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Abstract

Hydraulic structures, such as dams, weirs, and barrages, are often
exposed to water seepage underneath their foundations due to high water
retention levels. This water seepage can cause significant problems when the
structures are built on collapsible soils. In this study, a barrage constructed on
gypseous soil (known to be collapsible due to the dissolution of gypsum
minerals when exposed to water seepage) is being examined to determine the
optimal design of the barrage profile. To achieve this goal, gypsiferous soil
samples were prepared using the weight replacement method, with varying
levels of gypsum content of 20%, 25%, and 35% of the weight of the fine
portion in the natural soil samples. Six soil samples are collected from the
Euphrates River bank in Al-Kifl, Babil governorate, Irag. Various laboratory
tests are conducted on the natural and gypsiferous soil samples, including
physical tests, chemical tests, saturated permeability tests, leaching tests, and
direct shear tests to measure the strength parameters of the gypsiferous soil
samples before and after leaching. As the leaching process progresses, the soil's
permeability increases due to increase and development of void spaces within
the soil mass, allowing for more water infiltration resulting from the dissolution
of gypsum salts.

GeoStudio software's SEEP/W 2D module are used to conduct a
numerical analysis of steady state seepage beneath the barrage. A total of 200
section runs are performed to evaluate various dimension configurations, all
sections are analyzed in non-dimensionlized form under the assumption of fully
closed gates. The parametric analysis of seepage beneath the barrage floor
shows that the seepage rate decreases by 39.24% when upstream cutoff depth

(z2) increases from (1.35 to 2.25), and total floor length of the barrage increase



from (4.07 to 5.11). The exit gradient decreases with increased downstream
cutoff wall depth; the results show that the minimum value of the exit gradient
when the total floor length and cutoff wall depth are equal to (5.24 and 2.38)
respectively.

In order to optimize the hydraulic design of a barrage a Genetic
Algorithm (GA) are used. The objective is to minimize construction volume
material of barrage and seepage flux beneath the barrage. The GA algorithm
was carried out with different population sizes (200, 600, 1000, and 1400). The
results indicated that a population size of 600 is sufficient to obtain a solution
of the optimization problem for the optimal hydraulic design of the barrage.
Design charts are introduced to apply the optimization problem, using Abu-
Sukhair barrage as a design example to re-design the optimal dimensions of the
barrage from the present design charts. The results revealed that all dimensions
of the barrage decreased, except for the depth of the upstream cutoff wall and
the thickness of the inverted filter. The design criteria in terms of safety against
piping of the barrage were calculated in which the actual exit gradient
computed from barrage dimensions is 0.0445, and from the optimal dimensions
Is 0.0433, which is less than the critical exit gradient (0.976).
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Chapter One Introduction

CHAPTER ONE
INTRODUCTION

1.1 General

Many hydraulic structures are constructed on collapsible soils, such
as gypseous soils. The term of gypseous soils is known as the soil that has a
kind of salt is gypsum which can be dissolve in water, leading to many
problems underneath these structures. Collapsible soils or metastable soils
are unsaturated soils that undergo a considerable volume change upon
saturation with or without additional load (Clemence and Finbarr, 1981).
Gypseous soils are consider collapsible soils which defined as any
unsaturated soil that goes through a radical rearrangement of particles and
susceptible to large abrupt volume changes and sudden collapses when such
soils are wetted, or leached with water (Schanz and Karim, 2018).

The dissolution of gypsum salts by water flow through soil mass and
the leaching of gypseous soil particles causes several problems that were
observed in the soil layers beneath the foundation of many buildings and
engineering structures due to the continuous changes in the engineering
properties of soil with time. The soil problem appears to become more
complex particularly when seepage water flows through soil mass and
causes loss of mass due to leachate of soil and removal of soluble salt.
Leaching in gypseous soil can be defined as a process of dissolution and
washing away of soluble salts; this will lead to a collapse of soil structure
and affects structures established on such soil (Al-Damluji, et. al., 2018).

Gypseous and gypsiferrous soils, the two terms are used
interchangeably, for soils plus gypsum (CaS0,4.2H,0) in an amount enough
to change or affect their engineering properties (Al-Damluiji, et. al., 2018).

The structure of these soils considers strong and has good properties when
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they are in dry conditions, but a significant loss of such soil strength occurs
when subjected to the water due to their solubility characteristics. When such
soils are found in the foundation of hydraulic structure such as barrages it
causes many problems because these types of structure are exposed to
seepage of water beneath its foundation leading to dissolution and leaching
of gypsum in soil which is soluble salt causes collapse of soil structure due
to the breakdown of the bonds between soil particles provided by the
gypsum.

Barrages are relatively low-level dams constructed across a river to
raise the water level sufficiently or to divert the flow in whole or part into a
supply canal or conduit for irrigation, power generation, navigation, flood
control, and domestic and industrial uses (Novak et al., 2008).

Barrage is subjected to two hydraulic conditions: subsurface and
surface flow. Subsurface flow occurs when water seepage occurs beneath
the barrage's foundation because of the difference between the upstream and
downstream water levels. Seepage of water beneath the hydraulic structure
endangers its stability and may cause failure by piping or direct uplift
pressure. The seepage problem become more complex when the foundation
of such structure contains gypseous soil due to increase of dissolution of
soluble salts leading to increases piping within soil mass. Barrage is
considered a costly structure, and its design and construction have been a
focus of attention for hydraulic researchers and field engineers (Singh,
2011). The characteristics of surface and subsurface flows are considered
while designing a barrage. Surface flow considerations mainly govern the
crest level, downstream floor length, and minimum depths of U/S and D/S
cutoffs. The cost of a barrage largely depends upon the depth of the cutoffs
wall, the length of the floor, and its thickness, which is governed by
subsurface flow conditions; in this study, reducing the cost of the barrage by

reducing the quantity of construction materials in addition to reducing

2
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seepage flow beneath the foundation as objective functions of the
optimization problem.
1.2 Problem of the Present Research

The serious problem with hydraulic structures such as barrages laid
on gypseous soils is seepage beneath the structure site through such soil.
Gypseous soil contain of gypsum salt which is a sulphatic acid soluble salt.
At natural moisture content, gypseous soils can withstand a heavy load but
with only a little amount of compression or deformation. When wetting
presents, such as in the seepage of water beneath a hydraulic structure, a

reduction in soil volume occurs due to dissolved salt causing soil collapse.
1.3 Aim and Objectives

The aim of the research is to determine the optimum hydraulic design
for a barrage profile with the presence of collapsible soil, specifically
gypsiferous soil on the foundation of a hydraulic structure, and on the overall

barrage performance.
1.4 Methodology of The Present Study

1. Preliminary investigation and identification of the soil sampling location.

2. Conduct laboratory tests for soil samples under consideration by
preparing samples of manufactured gypsiferous soil, then conducting
laboratory tests for hydro-mechanical properties including permeability
leaching tests, and shear strength properties.

3. In order to face the pose of the gypsiferous soil in the foundation of a
barrage, an optimal hydraulic design approach is considered. This
approach targets to minimize the construction material required and
reduce the seepage flow underneath the foundation of the structure.

4. Addressing the challenge of achieving optimal design for a barrage by
using the genetic algorithm method to solve the multi-objective
optimization problem. The solutions generated will be presented in the
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form of design charts and tables, in order to facilitate visualization and

understanding of the optimal design options. As well as, predicting the

optimal hydraulic design of the barrage profiles and seepage control

measures. This will develop a comprehensive and effective solution that

can be applied to the design of similar structures.

1.5 Assumption and Limitation of the Present Study

1.

Design of hypothetical barrage laid on gypsiferous soil based on
subsurface flow considerations.
The soil foundation beneath barrage floor contains gypsiferous soil of

higher gypsum content in this study (i.e., y=35%).

. The soil foundation beneath barrage floor is saturated and isotropic

(Ky/Ky =1).

. Analyses of steady state seepage using SEEP/W 2D for fully closed

gates conditions were the boundary condition in U/S equal to high
flood head (Hep).

. The high flood head in this study is equal to 8.10 m, which the

maximum flood head for the barrages that constructed on the

Euphrates River from Al-Hindiya downstream.

. The dimensions of the barrage were investigated by surveying the

barrages profiles constructed on the Euphrates River in Iraq from Al-
Hindiya Barrage to Abu-Sukhair Barrage, including four barrages
(Al-hindiya, Al-kufa, AL-Shamiya, and Abu-Sukhair).

. The analyses of the seepage problem were done in non-

dimensionlized form. In which all the design variables are put in
normalization form by dividing all dimensions of the design variable
on high flood head (Hep).
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CHAPTER TWO

REVIEW OF LITERATURES

2.1 Challenges of Problematic Soils

Problematic or collapsible soils were extensively investigated due to their
riskness consequences. According to Ayadat and Hanna, (2005), it was defined
as any unsaturated soil that goes through a radical rearrangement of particles
associated with significant volume loss upon wetting with or without additional
loading. Collapsible soil layers are widely distributed around the world.
Gypseous soil is considered a widely spread type of collapsible soil particularly
in Irag. In which exhibits high volume change during wetting and drying cycles.
The gypsum content in such soils are sulphatic acid-soluble salts and a member
of the evaporates family; it is typically a sedimentary common mineral and is
associated with sandstone, shales, and carbonate rocks (Nashat, 1990). Gypsum
Is a mineral and rock is a soluble salt widely distributed in sedimentary rocks
of various geologic formations with different ages. Its composition is calcium
sulfate, and its chemical symbol is CaS0,4.2H,0. Gypseous soils can support a
heavy load in their natural moisture content with only a tiny amount of
compression or deformation. Still, when wetting occurs, such as in the seepage
of water beneath a hydraulic structure, the soil problem appears to become more
complex; they significantly reduce volume because soluble salt leads to
increased cavity and sinkhole and collapse of the soil.

James and Kirkpatrick, (1980) stated that "dissolution of soluble
materials can constitute a risk in terms of potential settlements and leakage
paths within the foundations of dams”. Soil containing sufficient quantities of

gypsum that influence on their engineering properties is considered gypseous
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soil (Majeed, 2000). A classification of gypseous soil according to its gypsum
content was introduced by Barzanji, (1973) as given in table (2.1).

Table (2.1): Classification of gypseous soil (after Barazanji, 1973).

Gypsu(r&)(;ontent Classification

<0.3 Non-gypseous soil

0.3-3 Very slightly gypseous soils

3-10 Slightly gypseous soils

10 - 25 Moderately gypseous soils

25-50 Highly gypseous soils

= 50 Gypseous soils with other sqil, such as sandy
- gypseous soil

Al-Dabbas et al., (2010) gives an engineering classification of gypsiferous
soil. This classification depends on soil texture, mineralogy, geochemistry and
engineering properties. The study areas are located within the Mesopotamian
plain and include four locations, namely, Najaf, Karbala, Falluja and Samarra.
Moreover, they classified gypsiferous soils into two groups: gypsiferous soils
of low gypsum content of less than 25% and the second one is gypsiferous soils
of higher gypsum content of more than 25%, according to their gypsum content
and initial void ratio, coefficient of curvature, coefficient of uniformity, the
collapse potential, the compressive strength, cohesion, plasticity index, content
of fines, and the total dissolve solids (TDS) of the soil water extracts. The
proposed classification for gypseous soils can be applied to other locations and
be helpful to other soil scientists and engineers. This classification is given in
table (2.2).
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Table (2.2): Classification of gypseous soil (after Al-Dabbas et al., 2010).

Gypsum content (%o) 0.5-25 25-50
Class Gypsiferous soil gypsli_:‘ie?g:ﬁ soil
Initial void ratio <0.45 >0.45
Coefficient of curvature <25 >2.5
Uniformity coefficient <25 > 25
Collapse potential (%) <15 >15
Comp. strength (mMN/m2) <1 >1
Cohesion (kN/m2) <15 >15
Plasticity Index (%) <10 > 10
Fine-grained soils (%) <50 > 50
Total d\ll\slztt);\r/(zg ;rarl]l; of soil <350 > 350

Gypsum's action as a cementing agent between soil particles as links
greatly affects the strength parameters. When the moisture content in the
gypsum soil increases, it works to reach the water to the gypsum grains that
begin to melt, causing weak cohesion between the soil grains and reducing the
value of friction. The process removes materials in solution (e.g., salts) and
cementation agent from a section in the soil profile, which is defined as the
leaching process. Accordingly, gypseous soils undergo several changes in their
characteristics due to the continuous loss in their mass and due to the alteration
in properties of the material constituents during leaching (AL-Mufty, 1997).

Fattah et al., (2014) studied the effect of grouting material on gypseous
soil characteristics. Four types of gypseous soil were taken from Karbala and

AL-Najaf in Iraq. The soils have various features and different gypsum
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contents. In this study, undisturbed soil specimens were tested to calculate the
compressibility subjected to many conditions; the experimental work included
classification tests, physical and chemical tests, and mechanical and direct shear
tests. An acrylate liquid was used as grouting material to treat soil specimens.
The results showed that the acrylate liquid could decrease the compressibility
of the gypseous soil by more than 60—70%; this is attributed to the acrylate
liquid film coating the gypsum particles isolating them from wetting. Also,
grouting material affected collapse potential in which acrylate liquid leads to
decreased collapse potential in treated soil by more than 50-60% compared
with untreated soil. For shear strength parameters of the gypseous soil, the
treated material is affected by increasing cohesion and decreasing the angle of
internal friction.

Yaqgoob et al., (2019) studied the properties of gypseous soils and
investigated the behavior of such soils under several conditions by making a
particular large-scale model leaching system. Three types of soils are natural
gypseous soil from Tikrit city, gypsified soil prepared in the lab and artificial
gypseous soil. it was found that artificial gypseous soil has low permeability
due to decreased void ratio and reduced water flow through the soil. In contrast,
natural and gypsified soil has a high increase in permeability during the
leaching test. They also observed salt dissolution by measuring (total dissolved
salt (TDS), pH, and temperature).

Fattah et al., (2019) performed a leaching study on collapsible gypseous
soil from Bahr Al-Najaf in AL-Najaf city in Irag. The sample was taken from
three sites with different gypsum content. The x-ray diffraction techniques
(XRD), and scanning electron microscopy (SEM) were studied to analyze the
changes in the surface matrix and chemical composition due to the reaction

between minerals of gypseous soil and micro-fabrics of soil with gypsum. An
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SEM analysis has shown an increase in the total change of voids and cavities
for higher gypsum content, and collapse potential increased after the leaching
test. The increase ranged between (46-66) % from its value in the natural state.
Also, they found that the total dissolved salt (TDS) increased with increasing
gypsum content and leaching period.

Obead et al.,, (2021) made a database that describes the leaching-
permeability behavior of collapsible gypseous soil. The data were implemented
to develop artificial neural network (ANN) prediction models for predicting
permeability coefficients in a saturated state and the percentage of total
dissolved salt by weight. The ANNs model has a reliable capability to find
predictions with high accuracy where the coefficient of correlation (R?) ranged
between 99.99% and 99.93%.

Al-Gharbawi et al. (2021) studied the leaching of treated and untreated
gypseous soils from Tikrit city, Iraq, with a gypsum content of 49%. Two types
of leaching tests were carried out odometer permeability test and a modified
permeability-leaching test on gypseous soil treated with two types of treated
materials (magnesium oxide and carbonated magnesium oxide). It was found
that these treatments improved the characteristics of gypseous soil and reduce
the coefficient of permeability.

