acceleration

head; w=specific weight; and g=acceleration due to gravity.

By rearranging Eq. (2), it can be re-written as follows:

PRSI id (3)
g dt

where:
h = difference between the total head loss at entrance and the total head loss at exit;

L 1
F= [ZK'FH' fﬁ}g = coefficient in the friction loss formula

Eqgs. (1) and (3) govern the flow in the pipeline from BPT to outlet. To obtain the expressions for I/
and h in terms of time, these equations have been solved with the boundary condition, at t =0, IF'=0
and i = 0 and at steady state t =oc I = Fpand h = hg Differentiating equation (3) with respect to ¢

_r dh . : .
and substituting the value of 7 in equation (1) and rearranging the terms,
t

d*’V 2FVedv g4
A gav E4p V= O g

(4)

Eq. (4) is a second order nonlinear differential equation in the form of variable, }"and its general solution
is not possible. As V' is a basic parameter for establishing the criterion for sizing of the BPT, it is

necessary to linearize the Eq. (4), or obtain a solution of Eq. (4) by using numerical methods.

3.1Solution based on linearized equations

To obtain a general solution for Eq. (4), an approximation has been introduced by replacing the
1

variable V' in the coefficient of dV/dt in the second term of Eq. (4) by its average value as, EVD

With this assumption, Eq. (4) can be written as,

L]

2 ) A
dV—]—ZFVOg-ﬂ—l—g P-V: Qﬂ.g [:

)
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d‘?_l_ZFVOS_f_'_gAP_V: g

or;

2 (6)
ﬂ + bl - d_V + b: - V = b'_-‘
dt” dt )

where:

_Fgl,
L

b, = &4y
AEPTL

by

_ Og

b, =
ABPTL

-
a

From the substitution made for b; and b; the cross sectional area of the BPT can be obtained. This
area is actual required area of the BPT and is given by,

44,1 (7)

Eqg. (6) being linear in nature, its general solution can be obtained. This solution can be used to calculat
the velocity and as such the rise in the water level in BPT. Solution of Eq. (6) develops two cases. In firs
case by’ will be greater than or equal to 457 and in second case b;? will be less than 452, When b2> 4 b;
the velocity in the pipeline approaches the steady state value (F5) asymptotically and hence rise in wate
level in the BPT which is dependent on velocity will also attain the steady state condition asymptotically
Therefore, if the criterion given in first condition (b2 = 4 b3) satisfied for the cross sectional area of th
BPT then water level in the BPT will never rise above its steady state value. Solution to case two give
oscillatory behavior of velocity. In this paper only first case has been discussed.

[ Horizontal (Value) Axis i
The auxiliary equation corresponding to Eq. (o) 15,
n* +bn+b, =0 (8)

roots of an auxiliary equation can be written as,

nz_Tb‘J_r b 2 4b, ©)

When b2 = 4 b, the variation in rise velocity in the BPT can be obtained by general solution of
Eq. (6) and can be expressed as,

V,=Ce™ +C,e" +V, (10)
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By performing appropriate mathematical steps the variation of rise in water level in BPT iz obtained as,

hy :{—-Cl -(nl-e”)JrC: -(nz -e”"):‘+F-[Cl-e”" +C,-e" +V0]: (1)

where:

C,=V,-n, - 1 = constant of integration
B ﬁ‘l — M-

P

1 _ : -
Cy=Vy-n- constant of integration

n; and nz = roots of auxiliary equation

3.2 Solution based on numerical method

To obtain a general solution for Eq. (6) an approximation has been introduced by considering the average
value of velocity. With this approximation values obtained for the variation in velocity and head in the BPT
may differ than actual values, therefore to check the possible deviations, Eq. (5) has been solved by using
ODE —45 solver of MATLAB.

4. CASESTUDY

To validate the output of the developed mathematical expressions, experimental case scenario was generated in the
laboratory. The results of the case have been compared. An experimental set up was fabricated at the Hydraulics and
Fluid Mechanics Laboratory, Department of Civil Engineering, Visvesvaraya National Institute of Technology,
Nagpur, India (Fig. 2). The experimental setup is self contained type, having circulating arrangement. Downstream
side of the BPT act as rising main. It consists of water sump of 1000 liters capacity for a continuous supply of water.
To lift the water and maintaining a flow range 0f 0.0009 to 0.0019 /s, a rigid PVC pipe with an internal diameter of
0.0508 m, attached with 2 HP low head high discharge pump was used. The outlet of the pump was connected to a
delivery pipe via gate valve to vary the discharge to the BPT. The delivery pipe was finally taken to BPT. A measuring
scale was attached with the BPT to measure the rise in water level in BPT. An outlet arrangement was made in the
BPT to connect flexible PVC pipe of 21 m length and 0.0508 m internal diameter forming the shape of inverted
siphon. The BPT has a cross sectional area of 0.0637 #” and a height of 1.2 m. The outlet of flexible PVC pipe and the
bottom of BPT was kept at the same level. The final discharge through an inverted siphon type pipeline profile was

collected in a collection tank (1 x 1 x 0.750m) attached with measuring scale to measure the discharge by volume.
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2 = Pumping Main 4 =Inverted Siphon type Pipeline 6 =Recirculation Pipe  — =Flow direction

Figure 2 Schematic line diagram of experimental setup

5. EXPERIMENTAL OBSERVATIONS

The pump was started to commence the flow, this flow was regulated through the operation of gate valve
fixed to the pipeline to achieve the desired range of the discharge. The rise of water level in BPT has been
continuously observed and the maximum value of water level (4,,, ) is recorded. For this discharge, the
flow condition in the pipeline is allowed to reach its steady state. The steady state value of water level in
the BPT (%,) which is same as the 4, is recorded. Discharge (Q,) corresponding to each observation is

measured by volumetric method. The procedure was repeated for number of observations.
5.1 Comparison of experimental observations with analytically and numerically calculated values

Corresponding to all the experimental values of ¥, the maximum rise in water level in the BPT are
observed, these values are called as /2 ,,,,.and are shown in Table 1. Values of /2 ,,, as a function of time are

calculated by using Eq. (11). These values are called as / and are shown in Table 2 and Fig. 3.

Maxcalc
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Table 1 Table showing the observed values of maximum rise in water level in BPT

Obs No. B M ot (1) O (m?/s) Vo (m/s) F
1 0.279 0.000984 0.485388 1.133236
2 0.28 0.001001 0.49396 1.096591
3 0.38 0.001172 0.578201 1.08568
4 0.408 0.001256 0.619844 1.01096
5 0.477 0.001346 0.663987 1.030961
6 0.534 0.001413 0.697083 1.047967
7 0.577 0.001512 0.745879 0.986176
8 0.582 0.001527 0.753413 0.974345
9 0.634 0.001631 0.804905 0.927619
10 0.681 0.001643 0.810738 0.985094
11 0.721 0.001699 0.838066 0.975578
12 0.823 0.001751 0.863953 1.051637
13 0.86 0.00189 0.932349 0.938363
14 0.93 0.001928 0.951376 0.976523
1
0.9 +
0.8 = e
= 0.7
§0 6 /
= 3 5
=05 c/ *
0.4 b
0.3 /
Frs
0.2
0.4 0.5 0.6 0.7 0.8 0.9 1
Vi (m/s)

Figure 3 Variation of & 1w caic (using Eq.11) with Vp

Assuming that the experimentally observed values are correct, these are compared with analytically
calculated values and percentage deviation in results for each observed values is calculated. These
values are shown in Table 2. It is important to note that all the observed values of 72 ,,, . are higher than

all corresponding analytically calculated values of /2 the difference being, of the order 0f 4% to 6%,

Maxcalc.

which may be because of the primary assumption made for linearizing the Eq. (5), in addition to presence of fully

rigid boundary and incompressibility of the fluid.

