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ABSTRACT

In this paper, a shallow foundation (strip footing), 1 m in width is assumed to be constructed on fully
saturated and partially saturated Iraqi soils, and analyzed by finite element method. A procedure is proposed
to define the H — modulus function from the soil water characteristic curve which is measured by the filter
paper method. Fitting methods are applied through the program (SoilVision). Then, the soil water
characteristic curve is converted to relation correlating the void ratio and matric suction. The slope of the
latter relation can be used to define the H — modulus function.

The finite element programs SIGMA/W and SEEP/W are then used in the analysis. Eight nodded
isoparametric quadrilateral elements are used for modeling both the soil skeleton and pore water pressure. A
parametric study was carried out and different parameters were changed to study their effects on the behavior
of partially saturated soil. These parameters include the degree of saturation of the soil (S) and depth of water
table.

The study reveals that when the soil becomes partially saturated by dropping water table at different depths
with different degrees of saturation, the bearing capacity of shallow foundation increases about (4 — 7) times
higher than the bearing capacity of the same soil under saturated conditions. This result is attributed to matric
suction value (i.e negative pore water pressure). The behavior of soil in partially saturated condition is like
that of fully saturated condition but with smaller values of displacement. It is found that the settlement is
reduced when the water table drops to a depth of 2 m (i.e. twice the foundation width) by about (92 %).

KEYWORDS: unsaturated soil, soil water characteristic curve, H-modulus function, matric suction.
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INTRODUCTION

The mechanical behavior of partially
saturated soils is different from that of fully
saturated soils. A common engineering problem
which often involves partially saturated soils is
that of a shallow foundation resting above the
ground water table. In many cases, a capillary
zone exists above the ground water table, where
the soil is partially saturated and which can be
very large depending on the soil type. Typical
footing analyses ignore this zone and assume that
the soil above the ground water table is dry. The
bearing capacity is one of the key parameters
required in the design of shallow foundations.
Several approaches are available in the literature
for determination of the bearing capacity of soils
based on the saturated shear strength parameters.
However, in many arid and semi-arid regions,
shallow foundations are usually located above the
ground water table where the soil is typically in a
state of unsaturated condition. Nevertheless, the
bearing capacity of soils is commonly determined
assuming fully saturated conditions ignoring the
influence of capillary stresses or the matric
suction. Due to this reason, estimation of the
bearing capacity of shallow foundations using the
conventional approaches may not be reliable
leading to uneconomical designs (Vanapalli and
Mohammed, 2007).

Limited research work has been
performed so far on shallow foundations in which
the negative pore-water pressures of the soil were
explicitly accounted for. Rahardjo and Fredlund
(1992) presented example demonstrated the role
of matric suction in affecting the wvalue of
undrained shear strength (Cu) and consequently
the bearing capacity of the soil. They showed that
the initial bearing capacity for the strip and the
square footing was 257 and 309 kPa, respectively.
The initial bearing capacity was observed to
increase by 27 % when the matric suction
increased by an amount equals to the undrained
shear. Fredlund and Rahardjo (1993) proposed
an extension of bearing capacity formulations to
account for the increase in bearing capacity due to
soil suction. The increase in bearing capacity is
considered as an additional cohesive component
due to matric suction, which can be estimated as
{(u, — uy) tang"}. The angle o°, represents the
increase in shear strength contribution due to
matric suction. Costa et al. (2003), and
Mohamed and Vanapalli (2006) showed that the
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bearing capacities of unsaturated soil are
significantly influenced by the matric suction
from their investigations on model footing tests or
in situ plate load tests. Costa et al. (2003) used
plate load test with diameter (0.8 m) and thickness
(25 mm) on clayey sandy soil. Mohamed and
Vanapalli (2006), used model footings of
different sizes (i.e., 100 mm x 100 mm and 150
mm x 150 mm) on sandy soil classified using
USCS as poorly graded sand (SP) with internal
friction angle of (35.3%) from direct shear test.

The bearing capacity of a surface footing on
saturated and unsaturated, compacted coarse-
grained soil was measured using the University of
Ottawa Bearing Capacity Equipment (UOBCE)
that was specially designed and built for this
research program at the University of Ottawa
student work shop. It was shown that the matric
suction values in the range of 2 to 6 kPa
contributes to an increase in the bearing capacity
of soil by 4 to 7 times in comparison to bearing
capacity values under saturated condition.

In this paper, the finite element method is
used to simulate the behavior of strip footing on
unsaturated soil.

SOIL WATER CHARACTERISTIC
CURVE

The soil water characteristic curve (SWCC)
defines the relationship between the amount
of water in the soil and soil suction. The
amount of water can be a gravimetric water
content, w, volumetric water content, 0, or
degree of saturation, S. The SWCC is also
called the water retention curve, (WTC) or
the capillary pressure curve. The SWCC
divides soil behavior into three distinct
stages of desaturation as shown in Fig. 1.
The stages of desturation are referred to as
the "boundary effect stage" at low soil
suction, the "transition stage" at intermediate
soil suction, and the "residual stage" at the
high soil suction that extend to 1,000,000
kPa (Fredlund, 2006).

There are two defining breaks along most
SWCC and these are referred to as the “air
entry value” of the soil and the “residual
value” of the soil. These points are illustrated

in Fig. 1, the air entry value is the point at
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which the difference between the air and
water pressure becomes sufficiently large
such that water can be displaced by air from
the largest pore space in the soil. The
residual degree of saturation is the point at
which a further increase in suction fails to
displace a significant amount of water
(Brooks and Corey, 1964).

The general shape of the SWCC for
various  soils  reflects the  dominating
influence of material properties including
pore size distribution, gain size distribution,
density, organic material content, clay
content, and mineralogy on the pore water
retention behavior (Lu and Likos, 2004).

THE PROGRAM (SIGMA/W)

SIGMA/W is a finite element software product
that can be used to perform stress and deformation
analyses of earth structures. Its comprehensive
formulation makes it possible to analyze both
simple and highly complex problems. For
example, one can perform a simple linear elastic
deformation analysis or a highly sophisticated
nonlinear elastic-plastic effective stress analysis.
When coupled with SEEP/W, another GEO-
SLOPE software product, it can also model the
pore-water pressure generation and dissipation in
a soil structure in response to external loads.
SIGMA/W has applications in the analysis and
design for geotechnical, civil, and mining
engineering projects (Krahn, 2004).

Constitutive Models

SIGMA/W  includes eight different soil
constitutive models. It may be difficult to decide
which model to select for a particular application,
but the model which is selected must be consistent
with the soil conditions and the objective of the
analysis. SIGMA/W is formulated for several
elastic and elastic-plastic constitutive soil models.
All models may be applied to two-dimensional
plane strain and axisymmetric problems.

Two constitutive models are used to study the
bearing capacity of the unsaturated soils:

1. Linear elastic model

he simplest SIGMA/W soil model is the linear
elastic model for which stresses are directly
proportional to the strains. The proportionally
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constants are Young's Modulus, (E), and Poisson's
Ratio, (v). The stress and strain are related by the

eq. (1):

Oy v v v 0 I
Oy ) v 1lv v 0 g
% = femiemm ¥ Y I-v 0 g, (1)
Ty 0 0 0 — vy

For two — dimensional plane strain
analysis, (g,) is zero.
2. Elastic — plastic model
The elastic — plastic model in SIGMA/W
describes an elastic perfectly — plastic

relationship. A typical stress — strain curve for this
model is shown in Fig. 2 where stresses are
directly proportional to strains until the yield point
is reached. Beyond the yield point, the stress —
strain curve is perfectly horizontal. The material
properties required for this model are given in
Table 1.

Coupled Consolidation

A fully coupled analysis requires that both the
stress — deformation and seepage dissipation
equations be solved simultaneously. SIGMA/W
computes displacements and stresses while
SEEP/W computes the changes in pore-water
pressure with time. Running these two software
products in a coupled manner makes it possible to
do a consolidation analysis. When coupled, both
SIGMA/W and SEEP/W contribute to forming a
common global characteristic (stiffness) matrix.
Three equations are created for each node in the
finite element mesh. Two are equilibrium
(displacement) equations formed by SIGMA/W
and the third is a continuity (flow) equation
formed by SEEP/W. Solving all the three
equations simultaneously gives both displacement
and pore-water pressure changes. When doing a
coupled analysis, it is essential to recognize that
all equilibrium (force and displacement)
conditions are defined in SIGMA/W and all
hydraulic (flow) conditions are specified in
SEEP/W. In SIGMA/W, the usual force and
displacement boundary conditions have to be
specified together with soil properties. In
SEEP/W, the head and flow boundary conditions
have to be specified together with hydraulic
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Conductivity and volumetric water content

functions.

ADDITIONAL MATERIAL PROPERTIES

FOR UNSATURATED COUPLED
ANALYSIS

H-Modulus Function

H is the unsaturated modulus that relates the
volumetric strain of the soil to a change in
negative pore-water pressure or change in suction.
The H modulus may be defined as a function of
negative pore-water pressure. At saturation, H is
related to the elastic constants E and v by eq. (2):

H=(—) @)

Therefore, H must be set to £/(1-2v) at zero pore-
water pressure when defining an H-Modulus
versus pore-water pressure function. As a soil
dries and the pore-water pressure becomes highly
negative, the soil becomes very stiff. This increase
in stiffness can be represented by an increase in H.

Fig. 3 illustrates a potential increase in H
as a function of the negative pore-water pressure.
The H modulus cannot be specified less than E/(1-
2v) . If an H modulus function is defined with an
H wvalue less than E/(1-2v), SIGMA/W will
automatically set H to E/(1-2v) during the
analysis. Consequently, when an H modulus
function is defined, the lowest H value should be
E/(1-2v) at the point where the pore-water
pressure is zero.

For a coupled analysis involving
unsaturated soils, two additional material
properties H and R need to be defined. H is a
modulus relating to the change of volumetric
strain in the soil structure to a change in suction.
R is another modulus relating the change in
volumetric water content to suction; therefore, it is
given by the inverse of the slope of the soil water
characteristic curve.

In this section, a procedure to obtain the H
modulus parameter from the slope of a void ratio
(e) versus matric suction (u, — uy) curve is
described. For a soil element, a change in its
volume can be decomposed into two parts:

dv=dv,+dv, 3)
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where dV; = the change in volume of the soil
particles, and
dV, = the change in the volume of voids.

If the volume change of the soil particles, dV, is
small and thus neglected, the volumetric strain can
be approximated as follows eq. (4):

&= -

“4)

From the definition of void ratio, e, a change in
void ratio, de, is given by eq. (5):

(1-n)¥  {1-n]
where: n = the porosity of the soil.

The slope of a void ratio versus matrix suction
curve can be written as eq.(6):

= ©

In an unsaturated soil element, when only a
change in matric suction occurs, the incremental
volumetric strain, de,, can be written as:

3aiug— Uy

de, = de, + de, + d&, = — (7)
ds 3
or: - = — (8)

After substituting Eq. (8) into Eq. (6), it can be
seen that the slope of a void ratio versus matric
suction curve is: (Wong, et al., 1998, and Krahn,
2004).

: ©)

Slope = =miA

Definition of Hydraulic Conductivity

A conductivity function defines the
relationship between pore water pressure and
hydraulic conductivity. Fig. 4 shows a typical
conductivity function.

As soil desaturates and the water
content decreases when the pore water pressure
becomes negative; the ability of the soil to
conduct water decreases as the water content
decreases. The soil hydraulic conductivity
consequently decreases as the pore water pressure
becomes increasingly negative. A conductivity
function is defined by specifying a series of
discrete data points and fitting a weighted spline
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curve to the data points in order to create a
continuous function.

Conductivity functions can be defined in
the program SEEP/W in any of the following
ways:

® Specifying each data point in the function
by typing the coordinates or by clicking on
the function graph.

e Estimating the function from an existing
volumetric water content function.

e Importing an existing conductivity function
from the SEEP/W function database or from
another SEEP/W problem and modify it.

EXPERIMENTAL WORK

In this study, the aim of experimental work is to
define the soil water characteristic curve (SWCC)
by measuring of the soil suction.

Soil samples were collected from a three sites
within Baghdad city — Al-Rusafa region namely,
Sahat Al — Wathiq from depth (3.5 m), in this
study referred to as (Rusafa 1), Bab Al -
Muadham from depth (9.5 m, and 3.5 m) referred
to as (Rusafa 2, and Rusafa 3), respectively. The
physical and mechanical properties of these soil
were studied by conducting a series of tests in the
laboratory, these include: specific gravity,
Atterberg limits, unconfined compression test,
grain size distribution by sieve analysis and
hydrometer, and consolidation test. Table 2 shows
the index properties of the soil. For each sample,
the total and matric suction were measured by the
filter paper method (Whatman No. 42) at different
degrees of saturation according to ASTM-D-
5298. With the aid of SOILVISION program, the
fitted curve for the SWCC was predicted by using
Fredlund and Xing (1994) fitting curve as shown
in Fig. 5.

The result for Rusafa 1, soil will be presented here
and shall be used in numerical analysis.

BEARING CAPACITY PROBLEM

A shallow foundation (strip footing) with width
equals to 1 m is constructed on saturated and
unsaturated soils. The strip footing is constructed
on soil with dimensions (20 m) in width and (10
m) in height, to take into account the effect of the
stress distribution below the footing. The finite
element mesh is illustrated in Fig. 6 Due to
symmetry, 260 elements are used for modeling
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half of the footing and the soil beneath it. Eight
nodded quadrilateral isoparametric elements are
used for modeling the soil skeleton. The right and
left hand edges of the mesh are restricted to move
horizontally while the bottom of the mesh is
restricted in both horizontal and vertical
directions. The top edge is free in both directions.
In addition, the side boundaries are assumed to be
impermeable (i.e. no flow is allowed through
these sides), and the top and bottom edges are
assumed to be permeable.

In this work, two constitutive models are
used to characterize the stress — strain behavior of
the soil. Linear elastic model is used for the soil
existing above the water table, while elastic —
plastic model with Mohr-Coulomb failure
criterion is used for modeling the soil existing
below the water table.

Material Properties

The soil beneath the footing has the
properties shown in Table 3, which were
calculated from laboratory tests carried out on
undisturbed samples. The soil is classified as silty
clay according to the ASTM classification.

The undrained shear strength (Cu) of the soil was
measured by carrying out unconfined compression
test through remolding the sample at different
degrees of saturation (100%, 90%, 80%, and
70%). The results demonstrate that the unconfined
compressive strength (q,) increases with the
decrease of saturation (S), and consequently
increase of undrained shear strength (Cu). The
results of unconfined compression test are shown
in Table 4. The initial tangent modulus of
elasticity (E) was evaluated as given in Table 4.

H — Modulus Function

There are sets of steps considered to find the H-
modulus function. These steps are proposed in this
work in order to characterize the behavior of
unsaturated soils:

1. The relation between gravimetric water
content and suction is converted to
relations correlating the void ratio and the
matric suction based on the relation:

(10)

where w,, = gravitation water content,
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G, = specific gravity, and
S = degree of saturation.