Obead et al., (2022) studied the effects of soluble materials on the hydro-
mechanical properties of collapsible gypseous soil. A set of laboratory tests
were carried out on disturbed gypseous soil samples taken from three sites from
Bahr Al-Najaf in AL-Najaf in, Irag. a laboratory leaching-permeability test was
carried out on soil samples, and the results were analyzed to understand the
effect of this test on properties of the gypseous soil. The results showed that
the leaching test affected the geotechnical properties, which appeared to

increase the sand percentage, void ratio, and coefficient of permeability; the
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coefficient of permeability increases and tends to be higher because of increases
in the dissolution of soluble minerals. At the same time, the gravel percentage,
specific gravity, acceptable percentage, and shear strength parameters were
shown to be less affected by the leaching test. For shear strength parameters,
the leaching process caused a significant reduction in cohesion and a slight
decrease in internal friction; this behavior may be attributed to dissolve of
cementation bonds between soil particles.
2.2 Piping Risk in the Foundation of Hydraulic Structures

Hydraulic structures like dams, weirs, barrages, head regulators, and
cross-drainage works are probably having a problem with construction on an
impervious solid or permeable rock foundation comprised of collapsible
formations. These hydraulic structures are subjected to seepage of water
beneath the floor, in addition to all other forces to which exerted the higher
seepage forces threaten the stability of the structure and may cause its failure
by:

1. Exit gradient and piping: The exit gradient is the hydraulic gradient of
the seepage flow under the base of the barrage floor. The rate of seepage
increases with the increase in exit gradient, and such an increase would

cause ‘boiling’ of surface soil, the soil being washed away by the

percolating water. The flow concentrates into the resulting depression
thus removing more soil and creating progressive scour backwards (i.e.,
upstream). This phenomenon is called (piping). The exit gradient as
shown in figure (2.1), and according to the creep flow theory proposed

by Bligh is:
lexit = % (2.1)
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Where Hs, the seepage head, is the difference in the water levels upstream
and downstream of the barrage. and L is the total creep length equal to
(2d;+b+2d;), in which d; and d, being the depths of the upstream and
downstream cut-off piles respectively and b the horizontal floor length

between the two piles.

scepage flow
hydraulic grade line

v (HGL)
gl

T

S
seepage streamline

Figure (2.1): Seepage flow hydraulic gradient line (Novak et al., 2008).

The piping phenomenon can be minimized by reducing the exit
gradient, i.e., by increasing the creep length. The creep length can be
increased by increasing the impervious floor length and by providing
upstream and downstream cut-off piles.

2. Direct uplift pressure: The base of the impervious floor is subjected to
uplift pressures as the water seeps through below it. The uplift upstream
of the weir is balanced by the weight of water standing above the floor
in the pond, whereas on the downstream side there may not be any such
balancing water weight. The design consideration must assume the worst
possible loading conditions, (i.e., when the gates are closed and the

downstream side is practically dry).
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Numerous researchers investigated the piping phenomena beneath dams,
weirs, barrages, and other hydraulic structures. But, the cases of distressed
hydraulic structures caused by the solution of gypsum from their foundations

were less studied.

Khassaf et al., (2009) studied seepage analysis underneath the weir
foundation, Diyala weir was considered a case study. In this research, the effect
when one of the sheet piles under the weir was cancelled, the quantity of
seepage, pressure head, and exit gradient were calculated using GeoStudio
software SEEP/W finite element model. It was found that the Diyala weir is
safe against piping and uplift pressure if all parts of the weir were working
successfully and the weir foundation and downstream floor problems cracks,
and displacement were due to corrosion of the sheet piles especially in
upstream.

Mohammed-Ali, (2011) used the finite difference method with a
relaxation technique to analyze seepage below the hydraulic structures and
show the effect of the middle sheet pile on the uplift pressure under the
hydraulic structure. A hydraulic structure was used with horizontal floor and
upstream and downstream cutoffs of depths D1, D2 and inserted the middle
sheet pile by a depth equal to the depth of the sheet pile in downstream D2 with
different distances over the length of the floor and compared all cases with the
standard condition. It was concluded that the use of middle sheet pile decreased
uplift pressure under the hydraulic structure. This decrease in uplift pressure
increased when the distance between the middle sheet pile and the downstream
sheet pile decreased.

Obead, (2013) conducted a comprehensive parametric study for the effect

of position and inclination angle of the cutoff wall on seepage control in the
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foundation of dam structure by using a finite element model for the state
seepage condition for the angle of inclination p°values ranged between 30° to
150°. The seepage rate behind the inclined cutoff wall, the exit gradient, and
the pressure head at key points were determined. It was concluded that when
the angle of inclination increased towered the downstream (B > 90°) the
pressure head ratio decreased with . Until  equal to 120°, an inclined cutoff
wall caused a reduction in exit gradient along the end base of the structure. The
seepage discharges behind the dam decreased as the angle of inclination
increased, and the minimum value of seepage occurred when [ value was
around 609, then the seepage increases rapidly for ( > 90°).

Obead et al., (2014) investigated the influence of drainage holes on the
reduction of the impact of uplift pressure on the floor of a concrete dam
structure by using the finite element method. In this study, the diameter of the
drainage hole d= (15, 20, 25, 30, and 35 cm), the constant head water level
upstream (H1=5 m), and downstream (H2= 0 m). three types of drainage holes
(S1, S2, S3), as shown in figure (2.2) were presented to study the effect of
longitudinal distance (X) and transverses spacing (S) of drainage holes, S1 at
transverses spacing (S=0) and longitudinal distance (X=8 m) from upstream,
S2 at transverses distance (S=4 m) and longitudinal distance (X= 8m) from
upstream, and S3 at a transverse distance (S= 0) and longitudinal distance
(X=10 m) from upstream. The results show that the reduction in the uplift
pressure increased as the diameter of the drainage hole increased because of
increasing the drainage area, which yields maximum reduction when using two
drainage holes of the same longitudinal distance. The effect of transverse

spacing (S) is small and effects on the shape of the uplift pressure diagram.
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Figure (2.2): plane view of dam structure (Obead et al., 2014).

Nassralla and Rabea, (2015) studied the seepage characteristics in the
foundation of hydraulic structures supported by sheet piles in multi-layers soil.
In this study, different cases were used (different water heads acting on
hydraulic structure, the depth and location of sheet pile, and arrangement of the
sub-layer under the floor of the hydraulic structure) to investigate the influence
of these cases on seepage flow, uplift pressure, and hydraulic gradient.
Experimental tests were conducted by using the sand model, and a numerical
solution for the seepage problem was performed by using the finite element
method under GeoStudio software via the Seep/W model. It was found that the
obtained results show good agreement between experimental and numerical
results.

Saleh, (2018) studied the seepage phenomena under a concrete dam with
two sheet piles resting on isotropic homogenous soil. A SEEP/W and artificial
neural network model has been developed to study seepage flow and exit
gradient under a concrete dam. Seven input variables have involved this study,
these variables were the depths of upstream and downstream sheet piles L1 and
L2 that taken as (8, 6, 4m), head differences (H) were taken as (6, 7, and 8m),

14
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the distance between piles (S) that taken as (5, 10, 15m), the coefficient of
permeability (K) that was taken as (1x107°, 1x10%, and 1x10'm/sec.), and the
inclination angle for the upstream and downstream piles with respect to the
horizontal direction (8, o) that was taken as (30¢ 609 and 909. The overall runs
in this research were 2187 for all cases, the seepage rate and exit gradient for
each case were estimated. It was found a good agreement between predicted
and observed values for seepage rates and exit gradients obtained from ANN
and SEEP/W models, that the distance between sheet piles was a more effective
variable where the seepage rate and exit gradient decreased when the space
between sheet piles was increased. This decreasing ratio was seen more in the
exit gradient than the seepage rate for the same cases.

Rasool, (2018) studied the effect of mutual interference pile on seepage
properties under hydraulic structures using the finite element program ANSYS.
In this research a hydraulic structure of a horizontal floor of length 50 m, the
water level upstream and downstream were (4 and 0.5) m, and sheet piles under
hydraulic structure at upstream, downstream, and intermediate. The study
included many cases for sheet pile depth, and the distance between the upstream
and intermediate sheet pile is variable with X= (2, 5, 10, 15, 20, 25, 30, 35, 38).
It was found that increasing the distance between sheet piles and the depth of
U/S sheet piles reduced the uplift pressure, seepage rate, and exit gradient. The
effect of increased depth of the intermediate sheet pile led to increasing uplift
pressure at the U/S sheet pile and intermediate sheet pile from the U/S side,
reducing the pressure at the intermediate sheet pile from the D/S side and sheet
pile in D/S. Increased depth of sheet piles downstream led to increased uplift
pressure at sheet piles and reduced the seepage rate and exit gradient.

Salim & Othman, (2021) studied the effect of inclined intermediate sheet

piles on seepage, uplift pressure, and exit gradient under hydraulic structure
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using the SEEP/W program. This study, at the beginning, was carried out to
find the best depth of three sheet pile and the best distance between the three-
sheet pile, after using seven angles of incline intermediate sheet pile 6 these
angles (309 459 609 909 1209 1359 1509, and three angles (309, 609 909 for
upstream and downstream sheet pile. For each case of run, the quantity of flow
rate, uplift pressure, and exit gradient at the toe of the hydraulic structure was
determined to develop an empirical equation. It was found that when the depth
of three sheet pile increases and the distance between the intermediate sheet
pile and downstream sheet pile decreases, the uplift pressure, exit gradient, and
flow rate will decrease, and the minimum value of the exit gradient and flow
rate when the angle of intermediate sheet pile is 135°and 120°respectively.
From the previous review, major remarks can be drawn,

1. A hydraulic structure such as weir, and concrete dam of horizontal floor,
and with control devices such as cut-off walls of different depths,
position, and angle of inclination, and drainage holes were studied using
finite element program.

2. Different cases for sheet pile depth, distance, angle of inclination,
drainage hole diameters, and position of these holes were studied to find
its effects on the seepage properties beneath the hydraulic structure, were
many cases had a good effect in decreasing seepage flow, uplift pressure,
and exit gradient.

3. All the studies were done for hydraulic structure laid on permeable

foundation free from gypseous soil.
2.3 Optimization based Hydraulic Design of Hydraulic Structure

Optimization is a problem or solution procedure that aims to find the

optimal solutions to the objective function. optimization can be defined as the
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process of finding the conditions that give the maximum or minimum value of
a function. Modern optimization methods have emerged as powerful and
popular methods for solving complex engineering optimization problems in
recent years. It is also sometimes called nontraditional optimization methods
(Rao, 2009). These methods include genetic algorithms (GA), simulated
annealing, ant colony optimization, neural network-based optimization, particle
swarm optimization, and fuzzy optimization. GA is the most popular
evolutionary algorithm used in the design optimization community. Genetic
algorithms are applied to a variety of optimization problems that are not well
suited for standard optimization algorithms, including problems in which the
objective function is discontinuous, non-differentiable, stochastic, or highly
nonlinear (Haestad et al. 2003). Many researchers used GA to find the optimal
design of hydraulic structures such as weirs, and barrages. The optimal design
of the barrages is one of the important issues along with water storage,
diversions, and flood mitigation (Singh, 2011).

Garg et al., (2002) Studied the optimization problem to determine an
optimal profile of a barrage consisting typically of minimizing the cost of
construction volume, earthwork, cut-off walls, and impervious floor length.

Singh, (2011) studied the optimization problem for minimizing the total
cost of construction of the barrage by using the genetic algorithm method,
classical optimization technique, and conventional method. Seepage analysis
for subsurface flow was found by using Kaslo method. The overall objective of
the optimization problem consists of minimizing the total cost of the
construction of the barrage consisting of concrete floor, the depth of sheet piles
in U/S and D/S, and the number of earthworks in excavation and filling, and
the constraints is that the uplift pressures must be balanced by a suitable

thickness of floor at different key points along the floor length of the barrage,
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the depth of sheet piles, and the length of the floor be such that the exit gradients
Is within the safe exit gradient (SEG) limit. From the results of this study, the
solution of optimization problems by classical and conventional methods are
costlier than solving them by genetic algorithm method where the cost
reduction by GA is about 16.73% from conventional method.

Hassan, (2015) studied the optimal hydraulic design of a barrage using
a genetic algorithm. The optimization problem involves minimizing the
barrage's overall cost in addition to ensuring safety against the flow conditions-
induced failure of the structure. The objective function included optimizing
maximum permissible afflux (m), Gated spillway span (m), depth of the
upstream sheet-pile (m), depth of the downstream sheet-pile(m), and
impervious floor length (m). The optimization model was solved by genetic
algorithm, and compare the results by solving the model by the conventional
method. The result showed that the genetic algorithm minimized the overall
cost of the barrage; the cost reduction was 20.103% from the cost obtained by
the conventional method. It was found that flood discharge has the most
significant effect on the total cost followed by seepage head value as a
hydrological parameter.

Hassan, (2019) carried out an optimization-based solution for the
problem of finding the optimal angle of inclination, and the cutoff location in
the floor of the barrages. The finite element method used SEEP2D GMS
software with genetic algorithm technique was studied. This study uses a
hydraulic structure with a cutoff wall of inclined angle (6) and the cutoff depth
(d), length of impervious floor (b), and depth of the foundation soil layer (T)
with various anisotropic ratios. Regression non-linear models were used to
predict exit gradient and uplift pressure for different degrees of inclination (0),
relative location (b1/ b) from U/S, and relative depth (d/b). The result obtained
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by this study showed that the optimum cutoff relative locations and angles of
inclination were affected by changing the anisotropic ratio and relative cutoff
depth.

Hassan et al., (2022) developed a GA-FEM model to determine the
optimal design of the hydraulic structure. The genetic algorithm model and
finite element program were proposed in this study to find the optimum depth
and location of the cutoff. Also, the effect of anisotropic ratio and coefficient
of permeability of soil foundation under hydraulic structure were investigated.
It was found that the developed model was more economical, efficient, and safe
in the design of hydraulic cutoff walls.

2.4 Summary

From the introduced review of literatures, analyses of the steady state
seepage problem were conducted to find the optimal design of the barrage
structures that laid on permeable foundation free from gypseous soil. In this
study analyses and design of a barrage laid on permeable foundation contain
gypsiferous soil. An optimal hydraulic design of the barrages is regarded in this
study for the case of the presence of gypsiferous soil in the foundation by
minimizing the volume of construction material for the barrage structure and
seepage flow beneath the foundation. The selection of this study was the actual
need to find the effects of such soils on hydraulic structures like barrages; where
many of these structures are constructed on such types of soils. The existence
of collapsible soil in the foundation of the hydraulic structure will affect the
hydro-mechanical behaviors of the foundation layers, and the hydraulic

functions of seepage flow beneath hydraulic structures.
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Experimental Works

CHAPTER THREE
EXPERIMENTAL WORKS

3.1 Description of the Study Area

The study area is located on the banks of the Euphrates River about

one kilometer from Al-Kifl Bridge, in Babil province, Iraq as shown in

figure (3.1). This district is situated between the Babylon, Al-Najaf, and

Karbala cities in middle Irag along the Euphrates River. The geographic
coordinates are extended from longitudes 44°2129.4" to 44°36'34" East, and
latitudes from 32°32'13.7" to 32°22'11 North, the average elevation of the

land in the area by using GPS is about 30 m above mean sea level. Table

(3.1) shows the summary of locations, depths and coordinates of the

extracted soil samples.