Journal of Surveying & Structural Engineering (Volume- 12, Issue - 1, Jan-Apr 2024 ) Page No 20



Table 2 Percentage deviation between the experimentally observed and analytically calculated (Eq.11)

values of ft 1

Obs No. P e o8z (111 h Mz cale (1) Deviation (%3)
1 279 0.266 4.49
2 0.280 0.267 4.64
3 0.380 0.362 4.69
4 0.408 0.388 5.04
5 0.477 0.454 4.94
6 0.534 0.509 4.86
7 0.577 0.548 5.16
8 0.582 0.553 523
o 0.634 0.600 5.49
10 0.681 0.647 5.17
11 0.721 0.685 522
2 0.823 0.784 4.86
13 0.860 0.815 5.44
14 0.930 0.896 3.73

The variation in rise in velocity with time for each observed values of V), is calculated by coding a

program in MATLAB. These variations in velocity are shown in Fig. 4. Also, the variation in rise in water

level with time for each observed values of V, is calculated by coding a program in MATLAB. These

variations in rise in water level are shown in Fig. 5. From the curves of Fig. 5, maximum values are

obtained for each set of observation and represented as /2 ,,,,,,, in Table 3. The variationin 4 ,,,,,,with V, is

shown in Fig 6. Assuming that the experimentally observed values are correct, these are compared with

numerically calculated values. Percentage deviation in results for each observed values is calculated and

shown in Table 3. In this case also, #,,,.,,, values are 4% to 6% higher than all the corresponding values of

h MaxNum*
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S daitaz
datal
datad
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datad
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—=—=- datald

data7 H

t (sec)
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Figure 4 Variation of estimated rise in water level using MATLAB in the BPT with respect to time
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Figure 5 Variation of estimated rise in velocity using MATLAB in the BPT with respect to time

Table 3 DPercentage deviation between the experimentally observed and numerically caleulated
(MATLAB) values of & 1z

Obs No. B e obe () h yzeywn (m)  Deviation (%)
1 0.279 0.266 4.69
2 0.280 0.267 4.67
3 0.380 0.362 482
4 0.408 0.388 5.07
5 0.477 0.454 492
6 0.534 0.509 4.89
7 0.577 0.548 5.13
8 0.582 0.552 537
o 0.634 0.600 5.54
10 0.681 0.647 5.10
11 0.721 0.684 5.30
12 0.823 0.784 4.89
13 0.860 0.814 5.54
14 0.930 0.882 5.35
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Figure 6 Variation of &t i zum (using MATLAB) with 7

Comparison between the rise in water level in the BPT, calculated by analytical and numerical methods
with the experimentally observed values is shown in Fig. 7. Since all the observed values are higher than
h and % ,,, ... the BPT designed for height based on /

500 mmto 1 m, will never overflow.

and #,,.,,, with suitable free board of

Max cale Max cale

Calculations for 4 using Eq. (11) and 4 ,,, ., by coding program in MATLAB are very

Max calc
cumbersome, hence simplified regression equations has been proposed as an alternative for selecting the
cross sectional area and the height of the BPT.

As determined by regression analysis, the equation for / (Fig.3)is,

Maxcalce

My e = 0.943x 77,178 (12)

with coefficient of determination, R*=0.991

As determined by regression analysis, the equation for /1 14 v (Fig.6) is,

|
h

Max Num

=0.940x V1" (13)

with coefficient of determination, R?=0.992
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Figure 7 Comparison of analytical, numerical and experimental values of / 14

6. CONCLUSIONS

In the research presented through this paper, a method based on transient flow analysis has been
developed and proposed for selection of proper size of the BPT. Equations for variation in rise in
velocity and water level in the BPT have been investigated. These equations have been validated

experimentally and numerically. Based on this method, following conclusions are drawn,

1. When the longitudinal profile of pipeline downstream of BPT is uniformly sloping downwards,
only a nominal sized BPT is sufficient and the height of BPT can be decided from the elevation
of water level required to overcome frictional loss corresponding to steady state discharge.

2. When b,’> 4 b,, the required cross sectional area of the BPT can be obtained by Eq. (7). In this
case, water level in the BPT during unsteady flow condition will never rise above the steady
state water level.

3. Also when b,’>4 b,, the maximum value to which the water level in the BPT will rise during
unsteady flow conditions can be obtained by either Eq. (12) or Eq. (13); which are marginally

different, as given below

Mg e = 0.943 x 7, 178 "
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h

Max Num

=0.940x¥,""7

7.NOTATIONS

The following symbols are used in this paper:

A,= cross sectional area of the pipe;

A,,,_cross sectional area provided for BPT;

BPT =break pressure tank;

b,, b,, b,= coefficients of the terms in the linearized differential equation for unsteady state;
D =internal pipe diameter;

data (1 to 14)=obs (1to 14);

F=coefficient in the friction loss formula;

f =friction factor;

GM = gravity main;

g =acceleration due to gravity;

h=total head at the pipe entrance under unsteady flow conditions;

h,,,=maximum rise in water level in the BPT under unsteady flow conditions;

Py . = Maximum calculated head at the pipe entrance under unsteady flow conditions;
A, ene,=nUmMerically calculated maximum water level in the BPT;

N0 = Maximum observed head at the pipe entrance under unsteady flow conditions;
h,=total head at the pipe entrance under steady flow conditions;

h,=acceleration head,

h,=friction head loss;

HGL =hydraulic gradient line;

L=pipe length;

n=roots of auxiliary equation;

Obs = observations;

PM =pumping main;

0, = constant inflow discharge;

S, =section— 1 at the outlet of the BPT;

S,=section— 2 at the outlet of the pipeline;

t=time;

V'=flow velocity in the pipe under unsteady flow conditions;

V,=flow velocity in the pipe under steady flow conditions;

(13)
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w=specific weight of fluid;

WL =water level in the BPT;

C, and C,=constants of integration;

z,and z, = elevations at the pipe inlet and outlet respectively;
2h, =total head loss in the pipeline;

2K =sum of'the local loss coefficient in the reach between section 1 and 2;

Lt and P _ pressure heads at the pipe inlet and outlet respectively:
w w
7 vy . . .
- and 5= velocity heads at the pipe inlet and outlet respectively;
! Hg
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ABSTRACT

The Soil Conservation Service-Curve Number (SCS-CN) method is one of the most popular methods for computing the
volume of direct surface runoff for a given rainfall event. In this study, CN method is evaluated at plot scale using the data of a
large number of observed rainfall (P)/runoff (Q) events for 21 agricultural experimental plots located in Roorkee, Haridwar,
Uttarakhand, India. The derived CN values from observed P-Q (CN,,) data were considerably different from conventional
NEH-4 table (CN,) values. CN, values derived from plot characteristics do not estimate the runoff from these plots as
accurately as do the CN,,. For example, optimized CN for natural P-Q data series (CN,s,) generally performed the best of all,
and median curve number (CN,) derived from P-Q data set generally better than CN,. The optimized initial abstraction ratio
(1) values showed that the original assumption of the A = 0.20 is unusually high. Most of the derived A values (respectively 20
and 16 out of 21 for natural and ordered P—Q data sets) are less than the default /. = 0.2 value The median and mean A values
were respectively 0 and 0.039 for natural P-Q data and 0.046 and 0.127 for ordered P-Q data. The initial abstraction (I,) was
not linearly proportional to the potential maximum retention (S). As expected, CN (or, potential maximum retention, S) values
showed a higher degree of dependence on the physically observed 1-day antecedent soil moisture (6,,) than, 5-day average
antecedent soil moisture (6,;), and 5-day antecedent rainfall (P;).

Keywords: - Antecedent soil moisture; CN-0,relationship; Optimized A value; SCS-CN

1. INTRODUCTION

The National Engineering Handbook (NEH-4) Soil Conservation Service-Curve Number (SCS-CN)
method (SCS 1972) also known as Natural Resource Conservation Service Curve Number (NRCS-CN)
method is one of the most popular methods for computing the volume of direct surface runoff for a given
rainfall event. It is a two-parameter, initial abstraction (I,) and CN (or potential maximum retention, S),

model to predict surface runoff from rainfall of individual events.