Then, the slope of the void ratio versus
the matric suction, m is predicted:

an

where: Ae = (e; — 1), and
l"hm = (hml = hm2)

h.1, hmo are the initial and final matric
suctions, respectively.

ey, €, are the initial and final void ratios,
respectively.

Hence, five to seven values of the slope
are predicted from this curve as show in
Table 5.

Fig. 7 shows the steps followed to find
the slope of the void ratio versus the
matric suction relation the soil.

2. After finding the slope of the void ratio
versus the matric suction, it can be seen

that the slope, m is equal to

(Krahn, 2004):
Hence, the H-modulus function becomes:

H= — (12)

where: n = porosity of soil,
m = the slope of the void ratio
versus the matric suction.

In addition, the H must be set to E/ (1-2v)
at zero pore water pressure when defining
it (Krahn, 2004).

Fig.8 shows the relations between the H-
modulus and the matric suction calculated
for Rusafa 1 soil.

The relationship between the hydraulic
conductivity and pore water pressure can
be estimated from SEEP/W program as
shows in Fig. 9.

RESULTS OF FINITE ELEMENT
ANALYSIS AND DISCUSSION

At first, each type of soil was analyzed as fully
saturated soil by the programs SIGMA/W and
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SEEP/W. The results as shown in Fig. 10 and
Table 6 demonstrate that the failure mechanism is
close to the general shear failure mode and the
ultimate bearing capacity according to the
criterion of the load corresponding to settlement
equals to (10%) of the width of footing is in a
good agreement with Trezaghi's bearing capacity
equation for a surface strip footing:
qu=Nc Cu (13)
where q, = ultimate bearing capacity,
Cu = undrained shear strength, and
Nc = bearing capacity factor, which is equal
to (5.7) when @ equals to zero.

Then, each type of soil was analyzed as partially
saturated soil with different water table levels (2
m, 4 m, and 6 m) below the ground surface with
the same degree of saturation. Later, each problem
is re-analyzed with another degree of saturation.
This means that for each case, the degree of
saturation is changed from (90%) to (80%) and
(70%) keeping the other parameters constant, and
for each degree of saturation, the problem was re-
analyzed with the same water table level.

In unsaturated soil (i.e. soil located above
the water table), practically, the water content of
this soil is varying with depth from the ground
surface reaching to the water table level, and
consequently the matric suction value is varied
with depth above the water table level. In
SIGMA/W program, it is difficult to measure the
variation of matric suction with depth, therefore;
in this work the matric suction is assumed
constant with depth above the water table level.

Effect of Degree of Saturation and Water
Table Level

Figs. 11 to 13 show the effect of dropping water
table level on the behavior of unsaturated soil.
Fig.11 illustrates that the dropping of water table
to depth of (2 m) leads to increasing the bearing
capacity of the soil, and this increase continues
when dropping the water table to 4 m, and 6 m
depth. This can be attributed to increasing in
matric suction value as a result of increasing of
unsaturated zone and also increasing of
overburden pressure.

The same trend is shown in Figs. 12 and
13 for degree of saturation 80% and 70%,

respectively.

But when comparing the three figures at same
water table level with different degrees of
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saturation, it can be noticed that when moving
from degree of saturation 90% to 80% and 70%,
the increase in bearing capacity becomes small
due to small contribution of matric suction only.

The values of the ultimate bearing capacity which
were obtained from these figures according to the
criterion of a load corresponding to a settlement
equal to (10 %) of the width of the footing are
summarized in Table 7. From the table, it can be
noticed that the ultimate bearing capacity of
partially saturated soil is higher than that for fully
saturated by about (4 to 7) times. This result is
attributed to increasing in matric suction and
overburden pressure as a result of dropping of
water table. These results are consistent with the
observation of Mohammed and Vanapalli
(2006) who reported that the bearing capacity of
coarse grained unsaturated soil to be (5 to 7) times
higher than the bearing capacity of the same soil
under saturated conditions.

From Table 7, it can also be noticed that at the
same water table level, the increase in bearing
capacity due to matric suction is only about (50 —
100) kPa.

Vertical Displacement

Fig. 14 shows the relation between the vertical
surface displacement and distance from the center
line of the model footing. The figure represents
the soil in fully saturated and partially saturated
conditions, and loaded to the same maximum
value of footing stress.

Fig. 14 a illustrates that when the applied
stress is equal to zero, the vertical displacement is
zero along the distance from the center line, and
this value is changed as the footing stress is
increased. It can be noticed that with progress of
applying stress, the vertical displacement starts to
change, and heave at the footing end takes place.

It is also noticed that the vertical
displacements near the center line of the footing
are negative (downward movement), while at a
distance far from the center line of the footing,
they are positive (upward movement). The
maximum value of vertical displacement occurs at
the center line of the footing. The displacement
increases with increase of the applied stress and
reaches a value of (154 mm). This is due to
concentration of stresses of the footing in this
region. The small vertical displacement, observed
under the far end away from the center line of the
footing, is due to upward movement of the soil
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under the footing which reduces the downward
movement.

In Fig. 14 b, the vertical displacement is
traced when the soil is partially saturated and the
water table is dropping to depth 2 m and the
degree of saturation is 90 %. It is noticed that the
distribution of vertical displacement is similar to
that in condition of fully saturation state but with
less values when compared at a certain value of
loading. For example, when the value of stress
reaches the maximum value (770 kPa), the
maximum vertical displacement is (154 mm), and
the maximum heave is (49 mm), when the soil is
fully saturated, but the maximum vertical
displacement is only (9.8 mm), and the maximum
heave is (2.1 mm) when the soil is partially
saturated. This is due to existing of negative pore
water pressure which increases the shear strength
of the soil and consequently reduces the
settlement.

It is also, noticed in Fig. 14 that the heave
continues to the end of the problem mesh, another
run was carried out in which the mesh was
extended to a distance of 20 m, the heave was
noticed to decrease gradually at about 15 m from
the foundation center.

The percentage of reduction in settlement can be
defined as:

Reduction in settlement (%) =
Ssat” Sunsar x100%: (13)

safl

where S;,; = settlement for fully saturated soil, and
S.nsar = settlement for partially saturated soil.

It is found that the settlement decreases
when the water table drops to depth 2 m (i.e. 2 B)
by about (94 %). These results approximately
agree with those of Agarwal and Rana (1987),
who reported that when the water table is at
surface, the settlement is 95 % higher than when
the water table is at depth (1.5 B).

Variation of Bearing Capacity with Matric
Suction

Fig. 15 shows the variation of the bearing
capacity with respect to matric suction for the
model footing.

These relationships demonstrate that there
is significant increase in the bearing capacity of
the model footing due to the contribution of
suction. The results also suggest that the bearing
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Capacity approximately increases linearly with
matric suction up to the air — entry value and there
is a non — linear increase in the bearing capacity
with respect to matric suction beyond the air —
entry value.

From the SWCC (Fig. 5) fitting curve
proposed by Fredlund and Xing (1994), the air —
entry values of the soil is 350 kPa. The trends of
the results of the bearing capacity of unsaturated
soil are similar to the shear strength behavior of
unsaturated soils which were reported by
Vanapalli et al. (1996) who found that there is a
linear increase in shear strength up to the air —
entry value.

Vanapalli et al. (1996), demonstrated a
typical relationship between the shear strength and
the SWCC in Fig. 16. There is a linear increase in
shear strength up to the air — entry value. The rate
of desaturation with respect to an increase in
matric suction is greatest between the air — entry
value and the suction corresponding to residual
water content condition. There is a nonlinear
increase in shear strength in this region. Beyond
the residual suction condition, the shear strength
of an unsaturated soil may increase, decrease, or
remain relatively constant during further
desaturation depending on the type of soil. In the
clayey soil, the residual state may not be well
defined that even at high value of suction; it could
still be considerable water available to transmit
suction along the soil particle or aggregate
contents, which contributes towards increases in
the shear strength. This phenomenon can occur for
a large range of suction value for clay soil.

CONCLUSIONS

Based on the experimental results obtained from
this research work and the analysis of the behavior
of partially saturated soil beneath a strip footing
by the finite element method, the following
conclusions can be made:

1) From the soil water characteristic curve
(SWCC) which was determined by
experimental method (i.e. filter paper
method) the matric suction value was
found to increase with decrease of the
degree of saturation, and the rate of
increase is not equal to rate of decrease
in degree of saturation. The values of
matric suction also increase with
decrease of the void ratio at the same
degree of saturation.
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2) The procedure of analysis of the bearing
capacity of shallow foundation on
partially saturated soil required a
proposed procedure to define the H —
modulus function (H is a modulus
relating the change of volumetric strain
in the soil structure to change in suction).
The procedure is found to be successful.

3) The water table level and the degree of
saturation have the great effect on the
behavior of partially saturated soil. In
this work, it is found that due to dropping
of water table and contribution of matric
suction (i.e. negative pore water
pressure), the bearing capacity of
partially saturated soil increases by about
(4 — 7) times higher than the bearing
capacity of the same soil under saturated
conditions. But, at the same water table
depth, the bearing capacity increases in a
small value due to contribution of matric
suction only.

4) There are two phenomena governing the
behavior of footing represented by
settlement (negative vertical
displacement) and heave (positive
vertical displacement). This behavior can
be explained as follows; an increase of
load on the foundation will increase the
settlement and the failure surface will
gradually extend outward from the
foundation in heave behavior. The
vertical displacement of fully saturated
soil is greater than that of partially
saturated soil.

5) The settlement reduces when the water
table drops to a depth of 2 m (i.e. 2 B) by
about (94 %).
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Table 4 Results of unconfined compression test
on remolded samples at different degrees of

Table 1 Elastic — plastic material properties. saturation.
Propert Definition S(%) | qu (kPa) | Cu(kPa) | E (kPa)
Elastic Initial linear — elastic stiffness
. —_—————
Modulus, B of the soil 100% 270 135 108000
Poisson's Ratio, Constant value
v 90% 287 143.5 114800
Cohesion, ¢ Cohesive strength of the soil 80% 311 155.5 124400
Soil internal friction in degree 70% 329 1645 131600
¢
Table 5 Values of the slopes predicted from the void
ratio versus matric suction curve.
Dilation Angle, | Soil dilation angle in degree
] (0<y<9)
o’ a value used to make the Slope &1 i) By huy
cohesive strength a function m, 0.143 0.096 20000 40000
of soil suction (negative pore m, 0.096 0.07 40000 60000
— water pressure) m; 0.07 0.06 60000 80000
my 0.06 0.051 80000 100000

Table 2 Index properties of the soils for
undisturbed sample.

Table 6 Results of bearing capacity analysis of
fully saturated soils for remolded sample.

Soil name quaccording to | q, by the finite

Trezaghi's element

eguation (kPa) analgsis (kPa)

Natural water content, W % 24.32
Dgree of saturation, S % 100
Liquid limit, L.L 34
Plastic limit, PL. % 19
Plasticity index, PI % 15
Specific gravity, Gs 2.74

% clay 68.3

Table 3 Material properties for the soils beneath

the footing

Rusafa 1 770 760
Rusafa 2 584 580
Rusafa 3 371 380

Table 7 Results of ultimate bearing capacity (kPa)
for unsaturated soil obtained from finite element

analysis.

W.T depth

Degree of

Bearing

Parameter Value Unit
Total unit weight, (y,) 20.21 kN/m’
Dry unit weight, (y4) 16.25 KN/m’
Angle of internal friction, 0 Degree
(0
Poisson's ratio, (v) for 0.45 —
saturated soil
Poisson's ratio, (v) for 0.3 —
unsaturated soil
Hydraulic conductivity, (k;) | 2.55x10"° | m/sec
Void ratio, (e) 0.666 —
Coefficient of volume 0.646 m’/MN
change (m,)

307

2m

saturation | Capacity (kPa)
. O0m | 100% | 760

4m

6 m

90 % 3200

80 % 3250

70 % 3300
_——————— [ |

90 % 4700

80 % 4750

70 % 4800
_———————— [ |

90 % 5400

80 % 5500

70 % 5600
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Soil suction, (kPa)

Fig. 1: Illustration of the in situ zones of
desaturation defined by a soil — water
characteristic curve (after Fredlund, 2006).

4

elastic plastic

stress

\ yvield point
E

strain

Fig.2 Elastic — perfectly plastic constitutive
relationship (from Krahn, 2004).

H-Modulus

N

E
(1-2v)

(negative) 0
pore-walter pressure

(positive)

Fig.3 H-modulus as a function of pore-water

pressure, (from Krahn, 2004).
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Fig. 15 Variation of the bearing capacity with
respect to matric suction of Rusafa 1.
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Genetic Algorithm Optimization Model for Central Marches
Restoration Flows with Different Water Quality Scenarios

Prof. Dr Rafa H. Al-Suhili and Zeren Jamal Ghafour
College of Engineering, University of Baghdad, Iraq.

ABSTRACT:

A Genetic Algorithm optimization model is used in this study to find the optimum flow
values of the Tigris river branches near Ammara city, which their water is to be used for
central marshes restoration after mixing in Maissan River. These tributaries are Al-Areed, Al-
Bittera and Al-Majar Al-Kabeer Rivers. The aim of this model is to enhance the water quality
in Maissan River, hence provide acceptable water quality for marsh restoration. The model is
applied for different water quality change scenarios ,i.e. , 10%,20% increase in EC,TDS and
BOD. The model output are the optimum flow values for the three rivers while, the input data
are monthly flows(1994-2011),monthly water requirements and water quality parameters
(EC, TDS, BOD, DO and pH).The objective function adopted in the optimization model is in
a form the sum of difference in each of the 5 water quality parameters, resulting from the
mixing equation of the waters of the rivers, from the accepted limits of these parameters ,
weighted by a penalty factor assigned for each water quality parameter according to its
importance. The adopted acceptable limits are 1500,1000, 6,4 and 7, while the penalty factors
are 1,0.8,0.8,0.8,and 0.2 for EC,TDS,BOD,DO,and pH respectively. The constraints adopted
on the decision variables which the monthly flows of the three rivers are those that provide
the monthly demands downstream each river, and not exceed a maximum monthly flow
limits. The maximum flow limits adopted are for three flow cases, wet, average and dry
years. For each flow case three scenarios for the monthly water quality parameters were
adopted , the average values(scenario 1),the 10% increase in EC,TDS, and BOD (Scenario
2),and the 20% increase in these three water quality parameters (Scenario 3). Hence nine
cases are adopted and for each an optimum monthly flows are found for each river. The
genetic optimization model adopt a variable number of population of 100 to 1000 in a step of
100,0.8 and 0.2 cross over and mutation rates, and three iterations to reach the stable
optimum solutions. The results indicates that the flow analysis shows a significant decrease in
the flow values of the three rives after year 2000,hence, the flow values for the period of
(1994-1999), are excluded and the only used values are those for (2000-2011). The estimated
monthly demands exhibits low variation. The observed optimum monthly flow values
decrease in general as the case flow changed from wet to normal and dry cases. The change
in Scenarios from S1 to S2 and S3 , do not necessarily increase all the required optimum
monthly flow values. The obtained minimum objective functions do not exhibits a certain
trend with the change in the flow cases and/or the change in the scenarios.