Table (3.1): Summary for locations, depths and coordinates for samples of

natural soil.
Depth of Soil coordinates
Soil
Location Sample Pit in Latitude Longitude
Samples
(m) (North) (East)
S 1 32°137” 44°2149.4”
S Left bank 0.75 32°12'34” 44°2155”
Ss 0.5 32°12'58” 44°21'55”
Sy 0.5 32°21°22" 44°36'50”
Ss 1 32°2063" 44°36'50”
Right bank
0.75
Se 32°2011" 44°36'34”

20




Chapter Three Experimental Works

ANTT WOTT WUTT WNOT ARUT WHTT WRUT WRTT WNTT ST WATT WITT WaYT 4aTt

) 1o T Ml M VR B N S D RN DO DO W BN I LW ) O O VIR el DR BN (0 B I | s
/v\.‘“_ KN : ¢ TXIN
A DOHUK ?v' \ 2 HAN N\,
/Ny \ \ b 22 20N
Irag /> > A = AlKifl District
’ (eRpiLy I | LR
NNAWA S W, 2N ‘
D Study Area)
a \ 'l 1y |
f { /'»{Jar'.uv: }MYMANI{; o ( u y r\e a
P o \ b 00
T VA N ~
LSALAH AD DN ,'J\'., M \ ) S
30N 20N |
\ ) \ VN N
! _‘__,{EWALA PR T =)
“s%- - "-J U \ [
ANBAR R ' i
ﬂés ™ ‘v‘L‘ ‘AAS" ,'\\ i \ h Bkl
\ l A | V\ AN b 7 47N
o N\ ) \ TN A
dWaANYAR \ ' /
maAr s ) /. Euphrates Rriver o
i e \
{ | o AN
rumeg | {
|
\ o AN
150N ‘
\ S
T
| S

vurNd 3 |
\ PM’ iﬁu b 1 1IN

2NN

\ 1)

\ |

| o AN
TN |1Hts

0NN

( T parem

|
TN | A3 ’.\Oﬂtﬁ

20N /o \

Nad f I il
f | ‘ | l ‘ o 1%
|\ — YU \ ‘ |
| A\ \ 2 00
‘ - ¥ IUNY \ \ /\ ¢
Y | |
i & 2 ‘ \ / ‘ \ \ b 1 N
| ‘.,-\‘ \ noN4 \ ) \ .
> T, \ \ ‘ {
77\ . \ \ ./ TN
A \ N f
{\ { \ ‘ \ N
iy, N A VI
W o N\ \ /
w1/ A ‘ ‘ / | b2 10
17\ \ ; RTINS \
\ ~ A \ / { \
\ A Nerer” ) \ / \ b 7 1
\ = 7N ’ O\
- | » o A — \ | \
) o J ] o »
Iy Mme * " \ / S [ \ 2T
({a// 0 A \ A WEINS ' ‘
'-l \ " T / - o 0 70N

S 0 S Kiometers ey

-\ 2]

\,

- ) o
L, L B L B S LI B, L
WHTT WHTT WOV WNTT WNTT WNTT WHTT WRVT VT WATT WETT WATT €I

Figure (3.1): Layout of the study area.
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3.2 Materials and Methods
3.2.1 Samples of Natural Soil

Samples of natural soil were taken from the right and left banks of
the Euphrates River in the kifl district, six disturbed samples were extracted
manually from depths (0.5-1m) below the ground surface to avoid the
Impurities such as roots, stems of plants, and organic matter. Three samples
from each bank were extracted and then packed in double nylon bags to
prevent losing their moisture content, after that, the samples were
transported to the laboratory of soil mechanics, in Department of Civil
Engineering, College of Engineering, University of Babylon.

3.2.2 Gypsum Rocks

In order to prepare gypsiferous soil samples, rocks of gypsum were
brought from Al-Najaf Al-Ashraf cement factory for cement industries, it
weighed about 5 kg as shown in figure (3.2). The sulfate content (SO3) in

these rocks was 43.29%, therefore, the gypsum content was up to 93.07%.

Figure (3.2): Crushed gypsum rocks used in this study.
The following section describes the experimental tests, apparatus and
procedures that were used in this study. The test procedures of the basic tests

are presented in the flowchart shown by figure (3.3).
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Figure (3.3): Methodology of the basic tests conducted in this study.

3.3 Classification Tests for Natural Soil Samples

3.3.1 Physical Tests

The Physical properties such as field density, moisture content,

specific gravity, particle size distribution, Atterberg's limits (liquid limit and

plastic limit), and compaction properties were investigated for the soil

samples.
3.3.1.1 Field Density

The field density for samples of soil in their natural (in situ) state
was conducted according to BS 1377-9:1990 standard (British standard,
1999)as shown in figure (3.4).
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AR
Figure (3.4): In situ field density test by using core device.
3.3.1.2 Grain Size Distribution
The grain size distributions were carried out in accordance with

ASTM D1140 (2017) specification via the wet sieving method, and the

classification of soil was under the unified soil classification system USCS,

figure (3.5) shows the experimental laboratory work.

1000710 5 '1‘000123

1000

Figure (3.5): Experimental laboratory work for wet sieving method and
hydrometer.
Six soil samples were analysed by sieve analyses wet method. The
properties, and the classification of the soil samples are the same and their

percentage of fine are very closer, so, sample 1 of depth was selected for the
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purpose of preparing gypsiferous soil samples. The experimental laboratory
works for wet sieving method were done by washing soil samples on sieve
No. 200. The percent of passing for the selected sample from sieve No. 200
was 89.3 % and the remaining was 10.7 %. Figure (3.6) shows the particle

size distribution curve for soil sample S1.
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90.0 ——partical size distribution
for soil sample s1

80.0
70.0
60.0
50.0

% passing

40.0
30.0
20.0

10.0

0.0
10 1 0.1 0.01 0.001 0.0001

D(mm)

Figure (3.6): particle size distribution for soil sample S;.

3.3.1.3 Water Content of Soil Samples

The initial water content for natural soil sample was determined by
oven drying test in accordance with ASTM D 2216 (2010) specifications. In
this study, a standard drying temperature to dry samples were ranged
between 105°C to 110°C for a duration of 24 hours.
3.3.1.4 Atterberg's limits

The Atterberg's limits were measured according to the method

presented by ASTM D 4318 (2010) specifications. However, the soil
samples were detected to have a low plastic behavior.
3.3.1.5 Specific Gravity

The specific gravity for the soil under consideration was measured by
using ASTM D 854 (2010) standards. A pycnometer test with distilled water
was used in this study for specific gravity determination. Figure (3.7) shows

the specific gravity test.
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: pycnometer

W

Figure (3.7): specific gravity apparatus.
The summary of physical properties and classification characteristics

tests are shown in table (3.1).
Table (3.2): Summery of physical properties and classification
characteristics for the natural soil sample S;.

Physical properties
Wet field Dry field Max. dry Water
Parameter]  Specific density” Density” Density™ cona}ceent
gravity (Gs) Pw pd PMax. W%
(gm/cm®) (gm/cmd) (gm/cm?3)
Value 2.63 2.117 1.577 1.670 34.25
Classification characteristics

c

_ : . =
Parameter l1quid | Plastic |Plasticity| il sond | Fine | silt [Clay| dso(m| 8 &3
Limit | Limit | Index % % | % | % % | m | =92
(LL)| (P.L)| (P.1) 8-

@)
Value 34 30 4 0 |10.789.3|59.3| 30 | 0.01 | ML™

" The natural

Kk

water content,

" Corresponding to an optimum moisture content of 19%,
Silt soil of low plasticity.
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3.3.1.6 Standard Compaction Test

A standard test method for laboratory compaction characteristics of soil
using modified effort were utilized in this study according to the
ASTMD1557 (2012). The results of this test are shown in figure (3.8).
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Figure (3.8): Result of standard compaction test for the soil sample S;.

3.3.2 Chemical Tests

Chemical properties are measured for the soil in its natural state in
the laboratory of sanitary engineering in Civil Engineering Department,
College of Engineering, University of Babylon. The tests were done in
accordance with British Standards (BS 1377 — 1990). Such tests are
including:
1. The total dissolved salts (T.D.S),
2. Sulphate content (SO3) %,
3. Chloride content (CI") %,
4. The percentage of gypsum content,
The results of chemical tests are shown in table (3.3), the devices used to

measure the gypsum content is shown in figure (3.9).
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Table (3.3): Chemical test results for the natural soil samples.

Total
SOs Gypsum |dissolved salt CI
Content (%) | Content (%) (TDS) Content (%)
(Ppm)
0.210 0.451 1.060 0.0058

Figure (3.9): Apparatus for measuring Sulphate content (SO3) in soil
samples.

3.4 Preparing Gypsiferous Samples of Soil

In order to prepare the gypsiferous samples of soil, the following steps
were followed the method proposed by (Al-Obaidi, 2015), and modified by
the author.

1. Free gypsum samples of natural soil were prepared, then dried, weighed,
and divided into three soil samples.

2. Each one of the three samples of soil was sieved and separated on sieve
No. 200 to split the finer part that passed from that sieve and calculate
the percentage of the passed portion.

3. The prescribed percentage of gypsum content that have to add to each

soil sample was calculated. The addition percentage are (20%, 25%, and
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35% of the total sample weight, but replacement and addition were from
the fine part passing through sieve No. 200. These percentages of
gypsum content were chosen based on previous studies, which showed
that the percentages of gypsum present in the areas along the Euphrates
River, starting from AL-Hindia barrage, range within these percentages
of gypsum.
. Preparation of the gypsum powder that has to be mixed with soil sample
each according to the prescribed mixing ratio as presented in table (3.4).
A rubber hammer was used to crush the big pieces of gypsum rocks
manually, then a mechanical crusher was used to complete the crushing
process and the resultant mixture was sieved on sieve N0.200 to get the
fine portion of gypsum crystals before being added to the natural soil.
Figure (3.10) shows gypsum powder.
. The final step is mixing process, which carried out by replacing part of
the natural soil (according to the specific weight to produce a soil sample
with a specific ratio of gypsum content), the mixing process was
continued for a while about 10 minutes to ensure the homogeneity of soil
portions.

Table (3.4): The proportion of gypsum in soil samples for

manufacturing gypsiferous samples.

%
Soil (WA Wrine” % % W Gypsum
sample | (gm) (gm) Fine® | Gypsum® (gm) (from total
weight)
1 3200 2180.3 68 29 632.3 20
2 3200 2202.5 69 37 814.9 25
3 3200 2250.6 70 50 1125.3 35

a\Weight of soil sample,® weight of fine in sample, in natural soil sample,¢

weight of gypsum from fine portion of natural soil sample,
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Figure (3.10): Gypsum powder for preparing gypsiferous soil.

3.5 Test of Direct Shear
The shear strength parameters (cohesion c, and angle of internal

friction ¢) were obtained by using the direct shear test. In this study, such
tests were performed for the soil samples in the natural state, and then the
tests were repeated for gypsiferous soil samples for both dry and wet states.
The same series of tests were performed after completing the experiments of
permeability-leaching. The direct shear test was performed in accordance of
ASTM D3080 by using the test device as shown in figure (3.11).

Figure (3.11): Direct shear device.

For the natural soil samples, direct shear tests were performed in the
dry and wet states with a soil moisture content of 34.35%. On the other hand,

for gypsiferous soils, tests were performed for three samples before the
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leaching test in its dry and in the wet state in which the water was added to

samples to rise their moisture content to about 34.25 %.

In order to measure the effect of leaching of dissolved minerals,
particularly the gypsum material from the soil, a series of direct shear tests
were conducted for the gypsiferous samples of soil after carrying out the
leaching experiments. The flowchart presented in figure (3.12) shows the

steps of this work. The overall results of direct shear tests were shown in

table (3.5).

Drying soil samples that
have been leached vsing
the air-drving method.

l

r

Preparing samples for
testing at dry state

—r

!

Preparing samples for
testing at wet state

|

Added water to the
samples to rise their
moisture content to about
34 25% that 1s, it 15 the
percentage of natural soil
moisture content in its field
condition when sampling

Performed the direct shear
test for gypsiferous soil
samples

Figure (3.12): Methodology of perform the di

soil samples after leachi

31
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Table (3.5): Summary of direct shear tests for the soil samples in this

study.
Soil Status Before Leaching After Leaching

Angle of Angle of

arameter | Cohesion Internal Cohesion Internal

Soil Type C (kN/m?) | friction C (kN/m?) | friction

¢ (deg.) ¢ (deg.)
Natural 10.82 34.1 15.3 30.2
with ¢ =20% (dry) 28.64 31.6 12.91 44.3
% | with x=20% (wet") 26.48 33.6 12.65 36.7
5 | with =25% (dry) 7.91 433 11.96 43.8
‘2 | with y=25% (wet) 10.07 40.1 14.32 39.7
& | with v=35% (dry) 471 442 10.26 43.7
with y=35% (wet) 20.82 37.6 7.42 40.7

* At the moisture content of the natural soil.
“ gypsum content

From the results of table (3.5), it was evident that in the case before
the leaching test and for gypsiferous soils at a dry state, the cohesion
increases for the soil sample with 20% gypsum content by 62% from
cohesion of natural soil (free from gypsum), this is because gypsum works
as a binding material between soil particles; then cohesion starts of
decreasing for soil samples with gypsum content of 25% and 35%, and this
Is because when this percentage of gypsum content is exceeded, acts as a
material that separates soil grains and ruptures the bonds, which loosens the
soil structure.

Also, before the leaching test, in the wet state, the cohesion slightly
decreased for the soil sample with a gypsum content of 20% due to the
wetting causing the dissolution of some gypsum salt resulting in a decrease
in cohesion between soil particles. But; for soil samples with 25% and 35%
gypsum content, the wetting led to increased cohesion due to increased

binding material between soil particles. The cohesion for soil samples after
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the leaching test in dry and wet states decreases with increasing gypsum
content. This is because the dissolution of some gypsum particles during the
leaching test decreases the binding between soil particles.

The angle of internal friction for gypsiferous soils at dry state before
leaching increases for gypsiferous soil samples because of increasing the
friction between soil and gypsum particles and between gypsum particles
themselves.

While at wet state, the angle of internal friction increases for soil
samples with gypsum content of 20%, and this result is due to the different
factors that influence shear strength parameters; according to Sa'eed, (2006)
the important factors affecting shear strength are the mineral composition of
the granules, the shape, size, and distribution of the granules, void ratio and
moisture content, stress change during the sample preparation process, and
test method. The reason for this result was probably attributed to the non-
uniformity in the preparation of soil samples for direct shear tests; this was
real as the mixing procedure was carried out manually. For soil samples
with 25% and 35% gypsum content, the angle of internal friction decreases
as gypsum content increases due to the wetting effects which cause the
dissolution of gypsum particles.

The angle of internal friction ¢ was increased after the leaching test
and these results indicated that not all of the gypsum in the soil sample was
leached. This was evidenced by a decrease in total dissolved salt (TDS) in
the leachate samples, which did not reach the TDS of the tap water used. It
can be inferred that a certain amount of gypsum remained undissolved. If the
leaching period is extended beyond 10 days, more free gypsum salt likely
dissolved, leading to a reduction in the angle of internal friction. Peterukhin
and Arakelyan, (1985), and AL-Obaidi, (2003) showed the same result on

gypseous sandy soil and clayey sand soil respectively.
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3.6 Permeability — Leaching Tests

In this study, the falling head test was used to measure the coefficient
of permeability of gypsiferous samples of soil. The falling head permeameter
as shown in figure (3.14) was used to conduct the experiments by permitting
water to infiltrate into the soil sample from a standpipe that was connected
to the device cylinder. The diameter of the standpipe depends on the
permeability of the tested soil. Before starting the flow measurements, the
soil sample was saturated, and the standpipes were filled with water to a
specified level. The test was then started by closing the water valve and
allowing water to flow through the soil sample until the water in the
standpipe reached the desired lower limit. The time required for the water in
the standpipe to drop from the upper to the lower level was recorded. The
standpipe was refilled, and the test was repeated several times (Irshayyid,

2015). figure (3.13) shows the permeameter cell for the falling head test.

Figure (3.13): permeameter cell for falling head test.
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Figure (3.14): The falling head permeameter.

The formula for determining the coefficient of permeability of the soil can
be expressed as:

K=23 (ﬁ) log,, (E) (3.1)
AXt h,
Where;
K= coefficient of permeability in (L/T),
a = the cross-section of the standpipe (L?).
L = height of the soil sample column(L).
A = soil sample cross-section (L?).
t = time for the water to infiltrate through the sample (T).
h,and h, = upper and lower water levels in the standpipe measured using the
same water head reference (L).
A leaching test was conducted for gypsiferous soil samples by using a
flowing tap water with total dissolved salt TDS of about 800 ppm (on

average) through soils with hydraulic gradient of 9.69. The sample diameter
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was (10 cm), and its height was (13cm). The leachate's total dissolved salt
(TDS) was monitored twice daily every 12 hours by a portable, digital TDS
meter. The leaching test started by closing the water supply valve for the
sample and allowing water in the standpipe to flow through the sample until
the water in the standpipe reached a given lower limit. At the beginning of
the leaching test, the soil sample was soaked for 24 hours then the standpipes
were filled with de-aired water to a pre-specified level.