For watershed hydrology, the initial abstraction ratio (A=I,/S) plays an important role in determination of
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surface runoff depth (Baltas et al. 2007). It largely depends on climatic conditions of the watershed
(Ponce and Hawkins 1996) and consists mainly of interception, infiltration, and surface depression
storage during the early parts of a storm (Taguas etal. 2015). Traditionally (SCS 1972) is often set equal
t0 0.2 in SCS-CN equation. However, use of A = 0.2 was called ambiguous by several researchers since
its inception (Aron et al. 1977; Baltas et al. 2007; Cazier and Hawkins 1984; D'Asaro and Grillone 2012;
D'Asaro et al. 2014; Elhakeem and Papanicolaou 2009; Fu et al. 2001; Hawkins and Khojeini 2000;
Hawkins et al. 2002; Shi et al. 2009; Yuan et al. 2014; Zhou and Lei 2011) and a value in the order of 0.05
or less was said to be more realistic not only for the various parts of world, but also for the watersheds

those used in its derivationi.e. U.S. watersheds.

For a set of observed P—Q data, various approaches for determining CN have been cited in literature. The
most common and widely used are NEH-4 median method; traditionally recommended by SCS
(Hawkins et al. 2009; SCS 1972), least-squares method (LSM) (Hawkins et al. 2002), and asymptotic
fitting method (AFM) (Hawkins 1993; Hawkins et al. 2009). Of late, some studies examined the relative
accuracy of such methods and compared them with those from NEH-4 tables (D'Asaro et al. 2014;
Fennessey 2000; Hawkins 1984; Hawkins and Ward 1998; Titmarsh et al. 1989, 1995, 1996; Schneider
and McCuen 2005; Tedela etal. 2012). However, in spite of widespread use of all the approaches, there is
not an agreed procedure for estimating the CN from observed rainfall-runoff data (Soulis and Valiantzas

2013) because each procedure is as good as another.

Though SCS-CN method has been used worldwide for rainfall runoff modeling, but a common problem
encountered is the absence of significant relationship between antecedent soil moisture and measured
CN values. The existing SCS-CN method uses the 5-day antecedent rainfall amount to select three AMC
levels. However, the use of three discrete AMC levels implies a sudden jump in CN from one level to
another (Hawkins 1978). The measured values of CN however are not limited to the three AMC levels
defined by 5-day antecedent rainfall (Rallison and Cronshey 1979). Melone et al. (2001) obtained poor
results with errors in surface runoff volume up to 100% when used 5-day antecedent rainfall as
antecedent wetness condition (AWC) and similar type of results were obtained by other investigators
(Beck et al. 2009; Hawkins and Cate 1998; Kottegoda et al. 2000). Therefore, an alternative solution to
characterize AWC should be investigated as the use of direct measurements of soil moisture prior to

rainfall event, rather than the amount of rainfall only (Brocca et al. 2009; Huang et al. 2007).

Thus, the objective of this study is to (a) investigate the suitability of NEH-4 CN values for agricultural plots; (b)
determine the optimal A and S (or CN) values by analyzing 21 plot data; and finally (c) explore the existence of a
relationship between CN (or S) and AWC.
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2.SCS-CNMETHOD

The SCS-CN method is an empirical equation predicting runoff from rainfall using a parameter CN (or

S) based on soil, vegetation, land use, and soil moisture prior to a rainfall event. It is expressed

mathematically as:
Q :ﬂ for P> AS; Q=0 otherwise (1)
(P+S—-AS)

where Q (mm) is surface runoff, P (mm) is rainfall, & iz the initial abstraction ratio (A = 0.2
recommended by SCS), and S (mm) is the potential maximum retention. For observed P-Q data, S can
be estimated from Eq. 1 as (Hawkins 1973):

S = 5[(P + 2Q)-(4Q*+5PQ)}-] (2)

Since parameter S can vary in the range of 0 <8 <0, it is mapped onto a dimensionless curve number
CN, varying in a more appealing range 0 < CN = 100, using Eq. 3, and vice versa.

25400
(S + 254) (3)

3. MATERIALS AND METHODS
3.1 Site description

The study was conducted in an experimental field located at 29° 08' N and 77° 09' E, in Roorkee, district
Haridwar, Uttarakhand (India) (Figure 1). The study area is a part of the Solani River catchment, which
is a sub watershed of Ganga River-the largest river basin in India. The average elevation of the
experimental site is about 266 m above mean sea level (amsl) and; situated within the Solani watershed
at about 30-60 km south of the foothills of the Himalayas. The climate at the experimental site is sub-
tropical type characterized by hot summers and cold winters with an average temperature vary from 20
to 40 °C. The relative humidity varies between 30% to 99%, and average annual PET of the order of
1340 mm. The annual precipitation varies from 1120 to 1500 mm and most of the rainfall (around 70-80

%) occurs during monsoon season (June-October).
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Figure 1 Layout of experimental field located in Roorkee, District Haridwar, Uttarakhand, India.

3.2. Experimental setup and data collection

The selected agricultural field for experimental work was divided into plots of 22 m length and 5 m width
with three independent variables: soils, land use, and slope/gradient. The experimental work was
conducted for three years (August 2012-March 2015) in which experimental plots included four types of

vegetative cover: sugarcane, maize, blackgram, and fallow land with slopes of 1%, 3%, and 5%.

The surface runoff generated during rain storms was collected in separate chambers (1m x 1m x Im)
constructed at the downstream end of each plot and the variation in depth of water stored with respect to
time was monitored regularly, but manually. Multi-slot (5 slot) devisors were used to reduce the volume
of runoff to be measured in the collection chamber. Precipitation was recorded with the help of Tipping
Bucket rain gauge installed within the experimental site. In-situ double ring infiltration tests were
conducted for classifying of the hydrologic soil group (HSG). The resulting minimum infiltration
capacity and corresponding HSGs for different plots are shown in Table 1. Soil water measurements
were taken by a portable unit using a 2-wire connector type time domain reflectometry (TDR) probe of
the 'Fieldscout TDR-300'. The soil water was sampled every day (at around 9.00 am IST) throughout the
study period from the soil surface down to a depth of 20 cm, and these were replicated at three (upstream,
middle, and downstream) locations in each of the plots. Statistical comparisons of soil water contents

from these three locations did not show significant difference at p > 0.05. For each measurement date, a
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single soil water content value was computed by averaging the three values.
3.3 Determination of Curve Number
3.3.1 NEH-4 tables Curve Number

The representative AMC-II CN (or CN2) values were derived for all the plots based on land use, soil
type, and vegetation using NEH—4 table (SCS 1972) (Table 1). These CN values of a plot are
designated as CNT.

3.3.2 NEH-4 median method

The median CN values derived from Equations 2 and 3 using P-Q data are considered as the
representative CNs of the field plots at AMC II (Hawkins et al. 2009; SCS 1972). This CN value of a
plot is designated as CNm.

3.3.3 Best Fit method
In this method, the parameter S is determined by iterative least squares fitting (or best fit) procedure for
both A and S of the general SCS-CN equation (Eq. 1), consistent with the work of Hawkins et al. (2002).

The objective of the fitting is to find the values of A and S such that the following is a minimum:

EVERLS

;. (p-asy 7|
Z (ngs_QcaI) _Z{Qm_[ﬁ} 4

Here, Qobs = observed direct runoff and Qcal = calculated runoff. Notably, each P-Q dataset yields only
one value of S, i.e. only one representative value of S (or CN) for a plot. This CN value of a plot is
designated as CNLS. Notably, both natural and ordered data series were used to fit, and only large storm
events with P >15 mm were used to avoid the biasing effects of small storms towards high CNs. For
statistical analysis, only plots having more than 10 rainfall-runoff events were considered for and CN

calculation.

3.3.4 Relationship between CN and AWC
It is of common experience that CN is a function of AWC of the watershed, which may refer to the soil

moisture prior to rainfall event. To evaluate the effect of AWC on CN (or S), regressions between CN
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derived from P-Q dataset and corresponding observed antecedent soil moisture indices such as 1-day
antecedent soil moisture (6ol), 5-day average antecedent soil moisture (005), 5-day antecedent rainfall
(P5) were developed, and their dependency on predicted runoff analyzed. The regression analysis used

three forms, viz. linear, logarithmic, and exponential, to fit the experimental data as follows:

CN=m-+n6 (5
CN=m expn6 (6)
CN=m + n In(0) (7)

where 0 is the antecedent soil moisture index, CN is the curve number, In is the natural logarithm

operator, m and n are two regression coefficients to be estimated.