KEY WORDS: Genetic Algorithm, Optimization, Water Quality Parameters, Electrical
Conductivity, Total Dissolved Solids, BioChemical Oxygen Demand
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INTRODUCTION:

The past activities in the Iraqi Marshes
region had destroyed the environment and
the nature of these marshes. These
activities are either, establishing
agriculture projects, holding ground roads ,
redistributing the rural settlement, and
diverting water from those marshes by
constructing dykes and canals. The central
marsh is one of the largest marshes of the
Mesopotamian. It consists of
interconnected small marshes. The central
marshes are bounded by Tigris river to the
east and the Euphrates river to the south.
The central marshes are roughly located
between Nasiriyah, Maimona, Qalat Saleh
and Al-Qurna Cities, and cover of about
3000 square Kilometers during flood
season. This area reduced to 600 square
Kilometers during normal season. The
main sources of the water for the central
marshes are the Tigris river tributaries
within  Ammara governorate. These
tributaries are Al-Areed, Al-Bittera and
Al-Majar Al-Kabeer rivers. Figure (1) and
(2) shows the Mesopotamian marshes
before and after the drying process
respectively, (Al-Suhiaili and Hraizes
20006).

Al-Badri and Artin (1972) had
studied the salinity problem in Tigris and
Euphrates rivers and Thurthar lake. They
concluded that at future an expected
increase in the salinity levels due to
upstream increasing water use and disposal
and due to the Turkish activites proposed a
case which observed later. Buras (1972)
had proposed an optimum management of
water resources for Iraqi marshes for a
better water quality.. Firas (1989) had
pointed out the importance  of
environmental considerations in
optimization models for Derbindikhan
reservoir. Mussab(1998) had presented an
optimization model for Saddam and Dokan
reservoir and their effect on Tigris River
water Quality.Hassan(2001) had pointed
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out the environmental effects of marshes
drying process.

Nicholson et. al,(2002), and Clarck et.
al,(2001) had conducted an environmental
study of Iraqi marshes and pointed out the
negative effect of the drying process. Iraq
Foundation (2003) had studied the
scientific bases for marshes restoration in
Iraq. Richardson and Hussain (2005) had
conducted an ecological study for the Iraqi
marshes and pointed out the importance of
water quality to the eco-system of these
marshes. Farhan (2005) had reported the
importance of water quality for marshes
restoration.

The construction of Maissan River
with dykes along its sides was the main
action performed by the past regime for
conducting a drying process for the central
marshes.. The alignment of this river
prevents water of the Tigris three
tributaries Al-Areed, Al-Bittera and Al-
Majar Al-Kabeer from entering the central
marshes. The proposed restoration process
is to remove or break these dykes to allow
the water to enter the marshes. Therefore
the control of this river water quality is
important for this restoration process. The
problem of the high salinity level of the
dried soil of the marshes left after the
drying process is an important issue;
hence, the proper control of the salinity
and other environmental parameters will
improve the water quality in Maissan river
and will have an important role on the
quality of the water used for the restoration
process.

Since at the upstream side of each of the
three rivers Al- Areed, Al-Bittera and
Al-Majar Al-Kabeer there exists a
regulator , which can control the released
flow. An optimization model could be
adopted to find these optimum releases to
get the best water quality in Maissan river,
and then the best water quality of the water
entering the marshes for restoration. In this
research , a proposed optimization model
was used for this purpose. This model is a
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modified one of that proposed
optimization model used by Al-Suhaili and
Hraze (2006). The modifications made
herein from this model are the use of
additional flow and water quality
measured data of these rivers (2006-2011),
in addition to the original set used in the
former model  (1994-2005).  This
modification impose changes in the
constraints used for the optimization
process. Moreover the proposed solution
of the new model is the use of Genetic
Algorithm instead of the general search
method. Furthermore the estimation of
monthly demands along the mentioned
three rivers was also extended to the new
period added. Moreover the model
analysis was extended for three scenarios
(S1: using obtained average monthly water
quality parameters as Electrical
Conductivity EC, Total Dissolved Solids
TDS,Biochemical oxygen Demand BOD,
Dissolved Oxygen DO, and pH.), and
Scenarios S2 and S3 with 10% and 20%
Increase n EC,TDS,and BOD,
respectively. The adopted acceptable limits
are 1500,1000, 6,4 and 7, while the penalty
factors are 1,0.8,0.8,0.8,and 0.2 for
EC,TDS,BOD,DO,and pH respectively

The Proposed Optimization Model:

The proposed optimization model is to
minimize the water quality function

represented by the following function:

Min(f) :zzni __Ck P,
(1)

Qi; =Qi; —D;; = 0,0therwiseQi, j =0, )

Genetic Algorithm Optimization Model for Central Marches
Restoration Flows with Different Water Quality Scenarios

Subject to the following constraints:
Dij <Qij < Qi jma

During wet years

And

Di,j < i < Qi,jmin

During dry years
And

Di,j < Qi,j < Qi,jave.
During normal years
Where:

C. = Acceptable limit of water quality
parameter k.

p, =Relative penalty weight for the k
quality parameter.
For the upper limit acceptable
concentration of the water quality
parameter p, will be positive and:
Cy.;20

K =

[greaterthano, lessorequal 1}
0 C:,j <0

For the lower limit acceptable water

quality parameter p, will be negative,and:

[greaterthano, lessorequal lr*i =0
k =
0

Cy;>0

ZQi,jCi,j
C: — |=1m
2.QC,
i=1

J=1,2,3 ....12, represent the month

-Gy ®3)

starting from October and ending at
September, respectively, as the water year

of Tigris river.
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K= Subscript for water quality parameters
type k

i=1, 2, and 3, which represent the rivers,
Al-Areed, Al-Bittera, and Al-Majar Al
Kabeer rivers respectively.

Qi, j: are the optimum water release from
the river 1, at the month j.

Di, j: are the demand along the river i, at
month j for the area located between the
upstream of regulator to the location where
the river 1, enters Maissan river.

Qi, j min: are the minimum flow from
river i at month j(Dry Year).

Qi, j max: are the maximum flow from
river i at month j(Wet Year).

Q1, j ave: are the average flow from river i
at month j(Normal Year).

C1i, j, k: Is the average values of the river i,
at month j of the k water quality
parameter.

The objective function was adopted by
assuming complete mixing of water at
Maissan river. The above formulated
optimization model requires the monthly
flow values of the three rivers, the average
EC, TDS, BOD, DO and pH and the
monthly demands for each area
downstream each river. These are
estimated from the observed flows and
water quality parameters for the three

rivers for (1994-2011).
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PREPERATION OF THE DATA
REQUIRED FOR THE PTIMIZATION
MODEL:

Flow Data Analysis:

_The data collected were the monthly flow
data in m®/sec for a record of (18) year
long (1994-2011) for the three rivers.
Examination of those data indicates a
remarkable decrease in the available water
for Al-Areed, Al-Bittera and Al-Majar Al-
Kabeer rivers as shown in figure (3).
Hence, the flow data for the first six years
were excluded and the analysis were
performed on the flow of the most resent
years (2000-2011), for the three rivers.

If we, consider the flow data as normally

distributed with mean value u and

standard deviationo, so the data can be
divide into three categories for each river.

[. Normal year: represents the

average of flow values that fall

within the
interval(u+o/2,u—oc/2).

II. Dry year: represents the average

of flow wvalues below the

value(u—o/2).

III. Wet year: represents the average
of flow wvalues above the
value(u+o/2).

Table (1) shows the average flow values
available in the selected three rivers

inm’ /sec ,for wet,normal and dry years.

Demand Analysis:

The demand data were collected from
different authorities that had conducted
demand calculations during the most
recent years (2000-2011). These data were
collected from the demand sheets recorded
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by the general management of water
resources, and the office of environmental
of Maissan governorate (unpublished
records). Table (2) shows the estimated
demand values for the three rivers.

WATER QUALITY DATA USED IN
THE OPTIMIZATION MODEL:

The available records of the water quality
data for Al-Areed, Al-Bittera and Al-
Majar Al-Kabeer rivers are inadequate for
the purpose of the proposed optimization
model. Hence, a water quality-testing
program was conducted in some selected
points to get the required additional data.
The criteria of the selection adopted for
those points is for each river two points
were selected at the upstream side
(downstream of the regulator existing on
the river), while the other point is at the
downstream side of the river, just before
its outfall to Maissan river. The water
quality parameters gathered are TDS, EC,
pH, DO, BOD water temperature and air
temperature. Tables (3), (4) and (5) show
the measured and estimated average
monthly values of (EC, TDS, BOD, DO
and pH) for Al-Areed, Al-Bittera and AL-
Majar Al-Kabeer rivers respectively.

APPLICATION OF THE
OPTIMIZATION MODEL:

In this study, a MATLAB program was
used to find the optimum flow values for
Al-Areed, Al-Bittera and Al-Majar Al-
Kabeer rivers using genetic algorithm
optimization .The optimum flow values
and the objective function are obtained for
the three scenarios and the three flow cases
wet , normal and dry years. Tables(3.4,
and 5) show the water quality parameters
for scenario S1,while tables (6,7, and 8)
show these values for scenario S2. For
scenario S3 these values are shown in
tables(9,10, and 11). Hence the total cases
analyzed are 9 cases S1(Wet, Normal, and
Dry),S2 (Wet, Normal, and Dry), and S3
(Wet,Normal, and Dry).
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RESULTS AND DISCUSSION:

For the optimization process a MATLAB
code is written. The adopted cross over
and mutation rates are 0.8 and 0.2
respectively. The number of population is
found by trial and error procedure until
obtaining a stable optimum solution. It is
increased from 100 to 1000 in a step of
100, at 1000 a stable solution is found .
Table(12) shows the optimum monthly
flow values for the three rivers for
Scenarios S1 for the three flow cases.
Figures (4,5, and 6) show these values
with the adopted average water quality
parameters and the estimated flows and
demands. It is shown that in general as the
flow case changes from wet to normal and
dry year the optimum flow decreases.
Table(13) shows the optimum monthly
flow values for the three rivers for
Scenarios S2 for the three rivers with the
three flow cases. Figures (7,8, and 9) show
these values with the adopted 10%
increase in  water quality parameters
(EC,TDS, and BOD)and the estimated
flows and demands. It is shown that in
general as the flow case changes from wet
to normal and dry year the optimum flow
decreases.

Table(14) shows the optimum monthly
flow values for the three rivers for
Scenarios S2 for the three flow cases.
Figures (10,11, and 12) show these values
with the adopted 20% increase in water
quality parameters (EC,TDS, and BOD)
and the estimated flows and demands. It is
shown that in general as the flow case
changes from wet to normal and dry year
the optimum flow decreases.

Table(15) shows the obtained minimum
objective function for the 9 cases adopted
in the analysis. It is shown that the values
do not exhibit a certain trend with the
changes of flow case or the change in the
scenario.

Figure(13) shows the comparison between
the obtained optimum flow values for each
of the three rivers, for Scenario S1, for
wet, normal and dry years . It is found that
the dry case flow gives the minimum flow
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values, while the maximum values are
obtained for the wet year flow cases, the
normal flow case are in between the wet
and dry values ,however some few values
exceed the corresponding values for the
wet case flow.

Figures(14 and 15) show the comparison
between the obtained optimum flow values
for each of the three rivers, for Scenarios
S2, and S3 for wet, normal and dry years .
Similar observation can be deduced as
those for Figure (13).

Figure(16) shows the comparison between
the obtained optimum flow values for each
of the three rivers, for a wet year and the
different scenarios. It is observed that for
scenario S3 the optimum flow are almost
the highest, however for few monthly
optimum flow it becomes lower than that
for S2 and/or S1 flow values.

Figures(17 and 18) show the comparison
between the obtained optimum flow values
for each of the three rivers, for a normal
and a dry year respectively and each for
the different three scenarios. Similar
observations can be deduced as those
observed from Figure(16).

CONCLUSIONS:

1. The analysis of the (12) years for the
period (1994-2005), of historical monthly
stream flow for the three rivers indicates
significant changes occurred through the
period of record which means that the
series is not homogeneous. Hence, the
values for the flow for the period(1994-
1999) are excluded from the analysis and
those used are for the period of (2000-
2011).

2. The demand analysis indicates low
variation with little increase in summer
months.

3. The Genetic algorithm optimization
model that use a 0.8 and 0.2 cross over and
a mutation rates, required a minimum
population of 1000 to obtain a stable
optimum solution.
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4. In general as the flow case changes from
wet to normal and dry year , the optimum
flow values required decreases, however
for few months sometimes the optimum
flow for normal year exceeds the
corresponding value for the wet year. This
conclusion is true for all of the three
scenarios analyzed.

5. The comparison between the optimum
monthly flow values for different scenarios
for a given case flow , indicates in general
the highest flow are for S3,however it is
not always the case since so many values
exhibits high flow values for S2 and/or S1.

6. The minimum observed objective
function obtained for the 9 cases analyzed
exhibits no certain trends with the change
in case flow or with the change in the
water quality scenario.
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Figure (1) The Mesopotamian Marshes before Drying (UNEP, 2001).
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Figure (2) The Mesopotamian Marshes after Drying (UNEP, 2001).

Table (1) Average monthly Flow Values in m?/sec Available in the Selected Three
rivers.(2000-2011)

Month | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep

Al-Areed river

Wet 18 16 21 14 16 19 35 25 28 24 25 16

norm 11 11 14 11 11 12 16 12 12 13 14 12

Dry 7 6 10 7 6 8 11 7 9 9 8 9

Al-Bittera river

Wet 28 44 45 41 45 59 | 130 | 58 32 33 41 33

norm 15 22 22 16 23 22 33 26 20 26 31 25

Dry 10 12 14 10 12 9 11 10 9 10 11 |12

Al-Majar Al-Kabeer river

Wet 28 32 34 32 28 31 32 31 30 28 27 24

norm 24 23 28 28 27 25 28 24 25 20 22 19

Dry 16 16 22 19 17 18 20 14 18 12 19 13

Table (2) Estimated Monthly Demand Values in m*/sec Upstream of Maissan river.

month | Oct | Nov| Dec| Jan| Feb| Mar| Apr| May | Jun| Jul| Aug| Sep
river

Al- 6 5 7 5 5 6 8 5 7 7 7 7
Areed

Al- 8 9 11 9 9 8 10 8 9 8 8 8
Bittera

Al- 10 10 9 9 9 10 10 10 10 10 10 9
Majar
Al-
Kabeer
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Table (3) Average values of (EC, TDS, BOD, DO and pH) for Al-Areed river
(downstream)(2000-2011) Scenario S1.

month | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun Jul | Aug | Sep
par.
EC 1650 | 1498 | 1498 | 1487 | 1456 | 1466 | 1489 | 1350 | 1440 | 1895 | 1560 | 1950
TDS 910 | 1115 | 1002 | 1046 | 1067 | 1115 | 1076 | 1185 | 1096 | 1022 | 1089 | 886
BOD 6.5 5.3 5.2 4.9 4.8 4.7 4.6 4.1 3.9 5.0 4.2 5.8
DO 6 5.0 5.2 5.8 5.0 5.8 5.4 4.8 5.2 5.3 6.1 6
pH 8 7.8 7.9 7.7 7.8 7.9 7.8 8 7.8 7.6 7.8 8

Table (4) Average values of (EC, TDS, BOD, DO and pH) for Al-Bittera river

(downstream) (2000-2011) Scenario S1..

month | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun Jul | Aug | Sep
par.