The required period for the leachate water in the standpipe to drop
down level was recorded. Then, the standpipe was refilled with water, and
the test is repeated twice a period. The soil sample was installed in the
permeameter cell in layers with compaction by a rubber hammer to reach the
required field dry density. The leaching test procedure measured the
permeability, TDS., EC., and temperature of leachate water and the quantity
of leachate water collected and measured. The present leaching test
procedure was performed by following the method described by Ismael,
(1993), and (Fattah et al., 2019).The leaching process was terminated when
the reading of T.D.S. values exhibited no further decrease. The leaching
period was ten days for each tested soil sample. Figures 3.15, and 3.16 show

TDS apparatus, and EC apparatus that used in leaching test process.

Figure (3.15): TDS apparatus.
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Figure (3.16): EC apparatus.
3.6.1 Effect of Leaching on the Permeability of Soil
The variation of the coefficient of permeability versus time for

different gypsum contents is shown in figure (3.17).
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Figure (3.17): Variation of saturated permeability coefficient with leaching
time for different gypsum content in soil samples.

As shown in figure (3.17), the range of changes in the coefficient of
permeability shows very little change between soils, and it ranges from about
6.0x 10° to 12x10° cm/sec for all tested soil samples. In the soil samples
with gypsum content of 20% and 25%, the permeability fluctuated in leached
period for 8 days. The permeability of the soil sample with gypsum content
of 25% increased sharply for the rest of the leaching period (10 days) when
(TDS) reading didn’t give any change. On the other hand, in the soil sample
with gypsum content of 35%, the coefficient of permeability abruptly
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increased and decreased for the first four days of the leaching process,
followed by reduction until the end of the leached period at the 9" day; this
behavior was attributed to the reduction in the void ratio as a result of
collapse soil during the leaching process. The variations of TDS with

leaching time are displayed in figure (3.18).

3500
— 3000 +
E
o
(=N
= 2500 +
L
E 2000 4
2
(%]
T 1500 +
=
]
= 1000 +

500 t

0 1 2 3 ! 5 6 7 8 9 10
Time (Dayes)
x=20% TDS=800
....... X=25% - = —x=35%

Figure (3.18): Variation of concentration of total dissolved salts of

gypsiferous soils with leaching time.

Obviously, for soil samples of higher gypsum content of 25% and 35%,
the dissolution of total salts increased rapidly at the beginning; after that, the
dissolution of total dissolved salts decreased and then became rather constant
throughout the rest of the leaching period. For the soil sample with a gypsum
content of 20%, the dissolution of total salts at the beginning of leaching is
higher than the soil samples with higher gypsum content. This reason is due
to non-homogeneity in preparing this sample for the leaching test being
artificial soil; its properties cannot be controlled.

To detect the correlation between the coefficient of saturated

permeability and the gypsum content in soil samples implicitly relevant
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through the concentration of total dissolved salts, a scatter plot was presented
in figure (3.19).
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Figure (3.19): Scatter plot for the coefficient of permeability versus the
concentration of total dissolved salts for gypsiferous soils.
It was evident that when the initial gypsum content increased in the soil
sample, the permeability of the soil increased as the gypsum salt was leached
progressively due to the dissolution in the flowing water, leading to
increased permeability. This was attributed to the development of voids
within soil mass, permitting more volume of infiltrated water under the

exerted hydraulic head.

3.6.2 Influence of the Leaching Process on the Shear Strength

Parameters
The evaluation of the leaching on the strength parameters of the
gypsiferous soils was obtained by using relative difference (R) as:

RD _ Xref. - Xmeasured (32)
Xref.

Where;
Xret. = strength parameter for the natural soil sample (either in dry or in wet

status)
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Xmeasured =Measured strength parameter for the gypsiferous soil sample.
Figures (3.20 and 3.21) show the changes in cohesion C and internal

friction ¢, respectively, at different states of soil samples.
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Figure (3.20): Relative difference in soil cohesion versus gypsum content

in soil samples for dry and wet states.
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Figure (3.21): Relative difference in internal friction angle versus gypsum

content in soil samples for dry and wet states.
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As revealed in figure 3.20, a higher increase in soil cohesion occurred
before leaching for the gypsiferous soil sample with a gypsum content of
20% in the dry state. At the same time, a significant decrease has occurred
for soil samples of 35% gypsum content in the dry state because the increase
in gypsum led to separate the bonding material between soil particles.

Furthermore, the results indicated that the gypsiferous soil sample
with initial gypsum content of 25% significantly increased cohesion by 32.3
as a percentage of relative deference in the wet state after the leaching that
the remaining gypsum in the soil sample after the leaching test was working
as a binding material when it dissolved by wetting. In particular, the soil
samples with higher initial gypsum content lost significant cohesion after
leaching when the gypsiferous soil was at its natural moisture content.

Figure 3.21 shows that for the gypsiferous sample with lower gypsum
content (i.e., 20%), the angle of internal friction (¢) reduced slightly than the
natural soil for both dry and wet states before leaching. The internal friction
for the gypsiferous samples of higher gypsum content of 35% increased for

almost all conditions (i.e., dry, wet, before, and after leaching).
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CHAPTER FOUR

ANALYSIS OF SUBSURFACE FLOW BENEATH

BARRAGE

4.1 Introduction

The subsurface flow in the foundation of a barrage can be a significant
challenge for hydraulic engineers. This flow can cause erosion, instability, and
other issues that can compromise the structural integrity of the barrage.
Engineers must take into account factors such as soil composition, water flow
rate and direction, and other variables when designing and constructing a
barrage to ensure that subsurface flow is properly managed. The presence of
problematic layers such as gypseous soils that are characterized by their higher
solubility when exposed to the flow of water leads to many problems in the
foundation of these structures, so anti-seepage measures or control devices
must be provided to decrease the seepage flux to a minimum as possible. These
control devices are cutoff walls in U/S, D/S, and at intermediate, if needed,

protection layers in U/S, and inverted filter layers at D/S of the structure.

4.2 Statement of Problem

A typical schematic section of a barrage is shown in figure (4.1). Analysis
and design of the hypothetical barrage are carried out based on subsurface flow
considerations. However, for a specified profile of the barrage, the subsurface
flow in fully closed gates conditions involve protection against piping, uplift,

and exit gradient.
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Figure (4.1): A schematic cross-section of the hypothetical case study.

The dimension of barrage components is defined as follows:

Hen and Hyp are the high flood head and normal operation head (L) in the

upstream side of the barrage, respectively.

Hp is the downstream water flood head (L).

Lpy is the length of upstream protection (L).

Ly is the length of the upstream floor (L).
Lc: is the length of the crest (L).
Lsr is the projection length of the inclined floor (L).

Ls is the length of stilling basin (L).
L is the length of the inverted filter (L).

tpy IS the thickness of upstream protection (L).

ty is the thickness of the upstream floor (L).

tse is the thickness of the

crest (L).

tp is the thickness of the downstream floor (L).
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tinv. IS the thickness of the inverted filter (L).
dsu, dsp are the depth of sheet piles in upstream and downstream (L).
a is the angle of the inclined floor of the barrage.
Y1, Y2 are pre-jump depth and post-jump depth of water(L).
T is the depth of the soil layer beneath the barrage foundation (L).
For unsteady flow conditions, the groundwater flow in porous media for
two-dimensional incompressible fluid is governed by the following equation:
i(kxx%>+i<k @)iq _% (4.1)
0x ox/)  oy\ Y ay ot
Where; h is the flow head (L), x and y are the horizontal and vertical directions
of flow, ki and ky, are the coefficient of permeability in x and y directions,
respectively in (L/T), g is the outflow/inflow rate in (L3/T), ¢ is the specific
storage coefficient of the porous media (L™2).
The steady seepage flow of water through homogeneous soil underneath
hydraulic structure may be expressed by:

0%h 0%h
kxxﬁ'i‘kyya—:yzi q = (42)

4.3 Seepage Analysis
The seepage flow expressed by Eq. (4.2) beneath and around the barrage
floor is the primary determinant of the structure geometry and dimensions. The
boundary between the barrage floor and the flow domain represented by the
foundation is the critical failure plane. Hence, inadequate seepage control
devices could produce the piping through soil exposed to an extreme hydraulic
pressure gradient, which causes fine soil grains to boil off the flow domain at
the exit regions consequent to a local excess pressure gradient (Singh, 2011).
The GeoStudio SEEP/W module was used to conduct the numerical

solution of the seepage problem by finite element method in this study.
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4.4 GeoStudio SEEP/W Module

GeoStudio SEEP/W is a powerful software module for analyzing and
simulating subsurface water flow and contaminant transport in the subsurface
environment. It is a part of the GeoStudio suite, which is a comprehensive suite
of geotechnical and geo-environmental engineering software tools. The
SEEP/W module offers advanced capabilities for modeling groundwater flow,
unsaturated and saturated flow, and heat and mass transport. The user interface
Is intuitive and user-friendly, making it easy to set up and run models, visualize
results, and perform post-processing. One of the key features of the SEEP/W
module is its robust numerical solver, which can handle complex geometries
and boundary conditions, and produce accurate and reliable results. It also
supports various types of finite element and finite difference meshes and can
be integrated with other GeoStudio modules for multi-disciplinary analysis. An
additional important feature of SEEP/W is its ability to perform sensitivity
analysis, uncertainty analysis, and optimization, which can help to identify key
parameters and design optimal solutions.

A series of runs of (200) have been conducted in this study for the
foundation of the barrage at various dimension configurations. All sections
were analyzed for fully closed gates, and isotopic soil.

4.5 Governing Parameters of Seepage Problem

The soil parameters were considered in this study as a linear elastic
model for soil, the saturated coefficient of permeability for the higher gypsum
content gypsiferous sample (i.e., ¥=35%), the material of the model, and the

Isotropic characteristics regarding soil, that are shown in table (4.1).
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Table (4.1): Properties of the soil in the barrage foundation.

Gypsum . Material _
Soil type | Content Permeability, model Anlsot_ropy
% K (m/sec) ratio
Gyp;g‘ﬁrous 35 9.54x10%8 Saturated Ky/kx=1

4.5.1 Boundary Conditions
Figure (4.2) shows a schematic diagram of a barrage found on an

isotropic layer. The various boundary conditions of the barrage section are as

follows:
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Figure (4.2): The Boundary Condition of the Barrage cross section.

9 (%,0,t) =0 0< x<L, onOL (4.3)
h(x,T,,t) = Hp (Lpy +Lp) < x <L onNM (4.4)
= Lpy + Loz, t) =0 Tep < 2<T, onNK (4.5)
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oh L
S @TosD=0  (Lpy+ Lyt Lo+ o) < X < (Lpy + Ly +
L
NL,, + ﬁ + Lg) onHI (4.6)

oh
E(x, Tus, t) =0 (LPU + LU + LCT) < x< (LPU + LU + LCT +

LsF

cosp’) on GH 4.7)
Z—Z(x, Tys,t) = 0 Loy < x < (Lpy + Ly + L,) onEG  (4.8)
2 Lpyz,t) =0 Ty <x<T, onBE (4.9
oh [ ts oh ts
@(x,;,t) =$(x,—;,t) 0<x< dgy onEFand E;F, (4.10)
oh [ ts oh ts
@(x,;,t) =$(x,—;,t) 0<x<dsp onl]andlj, (4.11)
For the boundary AB, if the upstream water level is constant at level Hg, then
h(Tl,t) = HF.L 0 <x< LPU on AB (412)
For the boundaries AO and ML, they are considered the constant head
h(o,z,t) = Hp; 0<z<T, on AO (4.13)
2 Loz t) = Hp 0<z<T, on ML (4.14)

4.5.2 Barrages in Lower Reach of Euphrates River

The present study focuses on the barrages built on the Euphrates River
and its lower branches downstream of the Hindiya barrage. Accordingly, Kifil-
Shinafiyah Barrages, which includes Shamiya regulators that consist of the
Abbasiyah Regulator, Shamiya Regulator, and Khawarnag Regulator. On other
hand, Kufa Branch Barrages. AL-Simawi, (2010) and Abdullah et al., (2019)
presented a comprehensive review covering this subject. The dimensions of the

hypothetical barrage were investigated by surveying the barrages profiles
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constructed on the Euphrates River in Iraq from Al-Hindiya Barrage to Abu-

Sukhair Barrage, including four barrages (Al-hindiya, Al-kufa, AL-Shamiya,

and Abu-Sukhair). Table (4.2) summarized the main hydraulic characteristics,

dimensions, and components for the above-mentioned barrages.

Table (4.2): Barrages' main hydraulic characteristics, dimensions, and

components.
Barrages
Description Al- Al-Kufa AL- Abu-
Hindiya Shamiya Sukhair
References AL-Abbas | Ministry of | Maatooq | Ministry of
etal., Irrigation etal., Water
(2019) General (2015) Resources
Establish- Commission
ment for Dams and
of Study Reservoir
and Design
High flood level 32.55 26.30 23.5 21.85
Normal water level 31.80 25.70 21 20.5
Total length of barrage (m) 335 32.80 33 42.7
length of the launching apron 25 13 21 30
and protection in upstream (m)
length of upstream floor (m) 24.05 8.80 9 10.10
length of crest (m) 6.5 5.80 6 7.2
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Table (4.2): Continue.

length of stilling basin (m) 19.5 24 17 27.5
length of inverted filter drain 75 55 74 76.5

(m)

thickness of the launching apron 1.9 1.5 1.5 1.5
and protection layers in

upstream (m)

depth of the upstream cutoff 10.9 18.6 11 12
wall (m)

depth of the downstream cutoff | Not found | Not found Not 12
wall (m) found

thickness of upstream floor (m) 3 3.10 3 3
Thickness of downstream floor 2.5 2 2.5 2.5
(m)

thickness of the inverted filter 1.9 2.5 1.9 1.9
drains (m)

High flood discharge (m3/sec) 2500 1400 1100 1400

4.5.3 Bounds for Dimensions of the Barrage

Based upon the previous discussion, it was obvious that almost the constructed

barrages have dimensions that can be limited to a range given in table (4.3).
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Table (4.3): Dimension range of barrage component dimensions (collected

from different references).

Descrintion Design Lower Upper
P variable | bound (m) | bound (m)

length of th_e Iagnchmg apron Lo 13.0 30
and protection in upstream
Length of upstream floor Ly 8.80 11.30
Projection length of inclined Ler 49 5.0
floor
Length of stilling basin Ls 19.5 27.5
Length of inverted filter layer Linv 55.0 76.5
Length of crest Ler. 5.8 7.2
Thickness of the launching apron

. tpu 1.5 1.9
and protection in upstream
Depth of upstream cutoff dsu 10.94 18.60
Thickness of upstream floor tu 3.0 3.10
Depth of downstream cutoff dsp 12.0 18.60
Thickness of inverted filter - 19 55
layer
Pre-jump depth Y1 3.16 3.48
Post-jump depth Y2 6.72 7.61

The slope of the inclined floor (Lsg) ranged from (1:3-1:5) ( Novak et al.,

2008), however, the inclination of the floor was considered to be (1:3).

4.6 Normalization of the Design Variables

The transformation of a regular dimension into a non-dimensional form

Is @ mathematical process that involves dividing a physical quantity by a

reference value to obtain a dimensionless quantity. This was done in order to

simplify the analysis of a problem or to compare results between different
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systems with different units. The resulting dimensionless quantity, also known
as a dimensionless parameter, has no units and was only dependent on the ratios
of the physical quantities involved. Accordingly:

Let the horizontal dimension to be denoted as Xx in which:;
X

Xy =—
N Hpp,

(4.15)

Where x is the horizontal distance in (m) and Hegis the high flood head in (m).