Table 1 Characteristics of plots and CN values derived using NEH-4 median method, Least square (LS) method and Handbook Table

+
Plot Land use Slope Infiltration =~ HSG  No.of NEH-4 NEH-4 method Least square fitting method
No. (%) capacity events Table (Natural data,
(mm/hr) h=0.20) WNatural data Ordered data
CNt CNa CNis 7 CNiss 7
1 Maize 5 424 B 2 78 81.93 7491 0.031 76.17 0.046
2 Maize 3 552 B 12 78 81.08 80.49 0.208 80.98 0.219
3 Maize 1 1.90 C 12 85 82.67 81.89 0.100 83.60 0.144
4 Fallow 5 12.00 A 12 76 80.66 62.61 0.020 80.7 0.351
5 Fallow 3 6.00 B 12 85 80.97 5991 0.000 66.61 0.025
6 Fallow 1 10.00 A 12 76 78.93 60.86 0.063 57.16 0.066
7 Blackpram 5 1522 A 12 66 81.30 79.07 0.114 87.13 0421
8 Blackgram 3 13.82 A 12 66 80.09 7313 0.088 79.09 0.197
9 Blackgram 1 3.66 B 12 77 81.33 69.93 0.033 77.81 0.141
10 Sugarcane 5 7.36 B 18 81 82.14 70.79 0.033 81.87 0.228
11 Sugarcane 3 8.77 A 18 72 80.19 77.00 0.124 89.17 0.659
12 Sugarcane 1 6.51 B 18 81 81.36 70.50 0.000 80.23 0.127
13 Sugarcane 5 2.68 c 10 88 92.35 85.36 0.000 85.97 0.000
14 Sugarcane 3 3.50 c 10 88 90.06 79.03 0.000 79.88 0.000
15 Sugarcane 1 3.03 C 10 88 87.81 7456 0.000 76.17 0.000
16 Maize 5 10.00 A 15 67 81.52 62.39 0.000 64.06 0.000
17 Maize 3 35.00 A 15 67 80.02 58.13 0.000 58.65 0.000
18 Maize 1 22.00 A 15 67 82.47 70.93 0.000 75.77 0.042
19 Sugarcane 5 32.00 A 15 67 79.83 56.94 0.000 57.21 0.000
2 Sugarcane 3 10.00 A 15 67 86.28 64.47 0.000 67.69 0.004
21 Sugarcane 1 15.00 A 15 67 85.58 6123 0.000 62.22 0.000
Statistics
Mean 7557 82.79 70.20 0.039 74.67 0.127
Median 76.0 81.36 70.79 0.000 77.81 0.046
Standard deviation 822 3.57 8.58 0.057 10.11 0.173
Maximum 88.00 9235 8536 0.208 89.17 0.659
Minimum 66.00 78.93 56.94 0.000 57.16 0.000

To validate the existence of such a relation, the randomized series of the total collected events were
generated to represent fair coverage of all wetness situations. The 60 and 40% events were used for

respectively, calibration and validation purpose.

4. PERFORMANCE EVALUATION CRITERIA

Forevaluation of the agreement between observed and predicted parameters, three criteria were used
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to estimate the goodness of fit, i.e. Nash-Sutcliffe efficiency coefficient (E), coefficient of determination
(R2),andbias (e).

The Nash and Sutcliffe efficiency (E) (Nash and Sutcliffe 1970) is defined as:

_ I_Z?:: (Qz‘_ch)?
Z?::(QE_QI (8)

where E is the model efficiency, Q,(mm) and Q_(mm) are respectively the observed and predicted runoff

E

for storm event i, n is the total number of storm events, and Q(mm) is the average of observed runoff for
all storm events. E=1 indicates a perfect agreement between observed and predicted values, and its
decreasing values indicate poor agreement. A negative value of E can also occur for biased estimates

which indicate that the mean observed runoff is a better estimate than calculated runoff.

Bias (e) is a measure of the systematic error and is calculated as the average difference between the

predicted and measured values of a random variable as follows:

o0

7 (©)

e

The bias indicates the amount that a method consistently over predicts or under predicts the Q-value.
Two-way least square fitting was performed to determine the fitting parameters using the Microsoft

Excel (Solver).

S.RESULTS AND DISCUSSION

The rainfall-runoff analysis presented in this study is based on the natural rainfall-runoff events observed during
August 2012—March 2015. The total number of rainfall events captured was 101 with rainfall amount varying
from 1.1 mm to 93.8 mm. However, only 43 events produced significant runoff for measurement. The

characteristics and derived CN from various runoff plots are given in Table 1.

5.1 Comparison between CN,, CN_ and CN,
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In present study, one of the aims was to compare the NEH-4 table curve number (CN,) with observed
P—Q data based curve number. Practically, the NEH-4 table estimates (CN,) should much close to the
P—Q data based CNs. But, in realities, the present comparison is compromised by several factors like

equal size and one site location (or same climatic condition) of study plots.

The NEH-4 table curve numbers (CN,) is compared with those due to P—Q data, observed on 21 plots.
The NEH—4 table curve numbers were range from 66 to 88. Observed P—Q data median CNs were range
from 78.93 t0 92.35. Similarly, the optimized value of CNs ranged respectively from 56.94 to 85.36, and
57.16 to 89.17 for natural and ordered datasets. As seen from Table 1, estimated CN derived for the

measured P—Q data set were comparatively higher than that derived for the watershed characteristics.
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Figure 2 CN Plots for (a) CNy vs CNT, (b) CNLs ys CNT, (¢) ClNgy vs CNLs, and (d) CNLss vs CNLss.

From Figure 2a, it is seen that the comparison between CN,, and CN_ is less than satisfactory.
Furthermore, CN  obtained by traditional median method assume high values compared to CN, and the
discrepancy increases for CNs below 75. Most of the CN,, values (17 out of 21) were greater than the
CN, values, consistent with those reported in literature (D'Asaro et al. 2014; Hawkins and Ward 1998).

As shown in Figure 2b, the comparison between CN; and CN|is also poor for both natural and ordered
datasets. In general, CN,. values are higher than CN/,. Figure 2c shows a plot between CN and CN/ for
both natural and ordered datasets. The difference is noticeable between CN_ and CN, for lower CN

values. As shown in Tables 1and Figure 2¢c, CN, are higher than CN, (, consistent with those reported
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in literature (D'Asaro and Grillone 2012; D'Asaro et al. 2014; Stewart et al. 2012). As expected, CN
values derived from ordered data (CN, ) are higher than CN values derived from natural data (CN )
(Figure 2d, Table 1) (D'Asaro and Grillone 2012; D'Asaro et al. 2014; Hawkins et al. 2009; Stewart et al.
2012). It is for obvious reasons that the former CN values derived from frequency matched P and Q data
will always be higher than the latter ones derived from natural data as Q corresponding to a P of certain

frequency will always be higher than or equal to the observed Q.

Table 2 shows the performance statistic used to test the accuracy of all three sets of CNs, viz., CN,, CN
and CN,, for the data of 12 plots (plots 1-12 of Table 1), along with resulting R* and E values. As seen
from this table, CN, values derived from plot characteristics do not estimate the runoff from these plots
as accurately as do the other CNs. For example, CN, , generally performed the best of all, and CN
generally better than CN.. The reason for CN, to have performed most poorly is that these are the

generalized values derived from the watersheds of United States.
From Figures 2a and 2b and Tables 1 and 2, it is evident that the general agreement between CNT and CNm or
CNLSn is poor, consistent with the results of other studies (D'Asaro et al. 2014; Fennessey 2000; Hawkins 1984;

Hawkins and Ward 1998; Lal etal. 2015; Titmarsh etal. 1989, 1995, 1996; Tedelaetal. 2012).

Table 2 Performance statistic for runoff estimation using CNy, CNrgpand CNT.