EC 1500 | 1808 | 1780 | 1757 | 1780 | 1830 | 1710 | 1750 | 1870 | 1920 | 2200 | 1600
TDS | 1020 [ 1140 | 1143 | 1140 | 1150 | 1145 | 1140 | 1150 [ 1200 | 1200 [ 1250 | 990
BOD 5 3.9 3.9 4 3.6 4 3.9 4 4.5 3.8 3.7 5
DO 5.7 6.5 6 5.8 6 6.5 6.5 5.3 5.1 5.4 5.5 5.4
pH 8 8.1 8.1 8.2 8.1 8.1 8.1 7.9 8.3 8.1 8.1 6

Table (5) Average values of (EC, TDS, BOD, DO and pH) for Al-Majar Al-Kabeer river

(downstream).(2000-2011) Scenario S1.

month | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun Jul | Aug | Sep
par.
EC 1560 | 1470 | 1550 | 1570 | 1350 | 1780 | 1700 | 1450 | 1600 | 1500 | 1500 | 1800
TDS 980 | 800 | 1020 | 950 | 1010 [ 800 | 850 | 800 | 850 | 690 | 1000 [ 800
BOD 5.2 5.9 6 6.2 6.1 6 6.2 6.3 5.9 6.7 5.2 6.1
DO 6 6 6.8 6.3 6 6.2 5.5 5.7 5.8 5.1 5.1 5.7
pH 8.1 8.2 8.2 8.2 8.2 8.2 8.2 7.8 8.1 8.1 8.1 8

Table (6) Proposed values of (EC, TDS, BOD, DO and pH) for Al-Areed river

(downstream) for Senario (2)

month Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
par.

EC 1815 | 1647.8 | 1637.9 | 1635.7 | 1601.6 | 1612.6 | 1637.9 1485 1584 | 2084.5 1716 | 2145
TDS 1001 | 1226.5 | 1102.2 | 1150.6 | 1173.7 | 1226.5 | 1183.6 | 1303.5 | 1205.6 | 1124.2 | 11979 | 974.6
BOD 7.15 5.83 5.72 5.39 5.28 5.17 5.06 4.51 4.29 5.5 4.62 6.38
DO 6 5.0 5.2 5.8 5.0 5.8 54 4.8 5.2 5.3 6.1 6
pH 8 7.8 7.9 7.7 7.8 7.9 7.8 8 7.8 7.6 7.8 8

321



Number 3

Volume 19 march 2013

Journal of Engineering

Table (7) Proposed values of (EC, TDS, BOD, DO and pH) for Al-Bittera river

(downstream) for Senario (2)

month Oct Nov Dec Jan Feb Mar Apr | May Jun Jul Aug Sep

par.

EC 1650 | 1988.8 1958 | 1932.7 | 1958 2013 | 1881 | 1925 ( 2057 | 2112 | 2420 | 1760
TDS 1122 1254 | 1257.3 1254 | 1265 | 1259.5| 1254 | 1265 | 1320 | 1320 | 1375 | 1089
BOD 5.5 4.29 4.29 4.4 3.96 4.4 4.29 4.4 4.95 4.18 4.07 5.5
DO 5.7 6.5 6 5.8 6 6.5 6.5 5.3 5.1 5.4 5.5 5.4

pH 8 8.1 8.1 8.2 8.1 8.1 8.1 7.9 8.3 8.1 8.1 6

Table (8) Average values of (EC, TDS, BOD, DO and pH) for Al-Majar Al-Kabeer
river (downstream) Senario (2)
month Oct Nov Dec Jan Feb Mar Apr | May Jun Jul Aug Sep
par.

EC 1716 | 1617 | 1705 | 1727 | 1485 | 1958 | 1870 | 1595 | 1760 | 1650 | 1650 | 1980
TDS 1078 880 | 1122 1045 1111 880 935 880 935 759 | 1100 880
BOD 5.72 6.49 6.6 6.82 6.71 6.6 6.82 6.93 6.49 7.37 5.72 6.71
DO 6 6 6.8 6.3 6 6.2 5.5 5.7 5.8 5.1 5.1 5.7

pH 8.1 8.2 8.2 8.2 8.2 8.2 8.2 7.8 8.1 8.1 8.1 8

Table (9) Proposed values of (EC, TDS, BOD, DO and pH) for Al-Areed river
(downstream) for Senario (3)
month | Oct | Nov Dec Jan Feb Mar Apr | May | Jun Jul Aug Sep
par.

EC 1980 | 1797.6 | 1786.8 | 1784.4 | 1747.2 | 1759.2 | 1786.8 | 1620 1728 2274 1872 2340
TDS | 1092 1338 | 1202.4 | 1255.2 | 1280.4 1338 | 1291.2 | 1422 | 1315.2 | 1226.4 | 1306.8 | 1063.2
BOD 7.8 6.36 6.24 5.88 5.76 5.64 5.52 | 4.92 4.68 6 5.04 6.96
DO 6 5.0 5.2 5.8 5.0 5.8 5.4 4.8 5.2 5.3 6.1 6

pH 8 7.8 7.9 7.7 7.8 7.9 7.8 8 7.8 7.6 7.8 8
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Table (10) Average values of (EC, TDS, BOD, DO and pH) for Al-Bittera river

(downstream) For Senario (3)

month Oct Nov Dec Jan Feb Mar Apr | May Jun Jul Aug Sep
par.

EC 1800 | 2169.6 2136 | 2108.4 | 2136 | 2196 | 2052 | 2100 | 2244 | 2304 | 2640 | 1920
TDS 1224 1368 | 1371.6 1368 | 1380 | 1374 | 1368 | 1380 | 1440 | 1440 (| 1500 | 1188
BOD 6 4.68 4.68 4.8 4.32 4.8 4.68 4.8 5.4 4.56 4.44 6
DO 5.7 6.5 6 5.8 6 6.5 6.5 5.3 5.1 5.4 5.5 5.4

pH 8 8.1 8.1 8.2 8.1 8.1 8.1 7.9 8.3 8.1 8.1 6

Table (11) Average values of (EC, TDS, BOD, DO and pH) for Al-Majar Al-Kabeer
river (downstream) Scenario (3)
month Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
par.

EC 1872 | 1764 | 1860 | 1884 | 1620 | 2136 | 2040 | 1740 1920 | 1800 | 1800 | 2160
TDS 1176 960 | 1224 | 1140 | 1212 960 | 1020 960 | 1020 828 [ 1200 960
BOD 6.24 7.08 7.2 7.44 7.32 7.2 7.44 7.56 7.08 8.04 6.24 7.32

DO 6 6 6.8 6.3 6 6.2 5.5 5.7 5.8 5.1 5.1 5.7

pH 8.1 8.2 8.2 8.2 8.2 8.2 8.2 7.8 8.1 8.1 8.1 8

Table (12) Optimum Flow Values for (wet, normal and dry years) for Al-Areed, Al-
Bittera and Al-Majar Al-Kabeer rivers (Scenario 1).

Month| Oct | Nov | Dec | Jan | Feb |Mar | Apr | May | Jun | Jul | Aug | Sep

Wet years
Areed | 94 |1 10.6 1208 | 85 | 12.5] 6,5 |21.1 | 23.3 | 23.2] 9.5 |23.5] 12
Bittera | 12.8 | 183 1 16.5] 19.5] 18.2 ] 169 | 30.6 | 43.53 | 24 | 11.2 ] 31 | 14.5
Majar | 14 30 30 | 29 16512591224 ) 302 |29.2]18.9]21.8]19.6
Normal years
Areed | 7 93 |136] 78 | 63 | 108153 ) 102 | 73 | 7.7 | 104 ] 9
Bittera | 11.2 ] 153 | 12.1 ) 103 ]17.6 ] 20.5]28.6] 18.1 | 10.7| 14 | 14.8] 12.3
Majar | 20 20 | 26 | 26 | 20 20 20 21 23 17 22 18
Dry years
Areed | 6.1 | 5.7 | 8.8 5 58 1 7.8 | 9.1 6.1 89 1 89 | 7.2 | 7.8
Bittera | 9.6 | 9.2 | 12.5] 9.7 | 11.5] 8.7 | 10.7| 8.4 9 88 1 99 ] 9.2
Majar | 156 ] 14 | 169 | 12 157144168 ] 12.5 | 151|109 ] 11.7] 12.6
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Table (13) Optimum Flow Values for (wet, normal and dry years) for Al-Areed, Al-
Bittera and Al-Majar Al-Kabeer rivers (Scenario 2).

Month| Oct | Nov | Dec | Jan | Feb |Mar| Apr |May| Jun | Jul | Aug | Sep

Wet years

Areed 6 |125])18.6111.2]111.9] 88 |309 | 94 ]25.1] 24 |16.8] 10.8

Bittera | 16.3 | 41.4 | 40 | 14.8 | 36 | 155]102.8| 17.5]24.5]21.1] 32.8 ] 32.1

Majar | 26.6 | 31.5 | 25.1 1213 21 |252 ] 26.1 | 1481294 ] 19 | 17.9] 32.1

Normal years

Areed | 7.2 | 8.7 9 69 | 82 | 7.7 | 157 | 83 |11.8] 10 | 10.6 | 7.8

Bittera | 11.7 | 13.5 ] 14.6 | 129 | 12.7 | 15 | 31.2 | 22.5 ] 15.4 ] 10.1 9 19

Majar | 17.8 1 22.6 | 17.4 213 | 17.5] 153 ] 20.8 | 22.5 ] 12.5] 149 | 21.8 ] 16.1

Dry years

Areed | 6.1 | 58 | 88 | 6.6 | 59 | 7.1 | 10.7 ] 58 | 82 | 7.5 8 7

Bittera | 8.6 | 9.6 | 13.9] 9.8 | 9.2 8 10.8 | 9.8 9 8 9.5 | 9.6

Majar | 129 ] 12.6 | 186 ] 144|106 | 11.8 ] 19.5 | 11.2 1109 | 11.8] 13.8 ] 11.7

Table (14) Optimum Flow Values for (wet, normal and dry years) for Al-Areed, Al-
Bittera and Al-Majar Al-Kabeer rivers (Scenario 3).

Monthl Oct | Nov | Dec | Jan | Feb |Mar| Apr |May| Jun | Jul | Aug | Sep

Wet years

Areed | 17.2 | 14.6 | 20.7 | 13.6 | 15.7 ] 10 | 282 | 16.5]279] 169|239 | 13.4

Bittera | 21 22 29 | 18.7132.6 193 1823233 ]15.6] 124 ]32.8] 104

Majar | 27.9 1 21.2 { 19.5]31.5]113.6 | 30.6 | 32 | 17.5]19.7] 27 | 26.5] 12.9

Normal years

Areed | 103 1103 | 9.7 | 59 | 73 | 88 | 12.1 | 79 | 113|122 | 13 [ 11.7

Bittera | 8.2 | 185 16.5] 15 | 128 | 16.7|21.8 149 11.9]20.2] 164 ] 14.5

Majar | 23.1 | 16.8 | 16 | 18.7 145 19 |273|17.6]21.2]175] 14 | 18.2

Dry years

Areed 7 55 1 9.6 | 5.8 5 8 10.5] 56 | 84 | 88 | 7.8 | 7.6

Bittera | 9.2 | 1141 13.7] 94 | 11.2| 87 [ 109 | 8.9 9 93 | 95 | 93

Majar | 16 15 1122 11 J143]110.6 ] 155] 11 13 11291128124

Table (15) Minimum Obtained Objective Function Values for all of the Scenarios and

Flow Cases.

Scenario Wet Normal Dry
S1 74.96 77.30 76.19
S2 79.57 78.20 79.82
S3 85.87 76.86 76.88
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Design and Implementation of a Generalized N-Digit Binary-To-Decimal
Converter on an FPGA Seven-Segment Display Using Verilog Hdl

Asst. Lec. Asma Taha Saadoon
University of Baghdad/ Engineering College
Computer Engineering Department
asma_1683@yahoo.com

ABSTRACT

It is often needed to have circuits that can display the decimal representation of a binary number and specifically
in this paper on a 7-segment display. In this paper a circuit that can display the decimal equivalent of an n-bit
binary number is designed and it’s behavior is described using Verilog Hardware Descriptive Language (HDL).
This HDL program is then used to configure an FPGA to implement the designed circuit.

KEYWORDS: binary to decimal converter, FPGA, Verilog HDL, seven segment display, Cyclone II del
board.
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1. INTRODUCTION

In many electronic applications outputs are in
binary form especially circuits designed using
Hardware Descriptive Languages. Most of these
applications displaying the
equivalent of their outputs on for example a seven
segment display. The design of a system that can be
an interface between those outputs and a seven
segment display is necessary, which is the aim of
this work.

require decimal

1.1 Related Work

Altera is a corporation that
programmable semiconductors, it
software tool called Quartus II to reconfigure these
programmable devices. [Altera laboratory exercise,
2006] gives a basic idea of how to display the
decimal equivalent of a 4-bit binary number on a
seven segment display, its details are given in
appendix A at the end of this paper. In addition
[Wan-Fu H., 2011] has implemented a digital clock
being displayed on a seven segment display, it
differs with this paper in the objective but has some
relevance about being both displayed on a seven
segment display.

supplies
provides a

1.2 The Aim Of This Work

The aim of this work is to design a system that
can display the decimal equivalent of any n-bit
binary number on a seven segment display. This
system is designed using Verilog HDL and then is
implemented on an FPGA. In this work the idea in
[Altera laboratory exercise, 2006] is developed to
convert an n-bit binary number to its decimal
equivalent. The complete system of this converter is
explained in block form shown in Fig. 1 and then
each block is designed. Each block is explained by
a truth table and a program code written in verilog
HDL that describes its operation. The complete
system is then written in verilog HDL and then
downloaded on the programmable device (the
FPGA) to implement it.
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This paper is organized as follows, section 2
shows the block diagram of the system, and then
each block in Fig. 1 is explained in detail with its

code written in verilog HDL. In section 3 the
systems behavior is shown including its code in
Verilog HDL. In section 4  hardware
implementation and results are given. The paper is
concluded in section 5.