Similarly, if the vertical dimension is to be denoted as Zx, thus;
Z

Iy =—
N Hpp

(4.16)

Where z is the vertical distance in (m).

The typical barrage profile section in the normalized plane is shown in
Figure (4.3). Consequently, the design variable in normalized form is defined
in table (4.4).
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Figure (4.3): Typical profile of the hypothetical case study of barrage in

normalized form.
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Table (4.4): Transformation of design variable in non-dimensionlized form.

Design

Normalized

Variable | Variable Transformation Definition
Lpy x1 Is the non-dimensionlized
Lyv X1 X1 = Hrn length of the launching apron
' and protection in upstream.
Lu X2 x, = Lo x2 is the non-dimensionlized the
Hg p length of upstream floor.
Lgr x3 Is the non-dimensionlized
Lsr X3 ¥3 =g~ | projection length of inclined
' floor.
Ls X4 x4=i x4 is the non-dimensionlized
Hpp length of stilling basin.
Lins Xs Xs _ Liny x5 is the non-dimensionlized
Hg p length of inverted filter drain.
Lo X X, = Ler xC is the non-dimensionlized
Hp p length of crest.
tpu z1 IS the non-dimensionlized
tpu Z1 2 = _th thickness of the launching apron
' and protection layers.
dsy z, Is the non-dimensionlized
dsu z2 Z2 = Hep depth of the upstream cutoff
' wall.
ty Z3 Z3 = fy zz is the non-dimensionlized
Hp thickness of upstream floor.
dp z7 is the non-dimensionlized
dsp z7 Z7 = Hpp depth of the downstream cutoff
' wall.
tinv zg IS the non-dimensionlized
Linw Z8 =y thickness of the inverted filter
' drains.
Vi 29 Zg—L Zy is the non-dimensionlized
Hen | pre-jump depth of water.
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Table (4.4): Continue.

Vs Z10 Z10 =2 |z is the non-dimensionlized
Hg p post-jump depth of water.
B is the non-dimensionlized
o p p=a angle of inclined floor of
barrage.
Hu. hi h, _Hv.n o his the non-dimensionlized
Hg p normal operation head.
Hp h; h, _ b h, is the non-dimensionlized
Hg p high flood head in downstream.

Hence; for simplicity, the dimensions of all the design variables

introduced in table (4.4) have been transformed in normalization form by

dividing all dimensions of the design variable on high flood level (Hg|) as

shown in table (4.5).

Table (4.5): Dimension ranges for design variables in normalized form.

Design variables Lower bound Upper bound
X1 1.6 3.76
X2 1.09 1.45
X3 0.48 0.57
X4 2.41 3.31
Xs 6.79 9.26
Xs 0.72 0.88
Z1 0.19 0.23
Z; 1.35 2.25
Z3 0.37 0.38
Z7 1.48 2.38
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Table (4.5): Continue.

Zs 0.23 0.31
Zo 0.39 0.43
Z1o 0.83 0.94

The barrage structure adopted in this study was designed to be
constructed on gypsiferous soil with properties involved in SEEP/W model as
listed priory in the table (4.1).

4.7 Verification of Numerical Solutions

Verifying numerical solutions involves checking the accuracy and
reliability of the calculated solution obtained from numerical methods. It is an
important step in the numerical solution process as it helps to ensure that the
solution obtained is reliable. In this study, a comparing the results with
solutions for the specified problem taken from the literature has been carried
out. The study performed by AL-Abbas et al., (2019) was considered a case
study for verification. Al-Hindya barrage was analyzed to check the safety
aspects, uplift pressures, and seepage ratio with the variation of discharge and

water levels. Figure (4.4) shows AL-Hindiya Barrage profile.
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Figure (4.4): AL-Hindiya Barrage profile.
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Table (4.6) presents a summary of the data used in the verification

process of the measured uplift pressures of piezometers No.14 and No.15,

which were located upstream and downstream of the main barrage at the

location of the maximum water level observed in February 2018.

Table (4.6): The properties of soil layers and the boundary conditions for the

actual operation state of AL-Hindiya barrage.

Description Value
upstream water level a.s.| 31.8
downstream water level a.s.l 27.15
Cut off depth (m) 10.90
Type of first soil foundation layer sandstone soil
the thickness of the first layer of soil foundation (m) 13
Coefficient of permeability in the horizontal direction, ky; 10
(m/sec)
Coefficient of permeability in the vertical direction, ky; .
(m/sec)
Saturation weight density of first layer yst (KN/m?) 20

Type of second soil foundation layer

clayey carbonate mud/

siliceous carbonate silt

thickness of second layer of soil foundation (m) 12

Coefficient of permeability in horizontal direction, Kk, 01
(m/sec)

Coefficient of permeability in vertical direction, ky, (m/sec) 0.01
Saturation weight density of second layer ysa: (KN/m?) 18.5
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Table (4.7), presents the field measurements of total water level in
piezometers 14,15 in U/D and D/S, uplift pressure, and seepage ratio of main
barrage at date 25/2/2018.

Table (4.7): Total water level of piezometers of main barrage at date

25/2/2018.
Piezometers Total Uplift
water level pressure
(ton/m?)
Piezometer 14 in u/s 31.80
8.53

Piezometer 15 in d/s 27.15

In this study, the results of numerical analysis under the SEEP/W 2D
module (see figure 4.5) for the case study quoted from AL-Abbas et al., (2019)

were shown in table (4.8).
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U
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N =
B - Water Total Head
c Tk @27-275m
0B 0275-28m
s 2B T 028-285m
> 05 oo | 0285-29m
D 1= sweoeeo [129-295m
w15 = S 0295-30m [ y
14 [ e bbbl e e e e A []30-305m B
e 0305-3tm
10 A S 031-315m
Bl \ o [0315-32m
CETTTION SORIPEE \
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0123456789 M3 192123202729 M 3330937 394 43454749 51 53 5557 59 6163 65 67 69 71 73 75 7779 6183 8587 89 9193 95 97 99
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Figure (4.5): Seepage analysis for AL-Hindiya barrage in this study.
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Table (4.8): Result of numerical analysis from geo-studio seep/w.

piezometers Water total level | Water pressure head
H (m)
U/S 31.78 12.88
14 27.18 8.28
15 27.17 8.27
D/S 27.16 8.26

To calculate the maximum force of uplift pressure Pmax, figure (4.6) shows the

uplift pressure distribution beneath the barrage.

Brax = p1+ P2+ 3 (4.17)
p1 = hl‘; "2 4 L xy=*1 (4.18)
Where;

P uplift pressure force in (ton), and h is the head of water in piezometer in (m).

(y = 1 ton/m®) (Water unite weight)

12.88 + 8.28
P, = 5 *x 045211 =4.78ton
h,+ h
Py, = 22 3*l2*y*1
Py = =220 % 23.60 + 1+ 1 = 195.29 ton
h; + h
p3 = 32 4*l3*y*1
8.27 + 8.26
p3=T*9.5*1*1=78.52t0n

Max. force of uplift pressure Pmnax =4.78+ 195.29 + 78.52 = 278.59 ton.
Max. uplift pressure = (278.59/33.552) = 8.30 ton/m?.

8.53—-8.30
Mean percentage error =

x100 = 2.77%
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Figure (4.6): Uplift pressure distribution beneath AL-Hindiya barrage
foundation from (AL-Abbas et al., 2019).
From the results of numerical analysis, it’s obvious that a decrease in water

total head upstream leads to a decrease in the maximum uplift pressure on a
barrage floor. Thus, the mean percentage error between the calculated uplift
pressure from field measurements and the uplift pressure from the numerical

analysis was computed. The results showed an acceptable percentage error.

4.8 Scenario for investigating the Role of Gypsum Soil in AL-

Hindiya Barrage Soil Foundation

To investigate the role of gypsum soil in the foundation of AL-Hindiya
barrage the seepage analyses by SEEP / W were made to compute seepage
properties beneath the barrage and find how such soil affects it. The seepage
flux, uplift pressure, and exit gradient were computed. The boundary condition
for the present state is the same as for the natural state except that the foundation
soil layer is one layer containing gypsum soil of a gypsum content of 35% and
with a hydraulic conductivity of 9.540x108(m/sec). Figure (4.7) shows the
seepage analyses of the barrage in presence of gypsiferous soil in its

foundation.
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Figure (4.7): Seepage analyses for AL-Hindiya barrage in presence of
gypsiferous soil beneath the foundation.
Tables (4.9) and (4.10), show the seepage properties of AL-Hindiya barrage by
Seep/W model in the case of the natural state and in the case of the presence of
gypsum soil in the soil foundation layer.

Table (4.9): Seepage analyses of Al-Hindiya barrage at actual state.

Seepage properties value
Maximum uplift pressure (ton/m?/m) 8.30
Exit gradient 0.0042
Seepage flux (m3/sec/m) 0.00163

Table (4.10): Seepage Properties of AL-Hindiya barrage at the state of

presence of gypsum soil in the soil foundation layer (hypothetical case).

Seepage properties value
Maximum uplift pressure (ton/m?/m) 9.75
Exit gradient 0.171

Seepage flux (m3/sec/m) 1.638x10°°
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From the results of table (4.9), and (4.10), it is obvious that for the case
of soil foundation of AL-Hindiya barrage contain gypsum soil (hypothetical
case) the uplift pressure increases by 14.87% from the actual state, and the exit
gradient also increased but it remained within the safe value. While for seepage
flux beneath barrage when the soil foundation contain gypsum soil is less than
the actual state (soil foundation free from gypsum soil) because the coefficient
of permeability of gypsum soil of the present study is less than the coefficient

of permeability of the soil layer beneath of AL-Hindiya barrage.
4.9 Investigating the Effect of Gypsum Soil in the Foundation of

the hypothetical Barrage of the present study

To investigate the effect of gypsum soil in the foundation of the barrage
in present study a comparison between the analyses of seepage beneath barrage
in case of presence natural soil (free from gypsum), and in case of presence of
gypsiferous soil. Table (4.11) shows seepage properties of the barrage
foundation when the soil is free from gypsum.

Table (4.11): Seepage properties of the barrage at state of presence natural

soil in the foundation.

Seepage properties value
Maximum uplift pressure (KN/m2/m) 65.76
Exit gradient 0.080
Seepage flux (m3/sec/m) 1.382x1078

An analysis of the seepage problem when the barrage contains gypsum
soil in its foundation was done. Table (4.12), shows the results of seepage

properties when the barrage foundation contains gypsiferous soil.
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Table (4.12): Seepage properties of the barrage at the state of presence of

gypsiferous soil in the foundation.

Seepage properties value

Maximum uplift pressure (KN/m2/m)

65.76
Exit gradient
0.080
Seepage flux (m®/sec/m)
2.799x10°°

From the results of table (4.11), and (4.12), it’s obvious that the uplift pressure
and exit gradient are the same when the barrage foundation contains natural
soil and when contains gypsiferous soil, while seepage flux decreased in
gypsiferous soil and this is because of the coefficient of permeability of the
gypsiferous soil is less than the coefficient of permeability of the natural soil.
4.10 Parametric Analysis for Seepage beneath Barrage Floor

Parametric analysis is a method used to study the behavior of a system as
a function of its input parameters to understand the relationship between the
inputs and outputs of a system and to identify the parameters that have a higher
effect on the system's behavior.
4.10.1 Effect of Changes in Seepage Rate

Figures (4.8) and (4.9) show the variation of the seepage rate ratio
(a/KHey), versus the depth of the U/S cutoff wall (z2) and for different cases
for total length of the floor (Ly) and D/S cutoff wall depth in non-

dimensionlized form.
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Figure (4.8): The variation of the seepage rate ratio (g/KHg) with U/S cut
off depth and for total length of floor (L+) from (4.07 to 4.59), and (z7)

from (1.48 to 1.88).
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Figure (4.9): The variation of the seepage rate ratio (g/KHg) with U/S cut off
depth and for (Lt) from (4.72 to 5.24), and (z7) from (1.98 to 2.38).
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From figures (4.8) and (4.9), the effects of increasing the depth of the
cutoff wall at U/S lead at the beginning to decrease the seepage rate with
increase the total length (Lt) of the impervious floor and the minimum
decreasing in seepage rate when Lt equal to 5.11. Also, the seepage rate value
Is decreases when the D/S cutoff wall increase and that because of the increase
in creep line length of water beneath barrage with the increase in the length of
floor. It is found that the minimum decreasing in seepage rate when the D/S
cutoff wall depth is equal to 2.28.

Figures (4.10) and (4.11) show the variation of the seepage rate ratio
(0/KHgp), versus the depth of D/S cutoff wall (z;) and for different cases for

total length of the floor Ly and U/S cutoff wall depth (z,) in non-dimensionlized

form.
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Figure (4.10): The variation of the seepage rate ratio (q/KHg») with D/S cut
off depth (z7) and for (L+) from (4.07 to 4.59), and Z, from (1.35 to1.75).
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Figure (4.11): The variation of the seepage rate ratio (q/KHgy) with D/S cut
off the wall (z7), and for Ly from (4.72 to 5.24), and z, from (1.85 to 2.25).
The relationship between the seepage rate ratio (q/KHgy) with D/S
cutoff wall depth (z;), as shown in figures (4.10) and (4.11), show that the
increase in depth of D/S cutoff wall leads to an increase in seepage rate when
U/S cutoff depth is small. But this increase decrease gradually when the total
length of the impervious floor and U/S cutoff wall depth increase. For the value
of z; equal to 2.25, and LT equal to 5.25 which is the maximum depth of U/S
cutoff and length of the barrage floor at this study the rate seepage at minimum
depths of z, value is maximum but its value begins to decrease when z;increase
in depth until reach minimum value at maximum depth about 2.38.
4.10.2 Effect of Exit Gradient
Figure (4.12) and (4.13) show the variation of exit gradient (ixy), versus
the depth of the upstream cutoff wall (z,) and for different cases for total length

of the floor L+ and D/S cutoff wall depth (z;) in non-dimensionlized form.
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Figure (4.12): The variation of exit gradient (iy,) with U/S cutoff wall (z,) and
for (Lt) from (4.07 to 4.59), and z; from (1.48 t01.88).
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Figure (4.13): The variation of exit gradient (iyy) with U/S cutoff wall (z,) and
for Lt from (4.72 to 5.24), and z; from (1.98 to 2.38).

65



Chapter Four Analysis of Subsurface Flow Beneath Barrage

Figure (4.12) and (4.13), illustrate the relationship between the exit
gradient with the U/S cutoff wall (z,) for different cases of (Lt) and (z7). The
variation of the exit gradient with the depth of the u/s cutoff wall (z,) indicated
that an increase in the cutoff depth leads to decrease in the exit gradient value.
Also, when the total floor length increase leads to decrease the exit gradient
with increase the depth of the D/S cutoff wall. The minimum value of exit
gradient when total floor length (L+) and depth of cutoff wall in D/S (z;) are at
maximum range value at this study (i.e., Lt=5.24, z;= 2.38).

Figure (4.14) and (4.15) show the variation of the exit gradient (ly),
versus the depth of the downstream cutoff wall (z;) and for different cases of

total length of the floor Ly and U/S cutoff wall depth (z,) in non-dimensionlized

form.
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Figure (4.14): The variation of exit gradient (i xy) with D/S cutoff wall (z;) and
for Lt from (4.07 to 4.59), and z, from (1.35 to 1.75).
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Figure (4.15): The variation of exit gradient (i xy) with D/S/s cutoff wall (z;)
and for Ly from (4.72 to 5.24), and z, from (1.85 to 2.25).