Plot No. Median (Natural data, x=0.20) Least square (Natural data) NEH-4 Table (#=0.20)

CNa R2 E CNisz A R? E CNr R E
1 8193  0.866 0.624 7491 0031 0010 0713 78 0805 0321
2 81.08  0.948 0.700 8049 0208 0941 0638 78 0921 0474
3 8267  0.861 0.587 81.89 0.100 0893 0740 85 0884 0.731
4 80.66  0.686 0.625 6261 0020 0712 0649 76 0597 0357
5 80.97  0.545 0.474 5991 0000 0611 0584 85 0601 0.551
6 78.93  0.690 0.650 60.86 0063 0682 0640 76 0641 0.496
7 8130 0.750 0.525 7907 0.114 0773 0588 66 0.025 -0.264
8 80.09  0.790 0.592 7313 0088 0806 0599 66 0013 -0231
9 8133 0.736 0.592 6993 0.033 0766 0611 77 0660 0305
10 82.14  0.571 0.514 7079 0.033 0595 0494 81 0543 0451
11 80.19  0.490 0.387 7700 0.124 0501 0404 72 0.154 -0.042
12 8136 0516 0.390 70.50 0.000 0563 0507 81 0505 0.365

5.2 Derivation of Initial abstraction ratio (A)values

The optimized A, —values derived for both natural and ordered P—Q data sets are shown in Table 1. As
seen from this table, the derived initial abstraction ratio (A ) values vary widely (ranging from 0 to 0.659
for ordered data and 0 to 0.208 for natural data) from plot to plot with 0 as the most frequent value. The
most of the derived A values (respectively 20 and 16 out of 21 for natural and ordered P—Q data sets)
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are less than the default A=0.2 value. The mean and median A values were respectively 0.039 and 0 for
natural P-Q data, and 0.127 and 0.046 for ordered P—Q data, which is quite different from traditionally
assumed value, but consistent with those reported in literature (Baltas et al. 2007; D'Asaro and Grillone
2012; D'Asaro et al. 2014; Elhakeem and Papanicolaou 2009; Fu et al. 2011; Hawkins and Khojeini
2000; Hawkins et al. 2002; Shietal. 2009; Yuan etal. 2014; Zhou and Lei 2011).

I, was plotted against S, using the whole data of 21 plots as shown in Figure 3. The Ia-S plot exhibited an
inverse relationship for both natural and ordered data sets, consistent with the findings by Jiang (2001).
The regression equations were Ia=-3.21 In(S) + 18.13, R’=0.10 for natural data, and Ia=-7.30 In(S) +
38.94, R’=0.30 for ordered data. The R* was significant at p<0.05 for both ordered and natural data sets.
This result from current study conflicts with the suggested linear positive relationship between I, and S
(I,=0.25) as suggested by the NRCS Curve Number model, but consistent with findings carried out
elsewhere (Elhakeem and Papanicolaou 2009; Jiang 2001; Jain et al. 2006; Mishra et al. 2004, 2006).

1 25
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Figure 3 Relationship between [a and § for 21 plot-data.

5.3 Effect of AWC on CN (or S)

Table 3 compares the performance of four soil moisture indices with three different regression models
for improved runoff estimation. As seen, the exponential regression of CN with 6, (i.e.
CN=69.905exp”""™) performed the best of all in both calibration and validation. However, the existing
index based on 5-day antecedent rainfall (P,) exhibited a poor performance in comparison to one day
antecedent moisture (0,,), consistent with the results reported elsewhere (Brocca et al. 2008, 2009; Beck
etal.2009).
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Table 3 Performance of various relations between CN and AWC indices

1-day antecedent soil 5-day average antecedent soil 5-day antecedent rainfall

moisture (8.1) moisture (8.5) (Ps)
R E e (mm) R: E e R2 E g
(mm) (mm)
Linear regression model (Eq. 5)

Calibration  0.737 0.610 0.51 0.704 0.460 0.8% 0708 0511 0.56
WValidation  0.835 0.726 0.96 0.829 0.649 137 0.816 0699 1.06
Exponential regression model (Eq. 6)

CN=69.905expl 0077801 CN=T74.617exp" 1058 CN=79.82exp" 011F?
Calibration  0.736 0.620 0.39 0.709 0.476 0.71 0.709 0532 0.36
Validation  0.837 0.737 0.83 0.829 0.674 1.13 0817 0716 0.84
Logarithiic regression model (Eq. 7)
Calibration  0.730 0.560 0.74 0.703 0.451 0.90 0.708 0441 0.83
WValidation  0.830 0.686 126 0.829 0.640 138 0816 0632 1.34

Table 4 shows the performance statistic used to test the accuracy of developed relationships of CN with
0, (i.e. CN=69.905exp"”""") and P, (i.e. CN=79.82exp"""”) in estimation of runoff, for the data of 6
plots (plots 7-12 of Table 1), along with resulting R* and E values. As seen, CN=69.905exp""""" was

found to produce better runoff estimates as compared to CN=79.82exp""""” for 5 out of 6 plot datasets.

Table 4 Performance statistic for runoff estimation using CN relationship with 8.1 and Ps

Plot CN=69.905exp" %077l CN=79.82exp" 1%
R? E R’ E
7 0.920 0.898 0.897 0.827
8 0.863 0.744 0.862 0.711
9 0.800 0.544 0.780 0.606
10 0.812 0.796 0.710 0.699
11 0.722 0.678 0.675 0.673
12 0.807 0.702 0.694 0.677
6. CONCLUSIONS

The following conclusions can be derived from the present experimental study involving various land
uses (fallow, maize, blackgram and sugarcane) on soils of different hydrologic soil groups (HSG) and

plot slopes ranging from 1% to 5%.

» The CNs derived for NEH—4 tables based on plot characteristics do not match well with CNs derived
for observed P—Q data.

» The optimized A values showed that the original assumption of the initial abstraction ratio (A) of 0.20
is unusually high. The mean and median A values were respectively 0.039 and 0 for natural P-Q data,

and 0.127 and 0.046 for ordered P—Q data. Ia-S relation was non-linear.
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» (N showed greater dependence on the physically measured 1-day antecedent soil moisture (6,,) than

the other soil moisture indices considered in this study.
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ABSTRACT

Soft clay is normally avoided during construction due to its low bearing capacity and high susceptibility
of consolidation. The safe bearing capacity of soft clay is considerably increased with insertion of
geocells at a suitable depth from the foundation level. Although it is known that geocell reinforced soft
clay behaves differently in confined and unconfined conditions, but a detailed study is not reported yet.

Moreover, the behavior of geocell reinforced soft clay under dynamic loading is also not properly
studied. Extent of increase in bearing capacity of soft clay due to insertion of geocells is also not known.

Present research is intended to carry out a series of static and cyclic triaxial tests in confined and
unconfined conditions and to understand the effect of geocells on modification of strength parameters
and dynamic properties of soft clay. It is observed that under unconfined conditions, the geocells will
compress resulting in increase in strain, whereas, under confined condition, the geocells will stiffen the
soil resulting in increase in stress. It is also observed that maximum improvement in axial stress is
achieved when the geocells are placed at a depth of one fourth of the loading diameter. However, position

of geocells does not have a significant effect on stress strain curve in unconfined condition. The stress
strain curve of geocell reinforced clay shows an early rise in stress. It is observed that the shear modulus
increases and the damping ratio decreases due to insertion of geocells in soft clay.

1. INTRODUCTION

During the last three decades geosynthetics are being extensively used to improve the properties of poor
soil, like to increase the drainage property, to reduce the compressibility, to improve the shear strength,
etc. In order to increase the bearing capacity of soft clay, use of geocells is also being extensively used
[Bush et al., 1990], [Cowland and Wong, 1993], [Hendricker et al., 1998], [Dash, et.al., 2001],
[Leshchinsky and Ling, 2013], [Fakher and Jones, 1996], [Madhavi and Vidya, 2007], [Selig and
McKee, 1961], andsoon. Dashetal. (2003) reported that provision of geocell reinforcement improves
the load carrying capacity of foundation soil. Normally a geocell is a three-dimensional, honey-comb

like structure made of geosynthetics interconnected by joints. Geogrids are normally used to make the
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the cage and geotextiles or geomembranes are put inside the cage for retaining the filling material like
sand, gravel or boulder. The geocells may be triangular, square, rectangular or hexagonal in plan
depending upon the nature of utility. Geocells have been found to be useful for base reinforcement of
embankments and subgrade soil, reinforcement below shallow foundations and steep slopes and in other
applications where the soil should withstand high tensile stresses. Flexural rigidity of the geocells plays
an important role in increasing the strength of soil against bending. In the present study, effects of
geocells in modifying the shear strength of soft clay under static and dynamic loading have been
undertaken. A series of triaxial compression tests have been carried out on 75 mm diameter clayey soil
samples reinforced with four interconnected geocells placed at different depths from the top of the
sample. Cyclic triaxial tests have also been conducted on the samples to find out the improvement on
dynamic properties of soft clay, due to insertion of geocells. A considerable improvement in the static

and dynamic properties has been observed.