2. THE PROPOSED SYSTEM BLOCK
DIAGRAM

The complete design is shown in block form in Fig.

1. The block diagram is composed mainly of three

circuits :

1. A circuit that compares between two numbers
and produces an output accordingly, this circuit
is called in this paper the compare circuit. It
can be seen in Fig. 1 that there is compare(1),
compare(2),....,compare(N) this be
explained in the next sections.

2. A circuit that converts it’s input to a value that
is always between (0-9), and hence controls the
seven segment display, this circuit is called in
this paper the convert circuit. Since N-digits
are assumed (N- seven segment displays) so
there will be N-convert circuits.

3. The third circuit takes the output of the convert
circuit and converts it to another code that will
give the right display of the decimal digit on the
seven segment display, this circuit is called in

will

this paper the seg7 display circuit.

A general idea for the block diagram in Fig. 1 is
that the n-bit binary input (in the bottom left)
enters the comparel circuit. The comparel circuit
gives an output that together with the n-bit binary
input enter the convertl circuit. The output of the
convertl circuit then enters the seg7 displayl
circuit. Now the latter controls the first seven
segment display (HEXO0) to give the required digit.
The output of the comparel circuit enters the
compare2 circuit and gives an output that together
with the input to the compare2 circuit enter the
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convert2 circuit. The output of the convert2 circuit
enter the seg7 display2 circuit and controls the
segment display (HEX1). This
operation will be repeated for all digits until the full
decimal number is obtained. In the next sections the
operation of each circuit is explained in detail.

second seven

2.1 The Compare Circuit

The compare circuit has 1 input and 1 output as
shown in Fig. 1. It checks whether its input is
between [0,9]" if not then it checks if it’s between
[10,19] if not then it checks if it’s between [20,29]
and so on, and gives a unique output for each case.
Table 1 shows the truth table of this circuit where
its input has n bits and its output has (n-3) bits. For
example If a 5-bit input is applied to the compare
circuit (as in Table 1) then the output has 2 bits. As
n increases the number of output bits also increases,
for example if n = 6 then the decimal output is
between [0,63]. In this case the compare circuits
output has three bits to show the seven different
cases ( [0-9], [10-19], [20-29]......, [60-63]). The
verilog HDL code describing the compare circuit is
shown in Program code(1).

2.2 The Convert Circuit

The convert circuit has two inputs and one
output, one of the inputs is the n-bit binary number
and the other is the output of the compare circuit.
Table 2 shows the truth table for this circuit also for
a 5-bit input as in the compare circuit. Program
code(2) shows the code describing the convert
circuits behavior written in verilog HDL language.
The convert circuit converts the input to a value that
is always between 0 and 9, that will be displayed on
the seven segment via the seg7_display circuit.

In Table 2 if the n-bit input (x) is 00000, 01010,
10100, or 11110 the output (Y) for all of these

* The [ ] means a closed interval.
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inputs is 00000, the decimal value of this output (y)
is 0 which equals the first digit Dy (first seven
segment display). The second digit D, for the same
mentioned inputs also from Table 2 equals the
decimal value of the second input (z) that is the
output of the compare circuit, so in order to display
D, then z is applied to another compare circuit
(compare?2) and its output will be applied to another
convert circuit (convert2) that will display D, on the
seven segment display (HEX1) via the second
seg7 display circuit (seg7_ display2). The input z
can be thought of as a control variable, let init = 10
(decimal), it can be seen from Table 2 that if z=00
then y = x-0*init, else if z =01 then y = x-init*1,
else if z=10 then y = x-init*2 , else if z= 11 then y
= x-init*3, this is designed using verilog language
by a while loop and making z the control variable as
shown in Program code(2).

2.3 Seg7_display

The seg7 display has one n-bit input and a one
7-bit output. The input to this circuit is the output of
the convert circuit which when applied to the
seg7 display circuit will be decoded to another
code. The seg7 display is designed in verilog HDL
by [Ciletti. M. D., 2005] and the same design is
used in this paper. The seven segment display
shown in Fig. 1 (HEXi, where i =0, 1, 2, ...,N-1)
has 7 light-emitting diodes which illuminate when a
low voltage is applied to them. So by illuminating
the right diodes the required decimal value is
displayed. In Program code(3) the code in verilog
HDL is given [Ciletti. M. D., 2005].
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Table 1 The compare circuit truth table

n-bit input (5- (n-3) Decimal
. output (2- .
bit) bit) equivalent
D, D
b4 b3 bz b] b() C1 Co 1 0
00000 00 00
00001 00 01
00010 00 02
00011 00 03
00100 00 04
01001 00 09
01010 01 10
01011 01 11
01111 01 15
10011 01 19
10100 10 20
11101 10 29
11110 11 30
11111 11 31
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module compare (b,c);
parameter no_bit = n;
parameter comt_sig = (n-3);
parameter comp = 9;
parameter add = 10;

input [no_bit-1:0] b;
output [comt_sig -1:0] c;
reg [ comt_sig -1:0] c;
integer count;

always @ (b) begin

count = 0;

while (b > (comp + count*add)) begin
count = count +1;

end

¢ = count;

end

endmodule

Program code(1) The compare circuit code in

Verilog HDL

module convert (x,z,y);
parameter no_bitl = n;
parameter comtl_sig = (n-3);
parameter init = 10;

input [no_bitl -1:0] x;

input [comt]_sig -1:0]z;
output [no_bitl-1:0] y;

reg [no_bitl-1:0] y;

integer q;

always @ (x , z) begin

q=0;

while (q < (2**comtl _sig)) begin // **
means to the power

if (z==q) begin

y <=X - g*init;

end

q=q+1

end

end

endmodule

Program code(2) The convert circuit code in

Verilog HDL
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Table (2) The convert circuit truth table

n-bit n-bit

. (n-3) .

input (5- input (2 output Decimal

bit) P . Y4¥3 Y2y1 | equivalent
bit)
X4 X3 X7 X Yo Dl DO
71 7
Xo

00000 00 00000 00
00001 00 00001 01
00010 00 00010 02
00011 00 00011 03
00100 00 00100 04
00101 00 00101 05
01001 00 01001 09
01010 01 00000 10
01011 01 00001 11
01111 01 00101 15
10011 01 01001 19
10100 10 00000 20
11101 10 01001 29
11110 11 00000 30
11111 11 00001 31
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module seg7_display (m,n);
input [n-1:0] m;

output [6:0] n;

reg [6:0] n;

parameter blank =7'b 1111111;
parameter zero = 7'b 1000000;
parameter one = 7'b 1111001;
parameter two = 7'b 0100100;
parameter three = 7'b 0110000;
parameter four = 7'b 0011001;
parameter five = 7'b 0010010;
parameter six = 7'b 0000010;
parameter seven = 7'b 1111000;
parameter eight = 7'b 0000000;
parameter nine = 7'b 0010000;
always @ (m) begin

case (m)

: n <= zero;

:n <= one;

:h <=two;

: n <= three;

: n <= four;

1 n <= five;

1 n <= six;

:n <= seven;

:n <= eight;

: n <= nine;

default: n <= blank;

endcase

end

endmodule

O 01NN W~ O

Program code(3) The seg7_display circuit

code in Verilog HDL.
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3. THE PROPOSED SYSTEM HDL

DESIGN

The complete design in verilog HDL for the
block diagram of Fig. 1 is shown in Program
code(4). This code shows four 7-segment displays
(HEXO0, HEX1, HEX2, HEX3), one for each
decimal digit (it can easily be generalized to N
digits).

To understand the binary-to-decimal converter
circuit, take n=5. Observe Fig.1, Table 1 and
Table 2 it can be seen that:

1. If a binary input with n= 5, is applied to

comparel, output ( ¢ ) is as in Table 1.

2. Now this same binary input is applied together

with ( ¢ ) to the convertl circuit, which gives
(y) as in Table 2. Output y is always between
(0-9) so if for example:
The binary input is 15 (01111), the first digit is
5 and the second is 1. In this case ¢ =01, which
means that the binary input is between [10-19].
At the same time y = binary input — 10, y = 15-
10=5. Y is applied to the seg7 displayl that
gives an output of (0010010) to the first 7-
segment display (HEXO0). This bit pattern
illuminates LEDO, LED2, LED3, LEDS5, and
LEDG6 of the (HEXO0) 7-segment display which
in return displays a 5.

3. Now to display the second digit on the second
seven segment display HEXI1, observe the
output (z) in Table 1 it can be seen that it
corresponds to the second digit. So (z) is
applied to compare2 and an output z’ is
obtained. z together with z’ is applied to
convert2 and gives an output y’. y’ is applied
to the seg7 display2 which gives the binary bit
pattern that illuminates the correct LEDs that
shows the decimal value (in this example it
shows a 1).

4. The same is repeated as is shown in the block
diagram of Fig. 1 to display all digits on all
displays.
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4. HARDWARE IMPLEMENTATION

AND RESULTS

The convert b to d (program code(4)) is
written in verilog HDL using Quartus II software
tool version 7.2 [Altera
manual, 2011]. Program code(4) is downloaded on
an FPGA (Cyclone I EP2C20F484C7) [Cyclone II,
User Guide], and the flow summary of the

software installation

compilation report is shown in Table 3 and Table
4 (this flow summary is if the number of input
binary bits is 10, which is the maximum number for
this FPGA kit). Table 3 and 4 show that only 206
logic elements (1%) are used, which means that a
very small part of the FPGA kit is reconfigured to
implement this system.

In Fig. 2 the cyclone II EP2C20F484C7 starter
development board is shown with the seven
segment display and the toggle switches (SW)
[Cyclone II, Reference manual]. In the figure the
toggle (SW  (SWy, SWy, ....SWy))
represent the binary input and the seven segment
display represent their decimal equivalent. When

switches

the toggle switches position is down (up)” then the
input is logic “0” (“1”).

* Down (up) is the bottom (top) of the page.
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module convert b to d (sw,
hex0,hex1,hex2,hex3);
parameter bit_input = n;
parameter comp_out = n-3;
input [bit_input -1:0] sw;
output [6:0] Hex0, Hex1, Hex2, Hex3;
/I array of wires ( 4 is the number of
digits) in general N.
wire [bit_input-1:0] kwire [4:0];
wire [comp_out-1:0] owire [3:0];
wire [bit_input-1:0] kowire [3:0];
wire [6:0] hex [3:0];
// module loop using generate
genvar i;
generate for (1=0;1<4;1=1i+1)
begin: inst
assign kwire[0]=sw;
compare compare i (kwire[i], kowire[i] );
convert convert i (kwire[i],
kowire[i],owire[i]);
seg7 display seg7 display i
(owire[i],hex[i]);
assign kwire[i+1]=kowire[i];
end
assign hex0=hex[0];
assign hex1=hex[1];
assign hex2=hex[2];
assign hex3=hex[3];
endgenerate
endmodule

Program code(4) The convert b_to_d system

code in Verilog HDL

Volume 19 march 2013

337

Journal of Engineering

Table (3) The compilation flow

Compilation Flow Status | Successful
Quartus II Version 7.2 Build 151
09/26/2007 SJ

Revision Name

convert b to d

Top-level Entity Name

convert b to d

Family Cyclone II
Device EP2C20F484C7
Timing Models Final

Met timing requirements Yes

Total logic elements

206/ 18,752 (1 %)

Total combinational
functions

206/ 18,752 (1 %)

Dedicated logic registers

0/18,752(0%)

Total registers

0

Total pins 38/315(12%)

Total virtual pins 0

Total memory bits 0/239,616(0%)

Embedded Multiplier 9-bit | 0/52 (0 %)

elements

Total PLLs 0/4(0%)
Table (4) The Analysis and synthesis

Analysis & Synthesis Status Successful

Quartus II Version 7.2 Build 151

09/26/2007 SJ

Revision Name convert b to d

Top-level Entity Name convert b to d

Family Cyclone II

Total logic elements 206

Total combinational 206

functions

Dedicated logic registers 0

Total registers 0

Total pins 38

Total virtual pins 0

Total memory bits 0

Embedded Multiplier 9-bit 0

elements

Total PLLs 0
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5. CONCLUSION

In this paper a binary-to-decimal converter is
designed and implemented on an FPGA. This
design can be used for any number of input binary
bits, which can be made directly by changing only
the number of input bits in the code and increasing
the number of digits that will display the decimal
number. Table 3, and 4 show that a small part of the
FPGA is reconfigured to implement this system,
and since this system is used mainly as an interface
between any electronic circuit implemented on an
FPGA and a seven segment display then the small
size is a good feature.
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LIST OF ABBREVIATIONS:

FPGA: Field Programmable Gate Array.
HDL: Hardware Descriptive Language.
LED: Light Emitting Diode.

APPENDIX A

You are to design a circuit that converts a four-bit
binary number V = v3v2vlv0 into its two-digit
decimal equivalent D = d1d0. Table A1 shows the
required output values. A partial design of this
circuit is given in Fig. A1l. It includes a comparator
that checks when the value of V is greater than 9,
and uses the output of this comparator in the control
of the 7-segment displays. You are to complete the
design of this circuit by creating a Verilog module
which includes the comparator, multiplexers, and
circuit A (do not include circuit B or the 7-segment
decoder at this point). Your Verilog module should
have the four-bit input V , the four-bit output M and
the output z.

Table A1 Binary-to-decimal conversion values

Binary value Decimal Digit
0000 00
0001 0 1
0010 0 2
1001 09
1010 10
1011 11
1100 1 2
1101 13
1110 1 4
1111 15
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ABSTRACT

As the temperature of combustion gases is higher than the melting temperature of the turbine materials,
cooling of turbine parts in a gas turbine engine is necessary for safe operation. Cooling methods investigated
in this computational study included cooling flow losses. Film-cooling is one typically used cooling method

whereby coolant is supplied through holes passage, in present study the holes placed along the camber line of
the blade.

The subject of this paper is to evaluate the heat transfer that occur on the holes of blade through different
blowing coolant rates. The cases of this study were performed in a low speed wind tunnel with two tip gap at
small and large (0.03 and 0.09cm) and multiple coolant flow rates through the film-cooling holes. The
blowing ratios was studied whereby coolant was injected from holes placed along the tip of a large scale
blade model with Reynolds number (2.1 x 10°) of the engine was matched. Results showed that baseline
Nusselt numbers on the holes were reduced along the holes passage, and heat transfer coefficient is high

values at iterance region. Overall, the cooling by holes appears to be a feasible method for prolonging blade
life.