Figures (4.14) and (4.15), illustrate the relationship between the exit
gradient (ixy) with D/S cutoff wall (z7); it is obvious that increase in the depth
of the D/S cutoff wall with increase in the total length of the floor and U/S
cutoff depth leads to a decrease in the exit gradient value. The minimum value
of the exit gradient is at Lt equal to 5.24 and U/S cutoff depth equal to 2.25.
4.10.3 Effect of Uplift Pressures

Figure (4.16) and (4.17), shows the variation of uplift pressure ratio
(P/yHg) versus the depth of the upstream cutoff wall (z2), and for different
cases for total length of the floor L+ and D/S cutoff wall depth (z7) in non-

dimensionlized form.
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Figure (4.16): The variation of max. Uplift pressure ratio (P/yHgp) with U/S
cutoff wall (z;) and for Lt from (4.07 to 4.59), and z; from (1.48 to 1.88).
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Figure (4.17): The variation of max. Uplift pressure force with U/S cutoff

wall (z2) and for Ly from (4.72 to 5.24), and z; from (1.98 to 2.38).
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Figures (4.16) and (4.17), illustrate the variation of maximum uplift pressure
beneath the barrage floor with an upstream cutoff wall. It indicated that the
uplift pressure values decrease with increasing the depth of the u/s cutoff wall.
In contrast, this decrease varies with the increase in the total floor length and
downstream cutoff wall depth.

Figure (4.18) and (4.19) show the variation of uplift pressure ratio
(P/yHgn) versus the depth of the downstream cutoff wall (z7), and for different
cases for total length of the floor Lt and u/S cutoff wall depth (z;) in non-

dimensionlized form.
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Figure (4.18): The variation of max. Uplift pressure ratio (P/yHgp) with D/S
cutoff wall (z7) and for Lt from (4.07 to 4.59), and z, from (1.35 -1.75).
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Figure (4.19): The variation of max. Uplift pressure force with D/S cutoff
wall (z;) and for Ly from (4.72 to 5.24), and z, from (1.98 -2.38).
Figures (4.18) and (4.19), illustrate the variation of maximum uplift

pressure beneath the floor foundation of the barrage with downstream cutoff
wall depth; the relationship indicated that the uplift pressure increased with
increasing the cutoff depth and varies for different values of floor length and
cutoff depth upstream. But this variation in uplift pressure value decreased

when the floor length reached its (5.11- 5.24) value.
4.11 The Flow Net Distribution Beneath Barrage Floor in Case of
Max. & Min. (Seepage Discharge, Exit Gradient, And Uplift
Pressure).

The flow net beneath the foundation of the barrage in case of maximum

and minimum seepage flow, exit gradient, and uplift pressure is shown in
figures (4.20), (4.21), (4.22), (4.23), (4.24), and (4.2), respectively.
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Figure (4.20): Flow net beneath barrage in case of max seepage rate.
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Figure (4.21): Flow net beneath barrage in case of min. seepage rate.

Figures (4.20), and (4.21), show the flow net distribution beneath the

barrage in case of maximum and minimum seepage rates. Figure 4.20 shows
that the maximum seepage flux beneath the barrage occurs at water total head
ranging from (4.8 — 6.2), in this case the upstream cutoff depth is less than the
downstream cutoff depth and the barrage dimension at minimum range. While
for figure (4.21) shows that the seepage flux is at a minimum when the water
total head ranged from (3.6 — 5) in which the upstream cutoff depth is larger

than the downstream cutoff depth.
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Figures (4.22), and (4.23), show the flow net distribution beneath the

barrage in case of maximum and minimum exit gradient values.
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Figure (4.22): Flow net beneath barrage in case of max. Exit Gradient.
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Figure (4.23): Flow net beneath barrage in case of min. Exit Gradient.
Figure (4.22), shows the maximum exit gradient that occurs at the water
total head ranging from (3 - 4.4), in this case, the downstream cutoff depths are
higher than the upstream cutoff depths. while in the case of distribution flow
net at minimum exit gradient, as shown in figure (4.23), the water total head
occurs at (4.8 -6.2), this case occurs when the upstream cutoff and downstream

cutoff depth are at maximum value taken at this study.
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Figures (4.24), and (4.25), show the flow net distribution in case of

maximum and minimum uplift pressure.
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Figure (4.24): Flow net beneath barrage in case of max. uplift pressure.
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Figure (4.25): Flow net beneath barrage in case of min. uplift pressure.
Figure (4.24), shows that the maximum uplift pressure occurs at the
water total head ranging from (4.4 -5.6), in this case, the downstream cutoff
depth is larger than the upstream cutoff depth and this is the reason behind the
increase of uplift pressure. While at minimum uplift pressure the distribution
of flow net as shown in figure (4.25), the water total head ranged from (4.6 -
5.8), in this case, the downstream cutoff depth is least than the upstream cutoff

depth.
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CHAPTER FIVE
OPTIMAL DESIGN OF BARRAGE PROFILE

5.1 Statement of Optimization Problem

The solution to the optimization problem for the safe and, eventually, the
most cost-effective design of the barrage profile is attempted in this study. The
barrage section is adapted to be laid on a gypsiferous soil foundation with
upstream and downstream sheet piles, as well as to an inverted filter provided
at the end of a barrage. The solution method for the optimization problem
introduce herein consists of objective functions and constraints. This method
includes optimizing an array of objective functions with the profile of a barrage
section area. The optimization is carried out subject to constraints to preserve
a safe exit gradient; the uplift pressures exerted by seepage; and the hydraulic
adequacy of stilling basin length. The design considers minimizing the total
construction material and seepage flux beneath the floor foundation of the
barrage.
5.1.1 Construction Materials for Barrage Floor
The thickness of the floor of barrage depends upon the residual pressure head
attributed to uplift pressures exerted on the floor( Garg et al., 2002).Therefore,
the volume of concrete between points (B) and (E) has been calculated by
following two steps, Initially, provide concrete for a minimum thickness of
floor between points (B) and (E), Then provide floor thickness in excess of the
minimum wherever required depending upon the excess pressure head.
However, for key points (B), (C), (D), and (E), the distribution of uplift
pressures for the condition of fully closed gates is shown in figure (5.1). The

objective function for minimizing the cost involves reducing the total volume
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of construction materials of the barrage floor in addition to the upstream

protection layers and inverted filter materials downstream.
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Figure (5.1): Distribution of uplift pressure beneath barrage floor.
Hence, the objective functions can be expressed by:

objy = Lt X tyin. + [(tgc X Ler) + (Ecp X Lg) + (tpg X L) (5.1a)
+ (Lsp X tpy) + (Liny X tiny)
Where; obj, is the objective function for minimum construction material of the

barrage floor (L® per meter width of the barrage), Lt is the total length of
concrete floor (L), tmin, is the minimum thickness required of the barrage floor
that resists the weight of water over the concrete floor corresponding to the
condition of the completely closed gates, t is the required thickness of the floor
at any portion along the floor of the barrage. The non-dimensionlized form of

Eq. (5.1a) can be written as:

QY1 = ’gf X Z3 + [(tBC X x6) + (tCD X Lg) + (tDE X x4)] + (x3 X Zl) +

(x5 X zg) (5.1b)
In which;
’€f=xZ +x6+(::_:ﬁ+x4 (52)
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Where; ¢, is the non-dimensionlized form of the total volume of construction
materials of the barrage floor, z; is the non-dimensionlized form of the
minimum thickness required for the barrage floor.
5.1.2 Total Seepage Flux Function
The total seepage discharge per unit length beneath the barrage floor across the
porous flow domain can be defined in implicit form in compared with equation
presented by Harr, (1998):

obj, = q, = f(22,2) (5.3)
Where; obj, is the objective function for seepage discharge, g is the total
seepage discharge in (L3/sec per meter width of the barrage), d is the depth of
U/S cutoff walls (L), L is the total length of the barrage floor (L), and T is the

depth of porous flow domain (L).

For the practical purposes, the depth of alluvium layer (T) that the
barrage floor was proposed to be built is taken to be two times of the total floor
length or the two times and a half depth of cutoff wall whichever is large (Harr,
1998). Because of the implicit nature of the seepage discharge, it was
imperative that obj,derived via multiple nonlinear regression technique. The

non-dimensionlized form of Eqg. (5.3) can be written as:

s z; t
02 =1 =D (54)
Where; ¢, is the non-dimensionlized form of the objective function for seepage
discharge, K is the coefficient of permeability for the gypsiferous soils in the
barrage foundation (L/T), ts is depth of the porous flow domain in non-

dimensionlized form, and Hy, is the high flood head (L).

Moreover,
dSu

2=y (5.5 a)
L

t = ;Th (5.5Db)
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t, = —— (5.5 C)

 Hpn
The influence of different combinations of depth of cutoff walls (z, /t)

that located in U/S side and the barrage width as a function of (£,/t) on the

seepage discharge function (q,/KH) was revealed in Figure (5.2).
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(b): (gs/KH) versus (z,/ts).

Figure (5.2): Variation of (gs/KH) function for various (£,/ts) and (z2/ts) for
the investigated cases.
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It is obvious from Figure (5.2a), that the seepage discharge was
minimized when the floor length ratio (£/ts) was ranged between (1.2-1.4),
which approached the center of the barrage. On other hand, Figure (5.2b)
reveals that the seepage discharge decreased slightly when the depth ratio of
the cutoff walls decreased to reach a lower value when the (z,/ts) approached
0.5. As a result, the quantity of seepage discharge was evident that have a good
correlation with prescribed variables. In this study, the following multiple non-
linear models was proposed for the seepage flux objective function:

P, = Qg (i_z)al (i_:)“z (5.6)
Based on multiple non-linear regression MNR analysis conducted via IBM
SPSS Statistics 25 software, the ANOVA results and parameter estimates were

given in Tables (5.1) and (5.2), respectively.

Table (5.1): Parameter estimates for the seepage discharge objective

function ¢,.
95% Confidence Interval
Parameter Estimate Std.
Error
Lower Upper
Bound Bound
Ol 0.008 0.000 0.008 0.009
o1 -0.244 0.042 -0.326 -0.162
o2 -0.872 0.068 -1.006 -0.739
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Table (5.2): Results of ANOVA analysis for the seepage flux objective

function ¢,.
Source SS um of df Mean Squares
quares
Regression 0.017 3.0 0.006
Residual 0.0 197 0.0
Uncorrected Total 0.017 200
Corrected Total 0.0 199
R?=0.617

Depending on the evaluation criteria represented by the coefficient of
determination (R?), the derived model has a very good correlation.

Accordingly; the final form for specific seepage flux function is:

-0.872
Z,\ 0244 (¢,
= 0.008 (—) —
%) L L

Likewise, the goodness of fit for Eq. (5.7) was examined graphically, as

(5.7)

shown in Figure (5.3).
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Figure (5.3): Scatter plot to reveal agreement of calculated (gs/KH) versus
predicted (gs/KH) for predicted model.
It is evident from the results shown in Figure (5.3) that the MNR model

findings were reasonable but under-estimated value.
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5.2 Formulation of Problem Constraints
The multi-objective functions are subjected to constraints vector C:

C ={Cy,C;, C3}
5.2.1 Exit Gradient Constraint
The exit gradient (ieit) around the downstream toe of the cutoff wall can be
expressed in implicit form as (Harr, 1998):

lexit = @(dps, T, H) (5.8)
Where; dpss is the depth of downstream cutoff wall. In non-dimensionlized
form, Eq. (5.8) can be written as:

Lexit _ Z; Hpp
T AT (5.9)

A similar procedure was carried out as for Eq. (5.7); the form for the exit

gradient can be proposed as:
P b1 B2
it _ g, (22) (@) (5.10)

HF.h_ o\t Zy

The parameter estimates and ANOVA test statistics are given in Tables (5.3)

and (5.4), respectively.

Table (5.3): Parameter estimates for exit gradient function.

959% Confidence Interval
Parameter Estimate | Std. Error
Lower Upper
Bound Bound
Bo 0.154 0.006 0.142 0.166
B1 0.694 0.026 0.642 0.746
B2 0.540 0.039 0.464 0.616
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Table (5.4): Output for ANOVA analysis for exit gradient function.

Source Sum of df Mean
Squares Squares
Regression 0.867 3 0.289
Residual 0.002 196 0.0
Uncorrected Total 0.868 199
Corrected Total 0.008 198
R2=0.777
The final form of the exit gradient function is:
I";“ = 0.154 (Z—;)O'694 (f—7>0'54 (5.11)

Moreover, a graphical representation to reveal the goodness of fit for Eq. (5.11)

was shown in Figure (5.4).
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Figure (5.4): Scatter plot to reveal agreement of calculated (iexit) Versus
predicted (iexit) by the developed hydraulic model.
For safe exit gradient:

iexit < iCritical (5-12)

81



Chapter Five Optimal Design of Barrage Profile

According to Khosla theory, to maintain the structural stability against
piping, the exit gradient is maintained at a level equal to 0.25 to 0.5 times the
critical exit gradient. Garg, (1976), reported that at the critical condition, the

critical exit gradient is:

GS - 1
5.13
( 1+e ) ( )
Where; Gs is the specific gravity of soil particle, e is the void ratio of the soil.
Accordingly;
. 1 ,Gs—1
lexit = 5 (1S+e)

Thus, by substituting above term in Eqg. (5.12); we get:
Z; H Gs—
0.154 (T)0.694(Z_7)0.54 < l (_1)

5 1+e

For the soil in the present study, Gs=2.63 and e=0.67; Eq. (5.12) become as

following:

0.154 (2—5)0-694(%)0-54 < 0.195 (5.14)

5.2.2 Sufficient Length for Stilling Basin

The stilling basin length must be sufficient to withdraw the length of the
hydraulic jump. The stilling basin is the most common form of energy
dissipater converting the supercritical flow from the spillway into subcritical
flow compatible with the downstream river regime Novak et al., (2008):

Ly =6(y2 —y1) (5.15)
Where; Ls is the stilling basin length, y; is the pre-jump depth, and y; is the
post-jump depth. In non-dimensionlized form. Now, the non-dimensional
definition for design variable is: Lg = x,, y; = z9 and y, = z;,. Thus, Eq.
(5.15) transformed into non-dimensional form as:

Xq = 6(210 — Z9) (5.16)
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5.2.3 Uplift Pressures Constraints

Referring to the Figure (5.1), Pgc, Pcp, Ppp are the uplift pressures
exerted on the upstream part of the floor (AB portion), the crest and stilling
basin parts of the floor (BC and CD portions) and downstream part of the floor
(DE portion), respectively. For safe design, the overall applied downward
pressure from dead, live, and impact loads must resist (balanced) the uplift

pressure P, thus:

P <(5G—-1y,t (5.17)

Or; by re-arranging in term of floor thickness;

P (5.18)
(SG — Dyw

Where; SG is the specific weight of concrete. The uplift pressure zones were
divided into three portions. The uplift pressures exerted on the portion (BC)

can be calculated as:

_ (P +Pe)
BC_TXJCC

(5.19)
Where; X is the length of the crest portion from the floor. The uplift pressures
that act on the inclined floor, which represents the length of the stilling basin,

or portion (CD), can be derived as shown in figure (5.5):

Figure (5.5): Uplift Pressure distribution along stilling basin portion.
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L, = —3
9" cos(B) (5.20)
Since; P, = P.cos(B) and P, = Ppcos(B); therefore:
(P; + Pp)
cD — %L‘g (521)
Thus;
_ (Pc +PD)COS(.B)[ X3 ]
cb 2 cos(f)
By simplifying and re-arrangement, we get:
P.+P
o = (CZ—D) X X3 (5.22)
For the downstream portion (DE) of the barrage floor:
P, + P
pE = (DZ—E) X X, (5.23)

Figure (5.6) shows the variation of uplift pressures along the floor

portions of the barrage.
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(a) For barrage crest portion.
Figure (5.6): Distribution of uplift pressures at key points along the floor
portions of the barrage.
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(c) For downstream portion of the floor.
Figure (5.6): continue.
By recalling Eq. (5.18), the required thickness of each portion of the

barrage floor can be expressed explicitly. For the portion (BC):

Ppc
> —_—
¢ = 56— Dy
Similarly; for the portion (CD):

(5.24)
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R (5.29)
= (S6 - Dy, |

Finally; for the portion (DE):

t), > —DE__ (5.30)
PE= (SG — Dy '

Hence;

Pgc = f1(Pg, P¢c,xc),Pcp = f2(Pe, Pp, x3)andPpg = f3(Pp, Pg, X4)

The multiple linear regression analysis was used to determine these relations.
Table (5.5) gives the descriptive statistics for Pg-multiple linear models. On
other hand, Table (5.6) presents the Pg. model summary.