2. MATERIALS USED FORTESTING

Locally available silty clayey soil which has 60% fines finer than 75 micron was used for the present
study. Fig. 1 shows the particle size distribution of this soil. The liquid limit, plastic limit and specific
gravity of the soil were found to be 52%, 27% and 2.54 respectively. As per Unified Soil Classification
System (USCS), the soil is classified as inorganic clay with high compressibility (CH). The undrained
in-situ shear strength of the soil obtained through vane shear test was found to be 6.5 kPa at a density of
20.73 kN/m3 and water content 40.2%. All the laboratory tests were performed on remolded samples
prepared through four steps. The steps were to dry the clay lumps, grind the lumps into fine powder, add
requisite quantity of water and finally consolidate the sample into the desired density. Water content was
tried to keep around 40%. The size of each soil sample was kept as 75 mm diameter x 150 mm height.
Four interconnected geocells, each of size 20 x 20 x 20 mm were prepared with geo-grid. A layer of
geomembrane (locally available plastic sheet, 0.09 mm thick) was put inside the geogrid. Coarse sand
was poured into each cell. Fig. 2 shows the picture of the geocells used in the present study. The geocells
were placed at different depths inside the soil sample as shown in Figs. 3 and 4. Table 1 shows the
properties of the georid. Gradation curve of the coarse sand which was used to fill the geocells is also
shown in Fig. 1. The sand has a uniformity coefficient (C,) of 2.28, coefficient of curvature (C,) of 1.11
and specific gravity of 2.6. The soil is classified as poorly graded sand with nomenclature SP according
to the USCS soil classification system. For all the tests the sand was compacted to a density of around 16
kN/m’ (i.e. 70% relative density) for filling the geocells. Direct shear tests of this density show that the

angle of shearing resistance is 39",
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Table 1 Properties of the geogrid

Parameter Value

Polymer Polypropylene
Aperture size (MD*XMD) 6mm*5mm

Peak tensile strength (MD*XMD) 4.8 kKN/m*5.5kN/m
Yield pomt strain (MD*XMD) 23%*%20%
Aperture opening shape Rectangle

MD: machine direction, XMD: cross-machine direction

Fig. 5 shows the stress - strain curve of the four geocells containing geomembrane encapsulated sand as
shown in figure 2. Itis observed that the geocells filled with sand get compressed under a compressive
load, follow an elastic path upto around 30% strain, pass through plastic state upto 62% strain and then
fail by rupturing. The result suggests the possible use of present form of geocells as an elastic material

upto 20% strain.
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Figure 5 Stress- strain behavior of geocell
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3. TESTPROGRAMME

It was decided to conduct both static and cyclic triaxial tests on 75 mm diameter soil samples. In one set
of'tests a confining pressure of 100 kPa was applied, whereas in other set of tests no confining pressure
was applied for obtaining the unconfined compressive strength. In order to obtain the degradation of
strength due to cyclic loading, 30 cycles were given to each sample under displacement control mode,
with displacement amplitude = 1 mm and frequency of loading 1 Hz. Soon after the cyclic loading, the
sample was sheared under unconsolidated undrained condition to find the degraded shear strength. The

position of geocell was varied for different tests. The total test programme is shown in Fig. 6.

[Unconfined | | Confined |
| |

1. Without geocell 1. Without geocell 1. Without geocell 1. Without geocell
2. With geocell at 2. With geocell at 2. With geocell at 2. With geocell at
D/6. D/4. D/2, D/6, D/4. D2 D/6.D/4. D12, D/6, D/4, D/2
2D/3.D 2D/3.D
After 30 cycle After 30 cycle
Triaxial UU test for Triaxial UU test for
Note.; D is defined in Fig. 3. each sample each sample

Fiz. 6 Test programine.

4.RESULTS AND DISCUSSION

4.1. STATIC TRIAXIALTEST

Typical stress-strain curves from the static triaxial UU tests with and without confining pressures are
shown in Figs. 7 (a) and (b) respectively. The position of geocell from the top of the sample is also shown
in the figure. For a comparison purpose, the stress strain curve for the normal soil sample without any
geocell is superimposed on the figure. It can be seen that for geocell reinforced soil no failure stress is
achieved. However, in this study, a stress corresponding to 20% strain is considered to be the failure
stress. In addition to the increase in the strength of soil, there was a corresponding increase in the

stiffness of the soil, which is indicated by steeper stress strain curves as in Figs. 7(a) and (b). Rajagopal
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. al. 1999 also reported an increase in stiffness of geocell reinforced sand samples. Their results also
showed that failure does not occur even at 20% strain. As obvious, the maximum failure stress for geocell
reinforced clay is more than that for unreinforced clay. This increase in strength is due to enhanced
confinement effect [Bathurst and Karpurapu, 1993]. In the present study maximum increase in deviator
stress is observed when the geocell is placed at a depth of D/4 from the top of the sample. This may be
compared with the results obtained by Dash et. al 2001 who obtained the optimum depth of geocell as

0.1B for sandy soil.
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(b) Unconfined compressive strength agamst strain for soil samples with and without geocell

Figure 7 (a) Deviator stress-strain for soil samples with and without geocell with confining pressure = 100 kPa.

Aterm, known as Improvement Factor is defined as a ratio of deviator stress of geocell reinforced soil to
that of unreinforced soil corresponding to 20% strain. The variation of improvement factor for the
confined and unconfined tests is shown in Figs. 8 (a) and (b) respectively. It is observed that the
improvement factor increases with strain for confined tests implying that a properly confined geocell
will take a higher load. An unconfined soil on the other hand takes a high load at low strain upto 2 to 3%.
At large strain the improvement factor for unconfined soil is around 1.5 irrespective of position of
geocells. This indicates that a geocell reinforced clayey soil takes a higher load either in confined or

unconfined condition.
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Figure 8 Improvement factor against strain: (a) with confining pressure 100 kPa. (b) Without confining pressure

4.2 CYCLICTRIAXIALTEST

Cyclic triaxial tests were conducted on geocell reinforced soil samples with and without confining
pressures. 30 load cycles at 1 Hz frequency were applied under displacement control mode with
amplitude = 1 mm. Typical stress strain loops of clayey soil are shown in Figs. 9 and 10 with and without
geocells respectively. Seed and Idriss, 1971 gave a concept of equivalent number of uniform load cycles
to represent an earthquake; using their concept, 30 number of uniform load cycles indicate an
earthquake magnitude of 8. Static triaxial UU tests were conducted on each sample after application of
30 cycles to observe the variation of residual strength due to installation of geocell reinforced soft clay.
Variation of deviator stress against strain under static tests is shown in Fig. 11 (a) with confining
pressure and variation of unconfined compressive strength against strain in Fig. 11 (b). It is also
observed that after cyclic loading, the failure deviator stress is more for geocell reinforced soil than that
for unreinforced clay. Maximum increase in deviator stress is observed when the geocell is placed at a

depth of D/4 from the top of the sample.

B
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Figure 9 Shear stress - shear strain loop of geocell reinforced clay with confining pressure = 100 kPa.
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Figure 11 (a) Deviator stress against strain after 30 cycles of loading with confining pressure 100 kPa
(b) Unconfined compressive strength agamst Strain after 30 cycles of loading.

A comparison of failure deviatoric stress before and after dynamic loading is also made to find the
degree of degradation, which is defined as reduction in deviator stress due to cyclic loading to the
deviator stress without cyclic loading. It is observed that cyclic loading has degraded the strength of
geocell reinforced soil. Table 2 shows the % degradation of axial stress for confined and unconfined
tests. It is observed that degradation of normal soft clay is around 4% whereas for geocell reinforced soft
clay the degradation is around 2-3% under confined condition except for the case where geocell was
placed just below the loading plunger (h=D/6), degradation for this position is around 5%. For
unconfined condition, geocell reinforced soft clay has a high degradation value, around 15 -20%. Thus
the geocells are not effective in reduction of degradation of soft clayey soil under cyclic loading. In
unconfined condition the degradation due to installation of geocells are even more than the normal soil.
This indicates a limitation of applications of geocells under unconfined condition and placing just below

the foundation.
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Table 2 Percentage degradation of deviator stress and unconfined compressive strength due to cyelic loading
corresponding to 20% strain.