KEYWORDS: heat and mass transfer, gas turbine cooling

-

sdaddl
sl ma 8 sl el sal 258 sl Galae G B0 da 0 e AL Alle ¢ 5S5 GB1AY) e Bl s A0

i U5k e ol o Zlall Al 2l 8 el O3 G e 258 e of Cam A sl 350l 5ok sl s (film-cooling)

sl A )Y (camber) —aaaiiall

ggk.;o\_u;‘;sQ)';jiii.u.bal\U_a‘yt;jﬁqﬂ@d%m&@)}\g._:}ﬁds\q&mgﬂ\b\);j\d&mgm}s&g\\'msg_q'ms

-cooling) bl 3l i ss JIA e 2l aile Cas GO aa (a0 0.09 50.03) BnS 5 3 a dadll (5 528 xa (S sel) a3l 3
gasell € (ulie pe dalll Jsha o o Al Gl e sy 3 2,0l @ile gls A 0 Blowing Ratios 4wl & (film

JUl Jalaa s e @il Joha Ao J8 il A il Hl8 ) e g il gena 60 (52 ol (2.1% 107) Asiny o) ae Al
Al jee ALY AaiDle 48y Hh ool culaial) o g 3 il e gae J Al ddhaie die Alle Aad 53 S5l Al

342



Dr. Ahmed F. Khudheyer
Hussein T. Dhaiban

INTRODUCTION

Gas turbine engines are widely used to
power aircraft because they are light and compact
and have a high power to-weight ratio. One way
to increase power and efficiency of gas turbines is

by increasing turbine-operating temperatures. The
motivation behind this is that higher temperature
gases yield higher energy potential. However, the
components along the hot gas path experience
high thermal loading, which can cause distress.
The HPT (High Pressure Turbine) first stage blade
is one component that is extremely vulnerable to
the hot gas.

The two main objectives of blade design
engineers are (1) to reduce the leakage flow either
by reducing the tip gap or by implementing a
more effective tip leakage sealing mechanism and
(2) to cool the blade tips with the least possible
usage of cooling fluid, Bunker, (2002).

The degree of cooling which may be
achieved is dependent upon a number of factors,
chief among which are (a) the temperature
difference between the main gas stream and the
inlet cooling air and (b) the 'conductance ratio',
this being defined as the ratio of the heat input to
the blade per unit temperature difference between
gas stream and blade to the heat passed to the
cooling air per unit temperature difference
between blade and cooling air, Nasir et al. (2003).

Clearly to achieve a high degree of
cooling the lowest possible value of conductance
ratio is required in conjunction with the largest
possible temperature difference between gas
stream and cooling air. The heat input to the blade
per unit temperature difference between gas
stream and blade is the product of the average
gas-to-blade heat transfer coefficient and the
external surface area, and this in turn is dependent
upon the blade shape, gas flow incidence, gas
flow Reynolds number, gas Prandtl number, and
to a lesser extent upon the ratio of gas temperature
to blade temperature, and also gas stream Mach
number, Jonas (2002).

The cooling air is forced through a porous
blade wall. This method is by far the most
economical in cooling air, because not only it
remove heat from the wall more uniformly, but
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the effusion layer of air insulates the outer surface
from the hot gas stream and so reduces the rate of
heat transfer to the blade, Cohen (1987).

Gas turbine blades usually have a gap
between the blade tip and the stationary casing or
the shroud surface known as tip gap. This
clearance gap is necessary to allow for the blade’s
mechanical and thermal growth. The leakage flow
(flow through the tip gap) results in a reduction in
the blade force, the work done and therefore the
efficiency. Fig. (1) shows the gap between the
blade and shroud, Allen and Kofskey (1955).

Allen and Kofskey (1955) performed
some visualization tests to see what these
secondary flows looked like. Additionally, they
also studied the effect of ejecting flow from the
turbine tips on the shape of the secondary flows.
At the time of these tests, engine temperatures
were not so high as to require cooling of the
turbine blades for operation but they noted that,
"turbine blade cooling may become an engine
requisite. The turbine rotor blade cooling method
of passing cooling air through hollow blades and
discharging it at the blade tip may be one of the
most feasible methods of changing the secondary-
flow pattern".

Yang et al. (2004) predicted film cooling
effectiveness and heat transfer coefficient for
three types of film-hole arrangements: 1) the holes
located on the mid-camber line of the tips, 2) the
holes located upstream of the tip leakage flow and
high heat transfer region, 3) combined
arrangements of camber and upstream holes. They
found that upstream film hole arrangements
provided better film cooling performance than
camber arrangements.

Acharya et al. (2003) indicated that film
cooling injection lowered the local pressure ratio
and altered the nature of the leakage vortex. High
film-adiabatic effectiveness and low heat transfer
coefficients were predicted along the coolant
trajectory with the lateral spreading of the coolant
jets being quite small for all cases. With an
increased tip gap the coolant was able to provide
better = downstream  effectiveness  through
increased mixing. For the smallest tip gap, the
coolant was shown to impinge directly on the
surface of the shroud leading to high film
effectiveness at the impingement point. As the
gap size increased, their predictions indicated that
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the coolant jets were unable to penetrate to the
shroud.

Nasir et al. (2003) found that a single
squealer on the suction side performed the test.
The performance of different recessed tip
geometries were investigated and compared with
plane tip performance. A transient liquid crystal
technique was employed to measure detailed heat
transfer coefficient distributions. Coolant injection
from holes located on the blade tip, near the tip
along the pressure side and combination cases
were also investigated. Experiments were
performed for plane tip and squealer tip for
different coolant to mainstream blowing ratios of
1.0, 2.0, and 3.0. A transient infrared (IR)
thermography  technique = was used to
simultaneously measure heat transfer coefficient
and film cooling effectiveness. He shows the tip
injection reduced heat transfer coefficient on the
blade tip and an increase in blowing ratio caused a
decrease in heat transfer coefficient for both plane
and squealer tip blade.

Christophel et al. (2004) evaluated the
adiabatic effectiveness levels that occur on the
blade tip through blowing coolant from holes
placed near the tip of a blade along the pressure
side. Also present were dirt purge holes on the
blade tip, which is part of a commonly used blade
design to expel any large particles present in the
coolant stream. Experiments were conducted in a
linear cascade with a scaled-up turbine blade,
from these tests indicated that the performance of
cooling holes placed along the pressure side tip
was better for a small tip gap than for a large tip
gap. Disregarding the area cooled by the dirt
purge holes, for a small tip gap the cooling holes
provided relatively good coverage. For all of the
cases considered, the cooling pattern was quite
streaky in nature, indicating very little spreading
of the jets. As the blowing ratio was increased for
the small tip gap, there was an increase in the
local effectiveness levels resulting in higher
maxima and minima of effectiveness along the
middle of the blade.

Hohlfeld et al. (2003) investigated in this
computational study included cooling flow losses
and microcircuit channels. This study evaluated
the benefit of external film-cooling flow
exhausted from strategically placed microcircuits.
Along the blade tip, predictions showed mid-
chord cooling was independent of the blowing
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from microcircuit exits. The formation of a
pressure side vortex was found to develop for
most microcircuit film-cooling cases. Significant
leading edge cooling was obtained from coolant
exiting from dirt purge holes with a small tip gap
while little cooling was seen with a large tip gap.

Couch (2003) studied examinations of a
novel cooling technique called a microcircuit,
which combines internal convection and pressure
side injection on a turbine blade tip. Holes on the
tip called dirt purge holes expel dirt from the
blade, so other holes are not clogged. Wind tunnel
tests were used to observe how effectively dirt
purge and microcircuit designs cool the tip. Tip
gap size and blowing ratio are varied for different
tip cooling configurations. Results show that the
dirt purge holes provide significant film cooling
on the leading edge with a small tip gap. Coolant
injected from these holes impacts the shroud and
floods the tip gap reducing tip leakage flow. Also,
results suggest that blowing from the microcircuit
diminishes the tip leakage vortex.

The objectives of the work presented in
this paper are to present the benefits of heat
transfer of a holes using coolant exhausted from
holes to tip at different blowing ratio.

NUMERICAL ANALYSIS

The basic equations that describe the flow
and heat are conservation of mass, momentum
and energy equations. These equations describe
two-dimensional, turbulent and incompressible
flow takes which the following forms: (Arnal,
M.P,1982):

The assumptions that used for the instantaneous
equation are:-

1- Steady, two-dimensional, incompressible
flow, single phase flow, shock free, inviscous,
no slip, irrotational.

2- The fluid is Newtonian.

3- Cylindrical coordinate for flow in cooling
passages.

(i) Conservation of Mass

% (pu) +%;;r (pr)=0 (1)

(ii) Momentum Equations

u-momentum (z-direction)
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The turbulence model utilized in this analysis is
the two equation k-Epsilon model. This model is
utilized for its proven accuracy in turbine blade
analysis and for its applicability to confined fluid
flow. ( k- €) Turbulence Model is one of the most
widely used turbulence models is the two-
equation model of kinetic energy (k) and its
dissipation rate (g). The turbulence according to
Launder and Spalding (1972) is assumed to be
characterized by its kinetic energy and dissipation
rate (g€), where

(i) Turbulence Energy, k

108 )+ 2 (o) 1= S (ke Ky 4 2
1'[62;f”m)+6r(pm;‘)] 1'[62{”_' 62)+6r
(T*— +G-pe

(ii) Energy Dissipation Rate, &

0 i) ds
[ (o) + = (prve) | = [ (0T 25 ) (T
de £ ¢’
a)]“-lg(]‘fzp[ (6)
where
G=p 2UCH2+ )2+ (21 + (5 + 2
+ S (7)
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given by (Ideriah, F. J. K.,1975)

2 du av 2
SG_ 3 He dz ar 3 pk ar

(8)

The values of the empirical constant used here are
given in Table (1). (Launder and Spalding,1974) [11].

The governing equations (1),(2),(3),(4),(5) and
(6) can be write in one general form as shown below:

La(prvs) d, .08, 18 ;00
e ey Ema [ N
iz roodr 62( iz r ﬁ'r( ﬁr) !

(10)

where :-

() is any dependent variable.
(I'?) is any exchange coefficient of o.

(S,) is the source term of o.

The transform equation (10) from physical
domain to computational domain, and that lead to
obtained the transformation of the governing equations

as follows:-
a do
+— (F*’jc— )
in an

(11

0 (a2 o= 2 (rop, 20
E(P@GU o (peGa) . (r]ﬂag.)

+8 total

where:-

G, and G, are the contravariant velocities
or the mass flow rates in the { and m direction
respectively. Also (a, b and c) are the
transformation coefficient to computational
domain and S, is the total source terms.

The governing equations are integrated
over each control volume (C.V.) with each its
neighbor nodes. This discretization of the steady,
2-D governing equations is done by using finite
volume method with collocated grid arrangement
by using the upwind differencing scheme. Also
discretization the terms of source term to give the
solving the governing equations.
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After solving the momentum equation,
the velocity field obtained does not guarantee the
conservation of mass unless the pressure field is
correct, therefore, the velocity component (u, v),
(G1,Gy), pressure must be corrected according to
the continuity equation, (Karki and Patankar,
1989)!1,

In the present work, the (SIMPLE)
algorithm (Semi-Implicit Method for Pressure

o)

Linked Equation) is used to couple the pressure
and velocity as in (Veresteeg & Malalasekera,
1995). This method is done by solving the
momentum equations using the guessed pressure
field to obtain the velocity then, the velocity field
that obtained satisfies the momentum equations,
then the velocity and pressure are corrected
because the velocity field violates the conservation
of mass.

Also. 1= /JC#I(Z /e

GEOMETRY OF FLOW AND BOUNDARY

CONDITIONS

A Three-dimensional blade profile was
created for these low speed. The scaling and
design of blade profile and duct are discussed in
Hohlfeld (2003). Table (2) lists the run conditions
and input to the numerical simulations. The
boundary condition on a blade surface assumes
zero relative velocity between the blade surface
and the shroud. All walls were adiabatic for
adiabatic effectiveness cases. The main inlet was
specified as a constant velocity inlet at 11.3 m/s.
The inlet temperature in the duct (T,) is 750 LIC
(taken from al-Dorah power station), the
temperature that is used in cooling (T.) take at 27
[JC and the pressure that used at atmosphere
condition. The cooling holes locations is shown in
Tables (3). The coordinate system was adjusted so
that no coordinates are negative.

COMPUTATIONAL METHOLOGY

Computational fluid dynamics (CFD)
simulation is performed to analyze the heat
transfer in holes. A commercially available CFD
code, Fluent 6.3.26 (2009) was used to perform all
simulations. Fluent is a pressure based flow solver
that can be used with structured or unstructured
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grids. An unstructured grid was used for the study
presented in this paper. Solutions were obtained
by numerically solving the Navier-Stokes and
energy equation through a control volume
technique. All geometric construction and
meshing were performed with GAMBIT 2.4.6.

To ensure a high quality mesh, the flow
passage was divided into multiple volumes, which
allowed for more control during meshing. The tip
gap region was of primary concern and was
composed entirely of tetrahedral cells. Inlet
conditions to the model were set as a uniform inlet
velocity at approximately one chord upstream of
the blade. Fig. (2) shows the mesh of the test rig.
An inlet mass flow boundary condition was
imposed for the coolant at the plenum entrance for
the cooling holes. The mesh contained
approximately 20 grid points across the hole exit.
Mainstream flow angles were set to those of the
experiments as well as the scaled values for the
engine while the turbulence intensity and mixing
length were set to 4.3% and 0.3 m, respectively.

To allow for reasonable computational
times, all computations were performed using the
RNG k-¢ turbulence model with non-equilibrium
wall functions whereby the near wall region was
resolved to y* values ranging between 30 and 60.
Mesh insensitivity was confirmed through several
grid adaption based on viscous wall values,
velocity gradients, and temperature gradients.
Typical mesh sizes were composed of 4.8 million
cells with 40% of the cells in and around the tip
gap region. Typical computations required 2000
iterations for convergence.

HEAT TRANSFER CALCULATION

In the present study, the numerically
measured mass flow rates and air exit
temperatures for all cooling passages where used
to calculate the total heat transfer is:

Q= U Cp(Te—T ) (12)

where Tj, is the cold temperature, T, is the exit
temperature from hole passage.

After that comparison is made between
total heat transfer and heat transfer by convection
in holes to find local heat transfer coefficient,
which will be used to calculate local Nusselt
number for different walls of the holes passages.
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Fe

Ny, =—

o

(13)

where h, is the local heat transfer coefficient, d is
the diameter of pipe.

Next the average heat transfer coefficient
for the cold side is found by averaging the heat
transfer coefficients predicted by Dittus-Boelter
correlation for each hole:

Nu =0.023 (Re pipe)" (Pr)° (14)

where n=0.8, s= 0.4 (heating flow)

The summery of present study is presented in
Table (4)

RESULS AND DISCUSSION

Results are shown for cases with a
baseline flat tip and coolant injection at a small
and large tip gap (0.03 and 0.09 cm) respectively.
Blowing ratio is the ratio between velocity at
mainstream condition to velocity at cooling
condition at constant density ( BR= U,/U,). In
present study, the blowing ratios of 0.5%, 1%,
1.5% and 2% are studied.