Table (5.5): Descriptive statistics for data used for derivingPg. model.

Variable Statistig Maximum | Minimum Mean De\?ift.ion
Psc 0.9075 0.5375 0.7717 0.0628
Ps 0.915 0.541 0.7767 0.0632
Pc 0.90 0.534 0.7661 0.0625
Xe 0.445 0.360 0.3992 0.0285

Table (5.6): Correlation summary for Pz model.

Model R? SEE"

Py | 1.00 |2.52x10%

Accordingly;
Pgc = 0.502P5 + 0.498P; — 0.01x, (5.31)

Figure (5.7) shows the variation of predicted uplift pressure (Pgc)er. from
Eqg. (5.31) against calculated (Pgc)ca. Similarly, Tables (5.7 and 5.8) present

the descriptive statistics and correlation summary for P, model.
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Figure (5.7): Variation of (Pgc)er. Versus (Psc)ca. for the crest portion of the

barrage floor.

Table (5.7): Descriptive statistics for data used for derivingP., model.

Therefore;

P., = 1.005P; — 0.029P, + 0.139x; — 0.002

87

tistic . .. Std.
\/ariable Maximum|{Minimum| Mean Deviation
Pcp 0.9615 0.434 0.8370 0.0668
Pc 0.90 0.534 0.7661 0.0625
Pp 0.379 0.326 0.3579 0.0185
X3 0.624 0.526 0.575 0.0314
Table (5.8): Correlation summary for P, model.
Model R? SEE"
Py 0.815 | 2.9x10

(5.32)
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Figure (5.8) displays the changes between the predicted uplift pressure
(Pcp)er. from Eq. (5.32) against calculated (Pcp)ca, Finally, Tables (5.9) and

(5.10) gives the descriptive statistics and correlation summary for P,z model.

(PCD )Pr

O Uplift pressure
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Figure (5.8): Variation of (Pcp)er. Versus (Pcp)ca. for the stilling basin portion

of the barrage floor.

Table (5.9): Descriptive statistics for data used for derivingP,; model.

Statistic : . Std.
\/ariable Maximum | Minimum Mean Deviation
Poe 0.6945 0.233 0.6329 0.0454
Po 0.379 0.326 0.3579 0.0185
Pe 0.943 0.10 0.9073 0.0818
X4 3.31 2.41 2.860 0.2880
Table (5.10): Correlation summary for P,z model.
Model R? SEE"
Ppg 1.00 | 2.51x10%
Consequently;
PDE = 0'501PD + O.SPE - 9.0 X 10_05x4_ (533)
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Figure (5.9) shows the variations between the predicted uplift pressure (Ppg)er.

from Eq. (5.33) against calculated (Pcp)ca,

X Uplift pressure =~ ——Perfect agreement Line
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0.600 +
0575 +
0.550 +
0.525 +
0.500 4 4 4 4

0.50 0.55 0.60 0.65 0.70 0.75

(PDE)CaL

(PDE)Pr

Figure (5.9): Variation of (Ppg)pr. versus (Ppe)ca. for downstream portion of
the barrage floor.

Based upon the statistical analysis that was carried out formerly; relations
between the calculated uplift pressures versus the derived models reveal a
perfect to very good correlation. Accordingly, involving these models in the
final version of Eq. (5.18) is probably substantial. Substitution of Egs. (5.31,
5.32, and 5.33) into Eq. (5.18), yields the floor thickness per each portion along
the barrage length versus the prescribed uplift pressures constraints as:

(0.502P5 + 0.498P, — 0.01x,)

tpr = 5.34
BC (SG _ 1)yw ( )
1.005P- — 0.029P, + 0.139x-. — 0.002
tep 2 ( < P 2 ) (5.35)
(SG — Dy,
0.501P, + 0.5P, — 9.0 x 1079
( D E x4) (5.35)

thr =
bE (SG — Dy
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5.3 Multi-Objectives Optimization Functions
The multi-objective optimization problem involving the minimization of
barrage construction material and seepage flux underneath barrage floor. The

structure of multi-objective optimization vector of the present study is:

(241
X1
(X1 Z,
X2
X 3
FindX = {7 5, Z=172}
4 Zg
X5
Zg
\X ¢/
\Z1/

Which minimize:
¢ = {91 (x,2), 9, (x,2)}
Subject to:
C= {Cl (X, Z)r CZ (x, Z)}
xt <x < x®
zt<z<z%
Hence, the final form of the multi-objective optimization problem in present
study from Egs. (5.1b), and (5.7) is:

X

3
s+ top X

(p1=(X2+ x6+_+X4)X Z3+[tBCX x6+ tCD X

X3
cosf
x4] + X1.Z21 + X5.2Zg

2,024 (¢, —0.872
@2 =0.008 (t_> —

S tS

Subjected to the following constraints which are the Egs. (5.14), and (5.16);

z H
0.154 (=1)0694(—ELy054 _ 195 < 0
ts Z7

X4+ 6Zg_ 6210 < 0
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The uplift pressure constraint is implicit with the objective function of
minimum construction material of barrage.

Upper and lower bound of the design variables of the optimization problem in
normalized form are from table (4.5);

16 < x1< 3.76

1.09<x,<145

0.48< x3 < 0.57

241 <x4< 341

6.79 < x5<9.44

0.72 < x6 < 0.88

0.19<z<0.23

1.35<z; <2.25

0.37 <73 <0.38

1.48 <z7;<2.38

0.27<7z3<0.31

0.39<79<0.43

0.83<z10<0.94

X1, X2, X3, X4, X5, X6, 21, Z2, 73, Z7, 28, 79, 710 >0

5.4 Solution of Multi-Objective Optimization Problem by Genetic
Algorithm

Genetic algorithms (GA) are a popular optimization method for solving multi-
objective optimization problems (MOPs). The basic idea of a GA for MOPs is
to evolve a population of candidate solutions that represent a trade-off between
multiple objectives (Maghawry, 2021). In this study, the following steps for
solving the underlying optimization problem by GA are revealed by the

flowchart shown in figure (5.10).
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Figure (5.10): Genetic algorithm for MOPs problems.
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In this study, the MOP’s can be solved using a Genetic Algorithm (GA)
with MATLAB software R2015a. MATLAB offers the "Genetic Algorithms
and Direct Search Solvers" that provides a software-based optimization using
GA. The process of GA involves continuously modifying a population or set of
solutions or individuals throughout the entire run. In each step, the GA selects
individuals from the current population to be the parents, based on certain
criteria, and uses them to generate the next generation, known as the children.
Through successive generations, the population evolves towards finding an
optimal solution or a set of Pareto optimal solutions in the case of a multi-
objective problem. The GA Solver within the Global Optimization Toolbox has
various GA capabilities that are available in software form. The "GA" command
in the syntax provides the ability to perform nonlinear optimization with
constraints, while the "6 AMULTIOBJ" command enables optimization of multiple
objectives.

5.4.1 Optimum Solution of Research Problem

This research introduces an optimization technique for the hydraulic
design of a barrage, which involves solving a nonlinear constrained problem.
56 runs of a GA algorithm were conducted using default settings and varying
population sizes (200, 600, 1000, and 1400). The fitness and constraint
functions, named "objective" (coded in MATLAB as 'obj-barrage’) and
"constraints™ (coded as 'cons-barrage'), were identified and implemented as M-
file scripts. The values of lower bounds for design variables are (1.6, 1.09, 0.48,
2.41, 6.79, 0.72, 0.19, 1.35, 0.37, 1.48, 0.23, 0.39, 0.83), and the for upper
bounds are (3.76, 1.45, 0.57, 3.41, 9.44, 0.88, 0.23, 2.25, 0.38, 2.38, 0.31, 0.43,
0.94). Figure (5.11) displays the user interface windows for configuring the

optimization tool settings.
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4\ Optimization Tool

File Help
Problem Setup and Results Options
Solver: gamultioh] - Multiobjective optimization using Genetic Algorithm ~ ElEopiton .
Problem Population type: | Double vector ~
Fitness function: @Dhj_harragel Population size: () Use default: 50 for five or fewer variables, otherwise 200
Mumber of variables: |14 @ Specify: |200
Constraints: Creatien function: | Constraint dependent v
Linear inequalities: A b
Linear equalities: Aeq: beg: Initial population: (8) Use default: []
Bounds: Lower: |19, 1.35, 0.37, 0.23, 0.39, 0.83 | Upper: 25, 0.38, 2.38, 0.31, 0.43, 0.94 0O Specify:

MNonlinear constraint function: | @cons_barrage Initial scores: @ Use default: ]

Run solver and view results O Specify:
Use random states from previous run Initial ® Use default: [-10:0]
nitial range: se default: [-10;
Start Pause Stop O Specify:
Current iteration: Clear Results 5l Selection
Selection function: | Tournament ~
Tournament size: (@) Use default: 2
O Specify:
AW
Final point: El Repreduction
Crossover fraction: @) Use default: 0.8
(O Specify: I
El Mutation
Mutation function: | Constraint dependent ~
L4 >
.

Figure (5.11): MATLAB genetic algorithm toolbox.
Table (5.13) shows the results of using the optimization problem model with
the standard configuration and varying population sizes of 200, 600, 1000, and
1400.
Table (5.11): Results of optimum values of design variables result from

application of GA optimization model.

Population Size

Design Variables 200 600 1000 1400

Length of upstream protection(xy). 1.60 1.60 1.60 1.60

Length of upstream floor (xz). 1.09 1.09 1.11 1.09

Projection length of inclined floor (x3). | 0.48 0.48 0.48 0.48

length of downstream floor (X4) 2.41 2.41 2.41 2.41

Length of inverted filter layer (xs). 6.79 6.79 6.79 6.79

Length of crest (Xs). 0.72 0.72 0.72 0.72
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Table (5.11): continue.

Thickness of upstream protection layer 0.19 0.19 0.19 0.19

(z1).
Depth of upstream cutoff wall (z,). 1.37 1.41 1.70 1.44
Minimum thickness required (z3). 0.37 0.37 0.37 0.37

Depth of downstream cutoff wall (z7). | 1.48 1.48 1.52 1.48

Thickness of inverted filter drain (zs) 0.27 0.27 0.27 0.27

Pre-jump depth of water (zo). 0.39 0.43 0.39 0.39
Post-jump depth of water (z10). 0.83 0.83 0.86 0.94
Minimum construction volume (¢3). 49341 | 4.9341 | 4.9419 | 4.9341
Minimum seepage flux (¢2). 0.0023 | 0.0021 | 0.0016 | 0.0021

The non-dimensional cost function and seepage flux variation for various
population sizes across generations data are demonstrated in Figures (5.12) and
(5.13).

520
) on=200
o 15 . ® On=600
£ 510 L4 En=1000
E ® o p
E 5.05 .O a On=1400
s »® ow ©
£500 o0 H o m eHUD Mg O
2 405 |® © Cam g g Om
2 p e ™ 0
S 490
o
485
480 . : : . :
100 150 200 250 300 350 400
Number of generations

Figure (5.12): Variation of the non-dimensional construction volume versus

the number of generations data for different population sizes.
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Figure (5.13): Variation of the non-dimensional seepage flux versus the
generations data for different population sizes.

From figures (5.12) and (5.13), it is obvous that there are several effects
in which the size of the population and the number of generations can influence
the optimization solution found by genetic algorithm. First, the size of the
population can affect the variety of the solutions that were explored by the
algorithm. If the population size is small, the algorithm may obtain closer in a
local minimum and be unable to find the global minimum. On the other hand,
if the population size is large, the algorithm may take longer time to run and
may be less efficient. The number of generations can also have an impact on
the optimization results. If the number of generations is small, the algorithm
may not have enough time to thoroughly explore the search space and find the
optimal solution. On the other hand, if the number of generations is too large,
the algorithm may run for an unnecessarily long time, even if it has already
found the optimal solution.

It is important to find a balance between the size of the population and

the number of generations in order to obtain reliable optimization results. In the
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present study, 56 runs were conducted and distributed between four groups with
14 runs per group for population sizes from 200 to 1400.

Figure (5.14) shows the uplift pressure distribution beneath the barrage
floor on key points along the floor corresponding to minimum non-dimensional
construction volume objective function (f;") and non-dimensional seepage flux

objective function (f3), respectively.

1.00
095
090 |

So08s t

2080 F

2075 }

£o070

£0.65 |

£ 060 b
0.55
0.50

0.45 i L L 'l L L i L L
PA PB PC PD PE

Key points

Construction volume

- - - Seepage flux

Figure (5.14): Distribution of uplift pressures on key points in the barrage
floor corresponding to (f;") and (f5).

The results of figure (5.14) indicated that the uplift pressure distributions
were close to each other. However, for (f;°), these values were accompanied by
a population size (200 and 600), while for (f,') they accompany a population
size of 200. From the previous discussion, it was exhibited that the population
size of 600 could be satisfactory to meet the solution of the constrained
nonlinear optimization problem of optimal hydraulic design of the problem
under consideration.

The following vectors present the optimal values for non-dimensional
design variables:

* * * * * * *
X* ={xi, x3,x3,x3, x5, %6}
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7" =1{z1, 23, 23,27, 28, 29, 210}

In order to simplify and make the design of the barrage profile and
dimensions applicable, design charts were introduced in figures (5.15 to 5.24)
that incorporated the optimal design variables in non-dimensionlized form. All
the design charts are for population size of 600, while the design charts for

population size of 200 are introduced later in appendix A.
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(a) Length of U/S protection versus construction volume.
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(b) Length of U/S protection versus seepage flux.
Figure (5.15): Design chart for length of U/S protection against
different objectives for population size n=600.
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Figures 5.15a, and 5.15b, show that as the length of upstream
protection increased, there is a corresponding increase in construction

volume and seepage flux.
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(a) Length of U/S floor versus construction volume.
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(b) Length of U/S floor versus seepage flux.
Figure (5.16): Design chart for length of U/S floor against different
objectives for population size n=600.
Figures 5.16a, and 5.16b, show the relationship between the length of the

upstream floor with construction volume, and seepage flux. Increasing the length
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of U/S floor results in an increase in construction volume and a decrease in

seepage flux.
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(a) Projection length of inclined floor versus construction volume.
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(b) Projection length of inclined floor versus seepage flux.

Figure (5.17): Design chart for length of inclined floor against different
objectives for population size n=600.

Figures 5.17a, and 5.17b, show the relationship between the projection

length of inclined floor versus construction volume, and seepage flux. From
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these figures, the projection length of inclined floor has the same value at all

points and ranged between 0.4 to 0.8.
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(b) Length of D/S floor versus seepage flux.
Figure (5.18): Design chart for length of D/S floor against different
objectives for population size n=600.
Figures 5.18a, and 5.18b, show downstream floor length versus
construction volume, and seepage flux respectively. The length value

ranged between (2.4 to 2.6), for each generation the construction volume
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increase with increasing downstream length. Moreover, for seepage flux

increased in seepage when the length of floor decreasing.
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(b) Length of inverted filter layer versus seepage flux.

Figure (5.19): Design chart for the length of inverted filter layer against

different objectives for population size n=600.

Figures 5.19a, and 5.19b, show length of inverted filter versus construction

volume, and seepage flux respectively. The length ranged between 6.8 and 6.9
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at all points and increase in the inverted filter length leads to an increase in

construction volume and a decrease in seepage flux.