Position of Confined Unconfined
geocell h (cm)
Deviator Deviator Stress % of Unconfined Unconfined % of
Stress (kPa) degradati compressive compressive degradation
(kPa) at 20% strain on strength (kPa)  strength (kPa)
at  20% after 30 loading at 20% strain at 20% strain
strain cycles after 30 loading
cycles
h=D/6=1.25 18.64 17.66 5.26 19.13 15.7 17.93
h=D/4=1 875 20.5 201 1.95 21.58 16.19 24 98
h=D/2=3.75 17.66 17.17 277 17.67 1472 16.70
h=2D/3=5.00  16.87 16.68 1.13
h=D=7 50 1567 152 3.00
Without geocell 1275 12.26 3.84 12.75 10.79 1537

Variations of failure deviatoric stress against location of geocell for all the above triaxial tests are shown
in Fig 12 From the figure it is observed that the failure deviatoric stress increases with increase in
placement depth of geocell from the top; attains a maximum value with geocells at D/4 and then
decreases with increase in placement depth. It is thus concluded that the maximum deviatoric stress is

obtained when the geocells are placed at D/4 even after a certain number of loading cycles.

Deviator stress (kPa)
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D6 A A
D4 S Wil woa
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D —

Figure 12 Variation of deviator Stress with position of geocell.

4.3 DYNAMICTEST RESULTS AND DISCUSSIONS

When a soil is subected to a cyclic loading, the stress strain curve forms a loop called a hysteresis loop,
the area of the loop shows the energy dissipated during a cycle. The loop can be described by two
parameters, namely, inclination to the strain axis and width of the loop. The inclination of the hysteresis
loop depends upon the stiffness of the soil, and is defined by a term called secant shear modulus, G

sec?

which is tangent of the angle intercepted by a line joining two vertices of the loop with the strain axis.
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Figs. 13 (a) and (b) show the changes of secant shear modulus with the variation of no. of cycles for
confined and unconfined cyclic triaxial compression tests. From the graphs it may be clearly seen that
when the geocell is at D/4 from the top, the value of secant shear modulus is the highest of all the values.
Variation of secant shear modulus against number of cycles for unreinforced soil is also shown in the
figures. It can be seen that the secant shear modulus of unreinforced soil is always the lowest for both

confined and unconfined conditions.
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Fig. 13 Secant shear modulus against number of cycles: (a) with confining pressure 100 kPa (b) without

confiningpressure.

Considering the changes in the value of shear modulus due to placement of geocells, a term named as
'Modification factor' is defined as the ratio of a geocell reinforced soil property to the corresponding
unreinforced soil property. Variation of modification factor of secant shear modulus with number of
loading cycles for different positions of geocell is shown in Figs. 14 (a) and (b) with and without
confining pressures. Itis observed that under confined condition, the modification factor does not follow
a definite trend for different positions of geocells, whereas under unconfined condition the modification
factor shows an increasing trend with number of cycles. This indicates that stiffness of geocell
reinforced soft clay increases with increase in number of loading cycles — the maximum increase occurs
when the geocell is placed at D/4. The main reason for this increase is due to the fact that under cyclic
loading the soft soil compresses under unconfined condition. Although some trend is observed for the
modification factor when the geocells are placed at D/4, however, no definite conclusion can be drawn

with these few tests.
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Figure 14 Modification factor for secant shear modulus against number of eyeles: (a) with confining pressure 100
kPa (b) without confining pressure.

Normally, the damping ratio is defined as the ratio of damping coefficient (c) to the critical damping
coefficient (c,), however, it can also be defined as the ratio of the area of the loop (A,,,,) AEFGHA to

the area of the triangle (A,,,...) ABC through the following equation:

triangle

. i Aj
Damping ratio ({) = 7————— Aw_p (1)
*ReAtriongie

The definition is further explained in Fig. 9. Variation of damping ratio with number of loading cycles is
shown in Figs. 15 (a) and (b) for confined and unconfined tests. From the figures it is clearly seen that
under a confining pressure of 100 kPa the damping ratio of unreinforced clay lies between 5 to 6.5% up
to 25 numbers of loading cycles; whereas, with geocell reinforcement, the damping ratio reduces to 2 to
4% for the same number of loading cycles. However, a high damping ratio is observed for unconfined
and unreinforced soil sample. Fig. 15 (b) shows that the damping ratio of unreinforced soft clay
increases to 20% after 25 numbers of loading cycles under unconfined conditions. This implies that
although soft clay has a property of amplifying the vibration amplitude, but with increase in loading
cycles, the damping property of soft clay increases. This property of soft clay can be utilized in reducing

the vibration amplitude by adopting soft clay dampers below the foundation [Singh and Dey, 2013].
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Fig.15 Damping ratio against number of cycle: (a) with confining pressure 100 kPa (b) without confining pressure.

In order to obtain the effect of geocells, modification factor of damping ratio is also calculated. From
Figs. 16 (a) and (b) it is noted that with increase in number of cycles, geocell reinforcement reduces the
modification factor under confined condition, but increases the modification factor under unconfined
condition. Decrease in modification factor with number of cycles indicates that geocell reinforcement
decreases the damping ratio with number of loading cycles. For unconfined condition the modification

factor for damping ratio is around 0.8 after 25 numbers of loading cycles.
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Figure 16 Modification factor for damping ratio against number of cycles: (a) with confining pressure 100 kPa (b)
without confining pressure.

5.SUMMARY AND CONCLUSIONS
This paper has investigated the influence of geocell confinement on the strength and dynamic
behaviours of soft clay. The deviatoric strength parameters were determined from the triaxial

compression tests. The dynamic behaviours like damping ratio and secant shear modulus were
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from cyclic triaxial tests. Effect of number of loading cycles and positions of geocell on degradation of
deviatoric stress has been studied. The water content of the soft clay was tried to be maintained at 40%,
near to the liquid limit of the soil. The following conclusions are drawn from the results of this

investigation.

1. The induced apparent excessive strength depends on the position of the geocells from the top of
the sample. It is observed that when the geocells are placed at one fourth of the diameter /width of

the loading area, maximum benefit in strength is achieved.

2. Geocells reinforced soil does not show any failure stress under unconfined condition.

3. Position of geocells plays an important role on modification of properties of soft clay. Position of
geocells under unconfined condition does not have any effect on gain in strength after a number

ofloading cycles.

4. There is a degradation of strength of soil after some loading cycles, however, the degradation is
marginally less once geocells are inserted into the soil provided the geocells are not provided

very close to the footing.

5. Lesser damping ratio and higher secant shear modulus are obtained if the soil is reinforced with

geocells.

6. The secant shear modulus shows a maximum increase in its value under confined condition when

geocells are placed at one-fourth of the loading diameter.

7. The improvement factor of deviatoric stress does not depend on the location of the geocells for

unconfined conditions.

8. Under a confining pressure of 100 kPa the damping ratio of unreinforced clay lies between 5 to
6.5% upto 25 number of loading cycles; whereas, with geocell reinforcement, the damping ratio
reduces to 2 to 4%. However, a high damping ratio of 20% is observed for unconfined and

unreinforced soil samples.

Journal of Surveying & Structural Engineering (Volume- 12, Issue - 1, Jan-Apr 2024 ) Page No 52



REFERENCES

[1] Bathurst, R.J., Karpurapu, R. 1993. Large scale triaxial tests on geocell reinforced granular soils. Geotechnical Testing
Journal 16 (3), 296-303.

[2] Bush, D.I., Jenner, C.G., Bassett, R.H., 1990. The design and construction of geocell foundation mattress supporting
embankments over soft ground. Geotextiles and Geomembranes 9, 83-98.

[3] Cowland, J.W., Wong, S.C.K., 1993. Performance of a road embankment on soft clay supported on a geocell mattress
foundation. Geotextiles and Geomembranes 12, 687-705.