Fig. (3) shows the pressure distribution
around the blade at midspan for small tip gap in
suction and pressure side with the pressure non-
dimensionalized by the inlet pressure conditions
and given in C, parameters. Also this results
comparison with experimental and computational
data for Christophel et al (2004). When the air
approaching the leading edge of a blade is first
slowed down, it then speeds up again as it passes
over or beneath the blade. As the velocity
changes, so does the dynamic pressure and static
pressure according to Bernoulli's principle. Air
near the stagnation point has slowed down, and
thus the static pressure in this region is higher
than the inlet static pressure to main duct. Air that
is passing above and below the blade, and thus
has speeded up to a value higher than the main
inlet path velocity, will produce static pressures
that are lower than inlet static pressure. At a point
near maximum thickness, maximum velocity and
minimum static pressure will occur. Also this

figure shows a good agreement with the
experimental and computational data for
Christophel et al..
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Fig. (4) indicates the wall temperature distribution
of the air flow through the holes passages and
relation with the dimensionless distance of span
(z/s). This figure shows hole 10 is at high
temperature because the small distance between
the suction and pressure side and high temperature
at this region, also shows the hole 1 is high wall
temperature because the effect of mainstream flow
is high at leading edge region. Additionally, this
figure shows the low temperature at hole 3 and
hole 4 because maximum distance between
suction and pressure and the high temperature at
the surface does not affect largely on these holes.
From Fig. (4), the wall temperature has minimum
values (temperature of air) at zero dimensional
horizontal z (at entrance region), and maximum
values at the end of dimensional distance because
of the mixing between cooled and high
temperature, also shows stability in temperatures
at mid of holes from (z/s=0.2 to z/s=0.8).

Fig. (5) shows the laterally averaged
adiabatic effectiveness for small tip gap of the air
flow through the holes passages and shows the
relation between effectiveness and dimensionless
distance of span (z/s). The effectiveness at zero
dimensional is high value because the start of
cooling happens, but at end of dimensionless
distance (z/s) has low effectiveness because of
mixing the cooled flow with hot mainstream.
Additionally, this figure shows hole 10 has low
effectiveness and hole 4 has high effectiveness.

Fig. (6) indicates the local heat transfer
coefficient (h) in holes passages with small tip
gap, and the relation between (h) and
dimensionless distance of span (z/s). This figure
shows the local heat transfer coefficient is stable
at large range of dimension from (0.2 to 0.8), and
decreases at the end of dimensionless distance
(z/s), because the large temperature difference
between the flow and wall. Additionally heat
transfer coefficient at zero dimensionless (z/s) is
very large because of low temperature difference
between the surface and main temperature of the
flow pipe.

Fig. (7) indicates the local Nusselt
number distribution at the holes passages and
relation with the dimensionless distance of span
(z/s). This figure shows high value of Nusselt
number in the region before (z/s=0.2) because of
high value of local heat transfer coefficient and
low value of temperature difference between the
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pipe surface and flow inside it, it also shows
stable values for the range of (0.2<z/s<0.8) and
decrease at the end of dimensionless. Also, hole 1
and hole 10 have minimum Nusselt number and
hole 4 has maximum Nusselt number. Also Fig.
(8) shows the dimensionless Nusselt number
relates with dimensionless distance of span (z/s) at
small tip gap, when the dimensionless Nusselt is
calculated by dividing local Nusselt number to
average Nusselt number from Dittus-Boelter
correlation. Results show the dimensionless
Nusselt number has the same behavior of Fig. (6).

Fig. (9) indicates the average Nusselt
number in all holes related with dimensionless
distance of span. Twenty points from each
segment are chosen and the average point in all
hole is found, the equation representing Nusselt
number using polynomial with ten degrees of
curve fitting which is applied by Tecplot software
computer program for drawings. This figure
shows high value of Nusselt number at enterance
region of dimensionless and low value at the end
of diamensionless and shows the Nusselt is nearly
stable at mid for the range of (0.2<z/s<0.8) at
fully developed region.

All figures take at small tip gap with blowing ratio at
(1%), but in large tip gap is not different large in small
tip gap only at exit of holes or at end of dimensionless
when high temperature at this region because high
leakage flow enter that mean high hot mainstream is
entered to this region of mixing.

Fig. (10) indicates the relation between
dimensionless  Nusselt number with the
dimensionless distance of span (z/s) at different
blowing ratios of small tip gap at hole 1. Hole 1 is
the hot hole between all holes of blade. This
figure shows low dimensionless Nusselt number
at low blowing ratio and this value increases with
increasing the blowing ratio, but that is limited,
dimensionless Nusselt number of blowing ratio at
2% 1is lowest value of dimensionless Nusselt
number of blowing ratio of 1.5%. When talk
about small tip gap the coolant flow that exit from
hole 1 at different blowing ratio is impact at
shroud and mixed with the leakage flow and this
mixing is not affected of high blowing ratio at 2%
because when the velocity of hole passage
increases, it impacts the shroud and some of the
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flow will be dissipated, therefore any increasing in
coolant flow is dissipated also.

Fig. (11) indicates the relation between
dimensionless  Nusselt number with the
dimensionless distance of span (z/s) at different
blowing ratios of small tip gap at hole 4. Hole 4 is
the cold hole between all holes of blade. This
figure shows that the Nusselt number is decreased
along the hole which is verified with the
temperature distribution behaviors, and shows low
dimensionless Nusselt number at low blowing
ratio at 0.5% and this value increases with
increasing the blowing ratio to 1%, but that is
limited also, dimensionless Nusselt number of
high blowing ratios at 1.5% and 2% are lowest
values of dimensionless Nusselt number of low
blowing ratios at 0.5% and 1%, because the
coolant flow impacts the shroud and makes the
flow inside pipe slow, and notes the coolant flow
is poor mixed with the leakage flow, therefore that
makes the high blowing ratio decrease.

CONCLUSION

From the results, it can be concluded that
the heat transfer can reach the max value at the
hole of the number 4 (at maximum distance of
blade) and min value at the hole of numbers 1
(when flow was impact at the blade at leading
edge) and 10 (at minimum distance at trailing
edge) [the number of holes shows in Fig.(2-b)].
Heat transfer coefficient is high values at entrance
regions. Results showed that baseline Nusselt
numbers on the holes were reduced along the
holes. The cooling of blade increases as the
amount of blowing ratio increases but that is
limited because the flow will be dissipated.
Finally, the pressure coefficient distribution is
same in engine when compared with experimental
data of Christophel et al. (2004).
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Nomenclature

Symbol

En

aw

-::OSI:

= o o

C.F.D
SIMPLE

Description
Coefficient of the discretized equation, area
Axial chord of the blade
Chord of the blade

Contravariant velocity in &1, respectively
Jacobian of coordinates transformation
Pressure

Reynolds Number (Re=pUD/p)

Nusselt number (hd/k)

Span length

Source term of [

Temperature

Velocity component in 1, z respectively
Velocity at mainstream conditions
Velocity at cooling condition

Blowing ratio( U,/ U,)

Static pressure

Temperature of hot gases

Temperature of cooling air

Temperature at inlet condition

Velocity component in x ,y coordinate direction respectively
Cylindrical coordinate

Subscript
Partial derivative in the computational plane
Adiabatic wall
Superscript
Coolant conditions
Mainstream conditions
Greek Letters

Dependent variable

Adiabatic effectiveness , 1 = (Tiy-Taw)/(Tin-T¢)
(P — P05 p UZ)

Density

Rate of dissipation of kinetic energy
Dynamic viscosity

Abbreviation
Computational Fluid Dynamics
Semi-Implicit Method for Pressure Linked Equation
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Dimension
m?
m
m

m/s

pa

N/m*
0cC
0cC
ocC

m/s

kg

N.n
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Table (2) Special design of geometry and flow condition of the blade from Hohlfeld (2003).

Parameter Value
Scaling Factor 12X
Axial Chord, By 35 cm
True Chord, C 53 cm
Pitch, P 43 cm
Span, S 55.2 cm
Re 2.1E+05
Inlet Angle, 0 16.5
Blade Angle, [ 500
Small tip gap, h 0.03 cm
Large tip gap, H 0.09 cm

Table (3) Holes locations.

Holes X(cm) Y(cm) | Diameter(cm)
1 3.43 40.5 0.7
2 6.86 40.43 0.7
3 10.3 39.5 0.7
4 13.7 37.68 0.6
5 17.15 3491 0.6
6 20.3 31.48 0.6
7 232 27.15 0.6
8 26.02 21.857 0.6
9 28.45 16.802 0.6
10 30.88 10.66 0.6
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Table (4) Summery of present study

Governing equations

Continuity, Navair-Stokes, Energy, Turbulent Kinetic
Energy and dissipation rate

Coordinates

Non-Orthogonal body fitted coordinate system

Assumptions

Perfect gas, steady, incompressible, single phase, shock
free, turbulent

Grid generation

Algebraic equations

Transformation from physical to
computational domain

Jacopian

General form of discretization

Finite volume

Grid arrangement Collocated
Convective Schemes Upwind
Pressure-velocity coupling SIMLPE algorithm
Matrix solution method TDME

Boundary condition

1. No-slip condition was applied to the shroud and all blade
surfaces.

2. All walls were adiabatic for adiabatic effectiveness
cases, and for heat transfer coefficient cases only the tip or
tip and shelf were changed to have constant heat flux
conditions.

3. The main inlet was specified as a constant velocity inlet
at11.3 m/s .

Cleatance gap Blade tip
Leakage flow
Blade
Suction side Pressure side
/_\ Direction of rotation
e .

Fig. (1) Conceptual view of the leakage flow through the clearance gap.
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Fig. (2) Shows the mesh at (a) duct, (b) blade, (c) holes, (d) boundary layer
around the holes and (e) point at holes edge.
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Fig. (3) Predicted static pressure distributions at suction and pressure side for (a)
computational of present study, (b) experimental and computational from
Christophel et al (2004).
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Fig. (4) The wall temperature distribution through the length of holes in small tip gap.
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Fig. (6) Local heat transfer coefficient alone the holes at small tip gap.
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Fig. (8) The Relation between dimensionless Nusselt number and distance of
span at different holes of blade.
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35 |- 22.593190373882- |1
il 27.197597391923 |2
o il 37.818425288480 |3
0 [\ 47.735443350674- | 4
T 257_\ 53.153651557898 |5
s O\ 57.322910434303- |6
- 61.035228374508 |7
20 - \ 58.821576087699- |8
3 - — . 54.168123534584 |9
15 |- - 48.391007002910- |10

10; \

N [ B TR |

o 0.25 0.5 0.75 1

z/s

Fig. (9) Nusselt number average in all holes for small tip gap with blowing ratio
(1%).
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Fig. (10) The Relation between dimensionless Nusselt number and distance
of span at different blowing ratio of hole 1.
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Fig. (11) The Relation between dimensionless nusselt number and distance
of span at different blowing ratio of hole 4.
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ABSTRACT

The present work describes the development of code for trim and longitudinal stability analysis of a
helicopter in forward flight. In general, particular use of these codes can be made for parametric
investigation of the effects of the external and internal systems integrated to UH-60 helicopters.

A forward flight longitudinal dynamic stability code is also developed in the work to solve the
longitudinal part of the whole coupled matrix of equations of motion of a helicopter in forward flight. The
coupling is eliminated by linearization. The trim analysis results are used as inputs to the dynamic stability
code. The forward flight stability code is applied to UH-60 helicopter.

Keywords: Helicopter, UH-60, forward flight, hover, longitudinal, trim, dynamic stability
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INTRODUCTION

A helicopter is an aircraft that uses and dynamic stability characteristics of rotorcraft.
rotating wings to provide lift, control, and
forward, backward and sideward propulsion. Many of these codes interface with each
Because of the rotating parts, it has much more other. One really much needed and extensively
capability of maneuvering, while having used feature that can be benefited from such codes
restrictions on high speeds and high altitudes. during an aerodynamic analysis phase is the
Unlike aircraft, the helicopter has the possibilities ability to link to some routines through which the
of vertical landing and takeoff, low speed flight, trim parameters such as the main rotor tip path
hover and safe autorotation. For these reasons, plane (TPP) angle, collective angle, longitudinal
helicopters are used in low-altitude; small range and lateral cyclic angles, etc. can be acquired and
combat and search-and-rescue purposes as well as
pleasure travels. Although there are some placed very conveniently in hundreds of input
commercial computational fluid dynamics (CFD) files read in by the acrodynamic analysis codes,
programs which may readily be used for such as VSAERO and USAERO. Trim of a
helicopter aerodynamic analyses, there are not helicopter is the situation in which all the forces,
many off-the-shelf programs for analyzing trim inertial and gravitational, as well as the overall

moment vectors are in balance in the three
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mutually perpendicular axes. Stability is the
tendency of a trimmed aircraft to return to the
trim condition after a disturbance is applied.
Static stability analyzes the initial tendency, while
the dynamic stability considers the subsequent
motion in time. The aircraft is said to be stable if
it returns to equilibrium, and unstable if diverges.
The case in which the aircraft has no change in
motion is called neutral stability. The motion can
be oscillatory or non-oscillatory. Although a full
model should be used if a comprehensive
helicopter dynamic stability analysis is to be
performed, it is possible to look at a partial
analysis using engineering judgments.
Longitudinal and lateral dynamic stability can be
differentiated. Also, since the transition from
hover to a low-speed forward flight (e.g. 30
knots) is continuous, the hover and forward flight
cases can be analyzed separately. The objective of
linked together and used for helicopter trim and
dynamic stability analyses. The mathematical
development behind all these codes includes
many simplifications and assumptions, which are
explained in this work.

FORCES AND MOMENTS ACTING ON

A HELICOPTER IN FLIGHT
The helicopters come in many sizes and
shapes, but most share the same major

components. The main rotor is the main airfoil
surface that produces lift. The main rotor is the
main control mechanism. A helicopter can have a
single main rotor, two rotors can be mounted
coaxially or they can be in tandem configuration.
The main rotor provides the speed and
maneuvering controls, as well as the lift needed
for the helicopter to fly. The tail rotor is required
from the torque effect produced by spinning the
main rotor. The rotors are driven through a
transmission system by one or two engines,
generally being gas turbine engines. The
horizontal stabilator serves as a wing which
produces lift and helps stabilizing the helicopter
in forward direction. The vertical stabilizer
generally has a wing-like geometry which
produces side force and helps stabilizing the
helicopter in lateral directions. The forces and
moments acting on a helicopter in trim position
are shown. In the figure (1), the vertical stabilizer
side force is given as Yy, in ideal case it is not
directed straight to the side and has an angle, but
for simplicity purposes it is shown as directed to
(-)Y-axis. It is assumed that the tail rotor has no
incidence and its thrust vector is given as T1. The
drag forces on all of the components of the
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helicopter are shown as one vector D, which is
directed to (—) X-direction for simplicity purposes
again. The lift and pitching moment vectors L and
M , stand for the lift and pitching moment
produced by the fuselage and the horizontal
stabilizer, as well as the wings if exist. Gross
weight is shown as W. The torque vector
produced by the main rotor which is rotating
counter-clockwise is shown in order to state the
anti-torque effect of the tail rotor.