0.95

—1length of crest
0.90 F (x6)

= =
[y o
=3 <n

=
~1
h

length of crest

0.70 F

065 L L L L L L L L L 1 L L L L L L L L L 1 L L L L
4.90 4.94 4.98 5.02 5.06 5.10

Construction volume

(a) Length of crest versus construction volume.
1.1

10 F —length of crest
09 | (x6)
=08 |
o7 |
G
06 }
<
2005 }
=
204 F
03 }
02 |

01 uuuuuuuuuuuuuuuuuuuuuuuuuuu
1.3E-03 15E-03 1.7E-03 [19E-03 2.1E-03 23E-03

Seepage flux

(c) Length of crest versus seepage flux.
Figure (5.20): Design chart for length of crest against different objectives for
population size n=600.
Figures 5. 20a, and 5.20b, show the length of crest versus construction
volume, and seepage flux respectively. From the figures the increase in length

leads to an increase in construction volume, and seepage flux.
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(b) Thickness of U/S protection layer versus seepage flux.
Figure (5.21): Design chart for the upstream protection layer against different
objectives for population size n=600.
Figures 5.21a, and 5.21b, show the relationship between the thickness of
upstream protection versus construction volume, and seepage flux in which

thickness remain at same value about 0.20.
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(b) Depth of cutoff versus seepage flux function.
Figure (5.22): Design chart for cutoff depth ratio against different objectives
for population size n=600.
Figure 5.22a, show the relationship between cutoff depths with
construction volume in which the increase in cutoff depths leads to increase of
construction volume. While for figure 5.22b, depth of cutoff versus seepage

flux function the seepage flux increased when cutoff depths decreased.
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(b) Min. floor thickness versus seepage flux function.
Figure (5.23): Design chart of Min. floor thickness ratio against different
objectives for population size n=600.
Figure 5.23a, shows the minimum floor thickness versus construction
volume function in which construction volume increased when floor thickness
increased. While for figure 5.23b, minimum floor thickness versus seepage flux

functions that the minimum seepage flux at floor thickness was about 0.363.
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(b) Thickness of inverted filter versus seepage flux.
Figure (5.24): Design chart for the thickness of inverted filter against different
objectives for population size n=600.
Figures 5.24a, and 5.24b, show the thickness of inverted filter versus
construction volume, and seepage flux respectively. From these figures, the
thickness ranged between 0.25 to 0.3, and there is small effect on seepage flux.

While the construction volume increase.
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5.4.2 Application Problem

In this study, the design example would be used is Abu-Sukhair barrage,
as shown in figure (5.25). Table (5.14) provides the details and dimensions of
its various components (Republic of Iraq, Ministry of Water Resources

Commission for Dams and Reservoir).

High Flood Head

H=8.05m

F F5.1l]n-———- 27.5m Lol ——=—3.4m
[=—7.2m

D Q0m la— 2m—

Figure (5.25): Profile of Abu-Sukhair barrage.
Tabel (5.12): Geometric charactrisitcs for Abu-Sukhair barrage(Republic of

Irag, Ministry of Water Resources Commission for Dams and Reservoir).

Component parts of barrage Dimensions, (m)

High flood head 8.05
Normal water head 6.7
Length of U/S protuction 30
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Table (5.12): Continue.

Length of U/S floor 10.1
projection length of inclined floor 5.10
Length of D/S floor 27.5
Length of inverted filter 76.5
Length of crest 7.2
Thickness of U/S protection 1.5
Depth of U/S cutoff 12.0
Thickness of U/S floor 3.0
Depth of D/S cutoff 12.0
Thickness of inverted filter 1.9

In this study, GeoStudio SEEP/W was utilized to investigate the seepage
characteristics underneath the barrage floor. This involved calculating the uplift
pressure, exit gradient, and seepage flux beneath the barrage. The properties of
the soil foundation of the barrage were assumed to be identical to the
gypsiferous soil properties employed in the study, with the soil being isotropic
and possessing a coefficient of permeability of 9.540 x10® m/sec. The results
of the seepage analysis for Abu-Sukhair barrage are presented in figure (5.26),
with the mesh properties consisting of an element size of 1m, 3921 elements,
and 4117 nodes.

109




Chapter Five Optimal Design of Barrage Profile

Water Total Head

m27-275m
O275-28m
O23-285m
o 0285-29m
= e o |O29-20EmMm o\
it . D205 3m
Sl O30-305m
o) |O305-3m
Cfage| O31-215m
JoOxs-2m
032-325m
#|0325-33m
©|033-335m
S l0335-3m
| 034-345m
- 0345-35m
~1 N FEi o Y PR S S e o (| 035-355m
1 S | o e e S S Y A

|| : il
24083 WN2UIBBANDMBRN2MWLO02MG BN ORMOMMGEETITZITTOTENZMIBBNNEMENE 102 1065 10 14 118 12 126 130 134 138 42 146 180

Elevation

Distance

Figure (5.26): Seepage Analysis of Abu-Sukhair Barrage by SEEP/W.
Based on the results of the present analysis, which are presented in figure
(5.26), it is evident that the seepage flow beneath the barrage occurred at a
water total head ranging from 27m to 35.5m. Table (5.13) shows the results of
the SEEP/W seepage analyses of the barrage.
Table (5.13): Results of seepage analysis for Abu-Sukhair barrage.

Seepage characteristics Value
Maximum uplift pressure force 295 49
(ton)

Actual exit gradient 0.0445
Seepage flux (m3/sec/m) 1.206x10°

By using the seepage flux beneath the barrage obtained from both its
actual dimensions and the design chart correlating seepage flux with design
variables, it was possible to calculate the dimensions of the individual
component parts of Abu-Sukhair barrage. The dimensions derived from the
design chart were in a normalized form, which allowed the calculation of the

actual dimensions in meters by multiplying each value by the high flood head
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of the barrage. The resulting calculated dimensions were then compared to

other values for validation. However; the results were shown in table (5.14).

Table (5.14): The actual and calculated dimension of abu-sukhair barrage.

Optimal .
Abu-Sukhair barrage dimensions” in (_)ptlm_al _Actua}l
: : dimension | dimension
component non-dimensional . :
in (m) in (m)
form
Length of u/s protection 1.7 13.69 30
Length of u/s floor 1.18 9.50 10.1
projection length of inclined floor 0.48 3.86 5.10
Length of d/s floor 2.41 19.40 27.5
Length of inverted filter 6.82 54.90 76.5
Length of crest 0.75 6.04 7.2
Thickness of u/s protection 0.18 1.45 1.5
Depth of u/s cutoff 1.76 14.17 12
Thickness of u/s floor 0.3719 3 3
Depth of d/s cutoff 1.49 12 12
Thickness of inverted filter 0.2707 2.18 1.9

“ Based on present study design charts.

Table 5.14 gives the dimensions of the barrage obtained through the use

of design charts. Upon comparing the results in Table 5.14 with those in Table

5.12, it is apparent that all of the dimensions of the barrage decreased, except

for the depth of the upstream cutoff and the thickness of the inverted filter.

In order to confirm the method's applicability and effectiveness, the

seepage problem beneath Abu-Sukhair barrage was re-analyzed using the

optimal dimensions obtained from the current design charts as shown in figure

(5.27).
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Figure (5.27): Seepage analysis of Abu-Sukhair barrage based on the
obtained optimal dimensions.
In Figure 5.27, the seepage analyses underneath the barrage are

displayed using dimensions calculated from design charts. The soil properties

utilized in the analysis match those of the actual state. The water total head

varied between 31m and 39.5m due to the foundation layer's increasing depth,

which is dependent on the maximum cutoff depths. The mesh properties used

were an element size of 1m, a total of 3101 elements, and 3254 nodes.

Consequently, the results of the previous analysis are shown in table (5.15).

Table (5.15): Results of optimal design of Abu-Sukhair barrage.

Seepage properties value
Maximum uplift pressure (Ton) 201.52
Exit gradient 0.0433
Seepage flux (m3/sec/m) 2.206x10°

5.4.3 Verification by Design criteria

The predictions of this study in term of safety can be verified by comparing

some important design criteria in this aspect, including:
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1. Factor of Safety against Piping: It is a measure of the stability of a soil or
earthen structure against internal erosion due to seepage. It is defined as the
ratio of the soil's shear strength to the hydraulic gradient driving the seepage
flow. A higher factor of safety indicates a greater resistance to piping, while
a lower factor of safety indicates a higher risk of soil failure due to piping.
In general, a factor of safety against piping of at least 1.3 is considered to
be a minimum acceptable value for many engineering applications.
However, the exact required factor of safety depends on the specific soil and
site conditions, as well as the consequences of failure.

2. Critical Exit Gradient of Seepage Water in a Soil: The maximum
hydraulic gradient that can exist in soil without causing piping-induced soil
erosion is known as the critical exit gradient of seepage water. At this
hydraulic gradient, soil particles start to move, and piping can occur. If the
hydraulic gradient exceeds this limit, it can result in the formation of piping
channels within the soil, which can lead to the failure and instability of
earthen structures such as dams or embankments. As such, this parameter is
a crucial consideration in the design and analysis of earthen structures to

ensure their safety and stability.

. (Gs - 1)
Leritical = m

3. Factor of Safety against Sliding: The factor of safety against sliding for

(5.44)

barrage is a measure of the safety and stability of a barrage against sliding
failures, which can result from inadequate shear strength or excessive shear
stresses in the foundation soils or underlying rock. It is calculated as the
ratio of the available shear strength to the shear stress acting on the potential
sliding plane. A factor of safety against sliding of greater than one indicates

that the available shear strength is greater than the shear stress acting on the
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potential sliding plane, indicating that the barrage is stable against sliding.

This can be expressed as:

Restraining force

Fsliding - Sliding force (5'36)
Table (5.16) illustrates the differences in design criteria between the
conventional design method (as it is) and the present optimal approach.

Table (5.16): The design criteria for Abu-sukhair barrage.

Design Conventional | Optimal design

criteria design method method
iactual 0.0445 0.0433
icritical 0.976 0.976
Fsliding 8.86 7.23

To calculate the required creep length underneath Abu-Sukhair barrage
from conventional design method and optimal design method the hydraulic
gradient equal to H/L in which H, the seepage head, is the head difference
between the upstream and downstream water level (L), and L is the total creep

line length (L). for fully closed gate and in case of high flood head H=8.05 m

. H
lactual = (5.37)
From conventional design method, L = O%Zis = 180.89m
From optimal design method, L=-"2 -18591m

0.0433

Based on the prior discussions and analysis of the results, the study
presented method produces acceptable results, particularly regarding economic
constraints and decreasing costs, while considering all problem limitations.
Thus, it is probably safe to recommend such optimal hydraulic design charts to
be considered as guide in design and analysis of optimal profile for hydraulic
structures, in particular barrages.
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CHAPTER SIX
CONCLUSION AND RECOMMENDATION

6.1 Conclusion

The following points can summarize the major conclusions of the present study.

1-

This study focused on the hydraulic optimal design of a barrage profile on
gypsiferous soil, which is a problematic soil containing soluble material.
When exposed to water seepage, this soil can cause significant issues for
constructions.

Gypsiferous soil was subjected to leaching-permeability and direct shear
tests. Initially, the saturated permeability of the soil was adversely
affected by its initial gypsum content. However, at the end of the leaching
process, the coefficient of permeability increased due to the increase of
voids in the soil mass. This allowed more infiltrated water to flow through
the soil mass under the applied head.

Direct shear tests revealed that the gypsiferous soil sample with 20%
initial gypsum content in the dry state exhibited a high increase in soil
cohesion before leaching. However, soil samples with 35% initial gypsum
content experienced a significant decrease in cohesion. After the leaching
test, the soil sample with an initial gypsum content of 25% experienced
an increase in cohesion of approximately 32%, based on the relative
difference in the wet state. In contrast, soil samples with high initial
gypsum content lost a significant amount of cohesion in the wet state.

In terms of the angle of internal friction, the gypsiferous sample with 20%
initial gypsum content caused a slight reduction in the internal friction
angle compared to the natural soil in both dry and wet states. On the other

hand, the gypsiferous samples with a higher gypsum content of 35%
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displayed an increase in the internal friction angle for all leaching and
moisture conditions.

The analyses of steady state of seepage beneath the barrage is in non-
dimensionlized form, the seepage rate decreases by 39.24% when
upstream cutoff depth (z,) increases from (1.35 to 2.25), and total floor
length of the barrage increase from (4.07 to 5.11), this increase in total
floor length leading to an increase in the creep line length of seepage
beneath the barrage. In addition, the exit gradient decreased as the total
floor length Ly and downstream cutoff depth z; are increased, in which
minimum exit gradient at Lt equal to 5.25, and z, equal to 2.38.

The optimization technique for hydraulic design of a barrage involves
solving a multi-objective optimization problem to minimize the
construction volume and seepage flux under the barrage floor. Thus, in
order to solve the optimization problem, a genetic algorithm method (GA)
was utilized. The GA algorithm was run 56 times, with different
population sizes of 200, 600, 1000, and 1400. The results indicated that a
population size of 600 was sufficient to provide a satisfactory solution for
the constrained nonlinear optimization problem of optimal hydraulic
design.

The study introduced design charts for the barrage to facilitate the design
of the barrage profile and dimensions. The effectiveness and applicability
of the design charts were evaluated using Abu-Sukhair barrage as a design
example. The design charts were used to calculate the optimal dimensions
of the barrage, and the results indicated that all dimensions, except for the
depth of the upstream cutoff and the thickness of the inverted filter,

decreased.
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6.2 Recommendation and Suggestion for Future Studies

1.

During the process of manufacturing gypsum soil, adding gypsum to silt
soil has reduced the coefficient of permeability and thus reduced the rate
of seepage underneath the foundation of the barrage. It is possible to
consider mixing silt soil with gypsum as one of the treatments that reduce
the access of water to gypsum salts.

Re-designing Abu Sakhir barrage from the design charts has reduced the
dimensions of the barrage and thus reduced the cost of the construction
materials. Therefore, these charts can be adopted when designing similar
structures.

Further research is needed to examine the long-term effects of seepage
in steady and transient states on gypseous soil and how it may influence
the performance of the barrage and seepage control measures.

Conduct further experimental and numerical studies to investigate the
long-term behavior of the barrage and its seepage control measures under
different loading and environmental conditions.

Extend the study to include more problematic soil types in the foundation
of the barrage, such as expansive and loss soils, to assess the applicability
and effectiveness of the proposed design technique and charts. This can
help provide more comprehensive guidelines for hydraulic design of
barrages on different soil types, and may lead to improvements in the

design and construction of such structures in the future.
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Appendix (A)

Design charts for population size n=200
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Figure (A.1): Design chart for length of U/S protection against different objectives
for population size n=200.
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Figure (A.2): Design chart for length of U/S floor against different objectives for

population size n=200.
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Figure (A.): Design chart for projection length of inclined floor against different

objectives for population size n=200.
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(b) Length of crest versus seepage flux.

Figure (A.6): Design chart for length of crest against different objectives for

population size n=200.
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(a) Thickness of U/S protection layer versus construction volume.
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(b) Thickness of U/S protection layer versus seepage flux.
Figure (A.7): Design chart for thickness of U/S protection against different

objectives for population size n=200.
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(b) Depth of cutoff versus construction volume function
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(b) Depth of cutoff versus seepage flux function.

Figure (A.8): Design chart of cutoffs depth ratio against different objectives for
population size n=200.
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(b) Min. floor thickness versus construction volume function.
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(b) Min. floor thickness versus seepage flux function.

Figure (A.9): Design chart of Min. floor thickness ratio against different objectives

for population size n=200.
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(a) Thickness of inverted filter versus construction volume.
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(c)Thickness of inverted filter versus seepage flux.

Figure (A.10): Design chart for thickness inverted filter against different

objectives for population size n=200.
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