[4] Dash, S.K., Krishnaswamy, N.R., Rajagopal, K., 2001. Bearing capacity of strip footings supported ongeocell-reinforced
sand. Geotextiles and Geomembranes 19, 235-256.

[5] Dash, S.K., Rajagopal, K., Krishnaswamy, N.R., 2001b. Strip footing on geocell reinforced sand beds with additional
planar reinforcement. Geotextiles and Geomembranes 19, 529—538.

[6] Dash, S.K., Sireesh, S., Sitharam, T.G., 2003. Model studies on circular footing supported on geocell reinforced sand
underlain by soft clay. Geotext. Geomembr. 21 (4), 197-219.

[7] Fakher, A., Jones, C.J.F.P.,, 1996. Discussion of bearing capacity of rectangular footings on geogrid reinforced sand, by
Yetimoglu, T., Wu, J.T.H., Saglamer, A.J. Geotech. Eng. ASCE 122 (4), 326e327.

[8] Hendricker, A.T, Fredianelli, K.H., Kavazanjiam, Jr., E., McKelvey III, J.A., 1998. Reinforcement requirement sat a
hazardous waste site. In: Proc. of 6th Internat. Conf. On Geosynthetics, Atlanta, USA, Vol. 1, pp. 465-468.

[9] Leshchinsky, B., Ling, H., 2013. Effects of geocell confinement on strength and deformation behaviour of gravel. J.
Geotech. Geoenviron. Eng., ASCE 139 (2), 340-352.

[10] Madhavi, G.L., Vidya, S.M., 2007. Effects of reinforcement form on the behaviour of geosynthetic reinforced sand.
Geotext. Geomembr. 25 (1), 23-32.

[11] Rajagopal, K., Krishanaswamy, N.R., Latha, G.M., 1999. Behaviour of sand confined with single and multiple geocells.
Geotextiles and Geomembranes 17, 171-184.

[12] Seed, H.B., Idriss, . M. 1971. Simplified procedure For evaluating soil liquefaction potential. Soil Mech. Found. Div.,
ASCE 107 (9), 1249-1274.

[13] Selig, E.T., McKee, K.E., 1961. Static and dynamic behaviour of small footings. J. Soil Mech. Found. Div. ASCE 87 (6),
29e47.

[14] Singha, S. and Dey, A.K. 2014. Dynamic properties of clay dampers. National Seminar on Geotechnique Today -
Prediction, Modelling & Construction, IGS, Kolkata chapter, Kolkata, Feb 28-March 1, pp 141-146.

Journal of Surveying & Structural Engineering (Volume- 12, Issue - 1, Jan-Apr 2024 ) Page No 53



Trend Analysis of River Yamuna at Two Different Cities through
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Shubhi Bhardwayj
ABES Engineering College, Ghaziabad, U.P

ABSTRACT

A river passes through many cities during its journey. The quality and purity of any river depend on many
parameters such as number of industries, population density, air pollution and geographical location of
the city it passes through. The present paper does an analysis on Yamuna River between two cities Delhi
and Allahabad. The parameters in the analysis are Dissolved Oxygen (DO), Biochemical Oxygen
Demand (BOD), Chemical Oxygen Demand (COD). These parameters are trained through Artificial
Neuro Fuzzy Systems(ANFIS) and find a constant trend among several years. On the basis of trend
found, the work can predict and calculates the size of the gap in next few years. The present paper also
suggests the important parameters causing more pollution.

Keywords: - Dissolved Oxygen (DO), Biochemical Oxygen Demand (BOD), Chemical Oxygen
Demand (COD),ANFIS

1. INTRODUCTION

Yamuna is one of the largest river in india.It is the largest tributary in north india.

Its total length is around 1370 kilometers. Yamuna originates from the Yamunotri Glacier of Uttar Kashi
in Uttar Pradesh. Yamuna flows through the states of Delhi, Haryana and Uttar Pradesh, before merging

with the Ganges at Allahabad.

In delhi more than 70 per cent of Delhi's water supplies is depend on the Yamuna and Nearly 57 million
people depend on the Yamuna waters. Yamuna is also the most polluted river in india. About 85% of the
river's pollution comes from domestic household,municipal sites and industrial waste[2].By the year
2025, two third of the world s population will be facing water shortage. According to UN surveyed
reports, India is expected to face critical levels of water stress by 2025 and there will be serious water
shortages[2].In this paper,data of three different parameter has been collected from different sources and

then analysed through ANFIS.
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Dissolved Oxygen (DO):- Dissolved oxygen analysis measures the amount of gaseous oxygen (02)
dissolved in an aqueous solution. Oxygen gets into water by diffusion from the surrounding air, by
aeration (rapid movement), and as a waste product of photosynthesis. As dissolved oxygen levels in
water drop below 5.0 mg/1, aquatic life is put under stress. The lower the concentration, the greater the

stress. Oxygen levels that remain below 1-2 mg/1 for a few hours can result in large fish kills.

Biochemical Oxygen Demand (BOD):- Biochemical oxygen demand, or BOD, measures the amount
of oxygen consumed by microorganisms in decomposing organic matter in stream water. BOD also
measures the chemical oxidation of inorganic matter (i.e., the extraction of oxygen from water via

chemical reaction).

Chemical Oxygen Demand (COD):- Chemical oxygen demand (COD) is a measure of the capacity of

water to consume oxygen during the decomposition of organic matter and the oxidation of inorganic

chemicals such as ammonia and nitrite.

Objective

The present paper has the following objectives:-

1. To identify the important parameter of water quality.
2. To train the datasets of parameter and observe a trend.
3. To check the status of parameter.

Hypothesis

The quality of water is highly depend on three parameter:-
1. Dissolved Oxygen (DO),

2. Biochemical Oxygen Demand (BOD),

3. Chemical Oxygen Demand (COD

Methodology
The present work uses the data of different parameters and observe a trend in them .The important

attributes that may affect the water quality of river are Dissolved Oxygen (DO), Biochemical Oxygen
Demand (BOD), Chemical Oxygen Demand (COD).
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The steps of the present work are:-

1. To identify the important parameter of water quality

The three main parameter data has been collected through several sites.A sample list is shown in table1
and table 2

2. To train the datasets of parameter and observe a trend.

ANFIS is adaptive neuro fuzzy inference system, it combines the features of neural network and fuzzy
logic principle. ANFIS is a hybrid learning algorithm. It is based on Sugeno-Takagi fuzzy inference
system.

ANFIS(matlab toolbox)is used to train and test the data.The data is divided into two parts training and
testing respectively. Training error is calculated at a fixed error and further testing is done the fixed
training error.See figurel and figure2 .

3. To check the status of parameter.

On the basis of the training error,testing error is calaculated for each data.

Result

The comparison between two cities(fig 3) and(fig 4) shows the difference between their parameters.In fig
3 the drinking water pollution and inaccessibility is high than the Allahabad but the water pollution in
Allahabad is more than in delhi. Drinking Water Quality and Accessibility is low in delhi than the
Allahabad but the water quality in delhi is high than the Allahabad.

In fig4 the four different testing error is compared

Conclusion

Yamuna which acts as the life line for the majorities of cities has becomes polluted day by day.As many
government agencies and and non government organisation have started many programmes for Yamuna
water purity but due to non awareness in people as they throw plastic bags,garbage and industrial waste
into the river make Yamuna more polluted.The possible way to make Yamuna clean is to aware people
how much Yamuna and all other rivers are important for our future.Some guidelines ang regulation are

also important such as ban on throwing waste material and industrial waste into Yamuna.
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Table 1:-Sample Data For delhi

DO(mg/l) BOD(mg/1) COD(mg/1)
0.30 25 30

0.00 35 25

0.00 5 40

4.00 14 39

0.00 23 40

Table 2:-Sample Data For Allahabad

DO({mg/l) BOD(mg/1) coD({mg/1)
11.36 1.50 39.5

8.05 1.50 6.8

8.50 1 78.9

6.50 1.70 33.9

8.6 1.8 34.6

Fig 1:- Computed training error for delhi
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Fig 2:- Computed training error for Allahabad

Training Error at epoch 21 is 2.4838¢ 6

Figure 3:-Comparisen of pollution parameters between delhi and Allahabad
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Figure 4:- Comparison on the basis of testing data
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