HELICOPTER ROTOR SYSTEM

There are four primary types of rotor
systems: articulated, teetering, semi-rigid and
hingeless. The articulated rotor system first
appeared on the autogyros of the 1920s and is the
oldest and most widely used type of rotor system.
The rotor blades in this type of system can move
in three ways as it turns around the rotor hub and
each blade can move independently of the others.
They can move up and down (flapping), back and
forth in the horizontal plane, and can change in
the pitch angle (the tilt of the blade) as shown in
figure (2). In the semi-rigid rotor system, the
blades are attached rigidly to the hub but the hub
itself can tilt in any direction about the top of the
mast. This system generally appears on
helicopters with two rotor blades figure (3). The
teetering rotor system resembles a seesaw, when
one blade is pushed down, the opposite one rises.
The hingeless rotor system functions much as the
articulated system does, but uses elastomeric
bearings and composite flexures to allow for
flapping and lead-lag movements of the blades in
place of conventional hinges figure (4). Its
advantages are improved control response with
less lag and substantial improvements in vibration
control. It does not have the risk of ground-
resonance associated with the articulated type, but
it is considerably more expensive. The use of
hinges was first suggested by Renard in 1904 as a
means of relieving the large bending stresses at
the blade root and of eliminating the rolling
moment which arises in forward flight, but the
first successful practical application was due to
Cierva in the early 1920s. The most important of
these hinges is the flapping hinge which allows
the blade to flap. A blade which is free to flap
experiences large Coriolis moments in the plane
of rotation and a further hinge — called the drag or
lag hinge — is provided to relieve these moments.
Lastly, the blade can be feathered about a third
axis, parallel to the blade span, to enable the blade
pitch angle to be changed. The hinges are shown
in Figure (2), where an articulated rotor is
demonstrated. The blades of two-bladed rotors
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are usually mounted as a single unit on a ‘seesaw’
or ‘teetering’ hinge. No lag hinges are fitted.
Figure (3) demonstrates a teetering rotor. The
semi-rigid rotor resembles the teetering rotor, but
now the hub itself also moves about the top of the
mast. The hub is strictly attached to the blades.

Hingeless rotors does not have regular
flapping and lagging hinges and have blades
which are connected to the shaft in cantilever
fashion but which have flexible elements near to
the root, allowing the flapping and lagging
freedoms. A hingeless rotor is shown in Figure
(4). The collective changes the pitch angle of the
rotor blades causing the helicopter to climb and
descend. Through the swash plate, the cyclic
controls the pitch angle distribution over the main
rotor disc and by this way the disc is tilted
sideways or backwards in order to turn, go
backwards or change the speed of the helicopter.
The anti-torque pedals control the helicopters tail
rotor and are used to point the nose of the
helicopter in the desired direction. The function of
the throttle is to regulate the engine r.p.m.

HELICOPTER ROTOR ERODYNAMICS

There are two basic theoretical approaches to
understand the generation of thrust from a rotor
system: momentum theory and blade element
theory. The momentum theory makes certain
additional assumptions, which limit the accuracy:

* The flow both upstream and downstream of the
disk is uniform, occurs at constant energy and is
contained within a stream tube.

* No rotation is imparted on the fluid by the action
of the rotor.

The blade element theory overcomes some of the
restrictions inherent in the momentum theory. It
considers the local aerodynamic forces on the
blade at radial and azimuthally sections, and
integrates the forces to find the overall thrust and
drag on the rotor. The lift at the blade tips
decreases to zero over a finite radial distance,
rather than extending all the way out to the edge
of the disk. Thus, there will be a reduction in the
thrust, or increase in the induced power of the
rotor. Forward flight is a more complex situation
compared to the hover. Because of the forward
velocity, the relative speed of the blade sections
differ around the azimuth, and therefore, an
imbalance of aerodynamic forces occur along the
main rotor disc. The advancing blade has a
velocity relative to the air higher than the
rotational velocity, while the retreating blade has
a lower velocity relative to the air. This lateral
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asymmetry has a major influence on the rotor and
its analysis in forward flight. The dynamic stall
phenomenon is another effect coming with the
forward flight situation. As blade incidence
increases beyond the static stall point, flow
reversals are observed in the upper surface
boundary layer, but for a time these are not
transmitted to the outside potential flow region.
Consequently, the lift force goes on increasing
with incidence. Eventually, flow separation
develops at the leading edge (it may be behind a
recompression shock close to the leading edge),
creating a transverse vortex which begins to travel
downstream. The proximity of the ground to the
hovering rotor disk constrains the rotor wake and
reduces the induced velocity at the rotor, which
means a reduction in the power required for a
given thrust; this behavior is called ground effect.
The effect exists at low speed forward flight also.
Equivalently, ground proximity increases the
rotor thrust at a given power.

TRIM AND STABILITY

When all of the forces and moments (i.e.
the aerodynamic, inertial and gravitational) about
three mutually perpendicular axes are equal, the
aircraft is in a state of equilibrium. That
equilibrium state is called trim. When propulsive
force is greater than drag the aircraft will
accelerate; when lift is greater than the weight the
aircraft will climb. Each of the blades has two
primary degrees of freedom: flapping and lagging,
which take place about either mechanical or
virtual hinges near the blade root. A third degree
of freedom allows cyclic pitch or feathering of the
blade. Despite the fact that helicopter blades are
relatively flexible, the basic physics of the blade
dynamics can be explained by assuming them as
rigid. In hovering flight the air loads do not vary
with azimuth, and so the blades flap up and lag
back with respect to the hub and reach a steady
equilibrium position under a simple balance of
aerodynamic and centrifugal forces. However, in
forward flight the fluctuating air loads cause
continuous flapping motion and give rise to
aerodynamic, inertial, and Coriolis forces on the
blades that result in a dynamic response. The
flapping hinge allows the effects of the cyclically
varying air loads to reach equilibrium with air
loads produced by the blade flapping motion. The
flapping motion is highly damped by the
aerodynamic forces. The helicopter system can be
reduced to 6 DOF like a fixed wing aircraft, three
for translation and three for rotation. A
statically unstable motion is also dynamically
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unstable but a statically stable motion may be
either stable or unstable dynamically.

The following general simplifications are
implemented in order to make the problem easier:
— The helicopter structure is considered to be
absolutely rigid,;

— Longitudinal and lateral motions are uncoupled

so they can be treated independently;

— No time lags are considered;

— One DOF coming from the throttle is eliminated

and the rotor speed is set as constant;

— The blades are assumed as uniform and the lag

bending, elastic twist, and axial deflections are

disregarded, except the flapping motion;

— The blades do not bend or twist elastically;

— The blades have homogeneous

distribution;

— Harmonics higher than 2nd order of flapping

and cyclic angles are neglected;

— Empirical downwash, side wash, L&D of

empennage are used;

— The codes are applicable only to helicopters

with single main rotor and a tail rotor;

— Climb angle and sideslip angle are set as zero.
On the basis of these simplifications, the

system describing the helicopter motion can be

reduced to six equations. These equations are the

total forces and moments on each of the

coordinate axis:

mass

X0 XN, +X, 4 X, + X+ X, =W .Sin®

TY=0< Y, + Y+, + ¥, =—W.Sin®

YZ=0S L AL, A+ L+ L, =W CosD

SL=0< L, +Y by, +Zy vy +Yh + Vol +Yohy + L =0

ZM=0=
\tZygly —Xphy + My +Z. 1, - X Dy

IN=0S N, -V, 0, Y, =Y, + N, -V, =0

The forces and moments with the moment
arms are demonstrated in Figure (5). The details
on the calculations of the forces expressed in the
appendix (A).

TRIM CODE

The motion of helicopter in trim is
governed by 6 equations, three for total forces
acting on the aircraft and three for total moments
on each coordinate of the body frame. One can
separate the longitudinal and lateral equations and
solve the related parameters without much
degradation on the accuracy. Therefore, the code
solves only for three equations, which are the total
forces on the longitudinal and vertical axis and
the total moments on the lateral axis.

(My =Xy + Zyly + My = Xphy + Zely =X ghy | _
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The code is composed of two models,
called CF and XZM. The first model supplies
approximate trim parameters which are used as
inputs to the second models. The second model,
uses those input parameters in order to linearize
the non-linear equations of motion and gives the
exact parameters. The flow chart of the code is
give in Fig (7).

The code is applicable to flight velocities
higher than 30 Knots. This is because the angle of
attack over the empennage diverges to unstable
values. The first model is based on calculating the
following two parameters orpp and Ty, and
modifying the other trim variables according to
those parameters.

1 De+Hy +Hy
W —Lg

Ty =+ (W—Lg)* 4+ (Dp + Hy + Hr )?

Erpp = tan™

here Lr and D corresponding to the lift and drag
over the fuselage for the empennage on case. The
fuselage lift, drag and pitching moment
parameters are calculated from experimental data
published in previous works of the helicopter. The
second model XZM calculates the total forces and
moments in X, z and lateral moment directions.

DYNAMIC STABILITY CODE

Longitudinal stability of the helicopter in
forward flight is analyzed in two modes: short
period mode and phugoid mode. Those frequently
oscillatory motions are observed just after a
disturbance -like a vertical gust or a longitudinal
cyclic step input- occurs. The short period
response is based mainly on pitching motion and
generally damps quickly. The energy is converted
to kinetic energy while descending and the
velocity increases; increased velocity increases
the thrust and the helicopter is forced to climb;
then as the climbing occurs, the velocity is
decreased again. The responses of the helicopter
after a disturbance are shown in Figure (8).

The dynamic stability code calculates the
required stability derivative, the characteristic
equation and the roots, and determines about the
stability of the helicopter after a step disturbance
given by longitudinal cyclic, the collective or due
to a vertical gust. The calculation of the stability
derivatives are given in appendix A.

TRIMING RESULTS

The helicopter type of UH-60 has input
parameters as shown in table (1). The trim results
are obtained at velocity 115 Knots and tabled in
table (2). The code gives accurate results for the
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main rotor parameters as compared with actual
results and also for tail rotor thrust and torque.

STABILITY RESULTS OF UH-60
HELICOPTER

It is more logical to find out the static stability
characteristics before the dynamic stability is
analyzed. Partial derivative of pitching moment of
the helicopter with respect to the vertical velocity
is a good indicator of the static stability: If the
sign of the derivative is positive, then the
helicopter is statically stable, and vice versa. In
Figure (8), it is clear that the helicopter is
statically unstable up to about 130 knots, and
becomes stable after that speed. For the dynamic
stability, it can be concluded that the helicopter is
unstable up 130 knots. Nothing can be said for the
speeds higher than 130. The coefficients of the
characteristic =~ equation and the Routh’s
Discriminant values for all forward flight cases
are shown in Figure (9). It is seen that until about
110 knots the helicopter shows tendency to go
completely divergent in longitudinal aspect. After
that speed until about 150 knots, there should be
no unstable oscillations, according to the Routh’s
test. This means that either there are no
oscillations, whether divergent or convergent, or
the system is stable, whether oscillatory or not.
After 150 knots, the helicopter goes divergent
again. Looking to the coefficients, the criterion
says that if one of the coefficients is negative,
than pure divergence or unstable oscillations
occur. This is just the case for UH-60 helicopter,
since for all forward flight cases there is only one
coefficient which is negative, it is C for speeds
below 110 knots and D for speeds after 110 knots.
Therefore, it can be concluded that for all forward
velocity range the helicopter is purely divergent,
even though it is statically stable at speeds higher
than 130 knots.

The Phugoid motion characteristics
change with changing speed (See Figure (10). The
period values are very reasonable up to a point
where the period goes to very high values. After
that speed the attitude changes from divergent to
convergent and the period tends to decrease. 110
knots is very likely to be the maximum range
speed. The relation which can be occurring
between the maximum range speed and the speed
which changes the dynamic stability attitude of
the helicopter is a good point of discussion. The
divergency / convergency characteristics of
phugoid motion are pretty obvious in Figure (11).
The time-to-double values change sign at the
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speed the roots change sign. It is obvious that the
motion changes attitude from divergent to
convergent at about 110 knots. The non-
oscillatory roots are also describing some of the
dynamic stability characteristics. There is a
change in mode from convergent to divergent at
the same critical speed, 110 knots, as it is seen at
Figure (12). Those roots belong to the short
period mode. It can be concluded that, while the
phugoid mode shows divergent characteristics up
to that critical speed, the short period mode is
convergent, and vice versa. This is an interesting
result. The change in the X forces per unit change
in the forward velocity is called the ‘Drag
Damping’, since the dominant effect comes from
the drag forces. The graph below shows that the
effect of the drag forces increases as the forward
flight increases. The same conclusion can be
made for the vertical damping and the pitch
damping. Those are the greatest parameters
which affect the longitudinal stability of the

CONCLUSIONS

This work describes the development of
codes for trim and longitudinal stability
analysis of a helicopter in forward flight. The
trim analysis results are obtained for a clean
UH-60 configuration. One of the trim codes is
based on momentum theory. These codes
include many simplifying assumptions such
as empirical uniform wake  model.
Nevertheless, application of these codes to
some  example  helicopters  indicated
reasonably good agreement with the other
available data, particularly for the main rotor
performance. The results indicated that,
improvements are needed in calculation of the
torque, and thereby the parameters related to
the tail rotor.
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Table (1): UH-60 helicopter input parameters.

Description A;ﬂ‘;:’;:'f Value Unit

Moment of inertia about y axis 1, 40000 slug.ft*2
Weight of the helicopter | Gw 20000 b
MAIN ROTOR )
Radius R, 30 ft
Chord ey 2 ft
Number of Blades |5 4
Revolution Speed |0 21.667 rad/sec
Lift curve slope (NACA 0012) a 5.73 per radian
Zero Lift Angle of Attack Gy 0
Blade twist angle & -10 degrees
Height of the rotor above C.G. Iy 75 ft
Long. Distance to C.G. [ Iy -0.4839 |t
Hinge offset ratio e 0.05
Blade cut-out ratio X, 0.15

3
Flapping inertia of one blade I, 2900 slug.ft*2
Polar moment of inertia gy 11600 slug.ft"2
Shaft incidence iy ] degrees
TAIL ROTOR
Radius R; 6.5 ft
Chord e 1 ft
Number of Blades b}_ 4
Revolution Speed [o 8 100 rad/sec
Lift curve slope day ] per radian ‘
Blade twist angle & -5 degrees ‘
Height of the rotor above C.G. by [ ft
Long. Distance to C.G. I krg ft
Shaft incidence ir 0 degrees
Delta3 angle & -30 degrees
Flapping inertia of one blade I, 6.25 slug.ft*2
HORIZONTAL STABILIZER
Span b” 9 ft
Area (incl. area inside tail boom) Ay 18 ftn2
Zero Lift Angle of Attack [P 0 rad
Moment arm (measured from its Ty 33 ft
rotational axis)
Height above C.G Iy -1.5 ft
Incidence iy -3 degrees
VERTICAL STABILIZER
Span by, 7.7 ft
Area (incl. area inside tail boom) Ay 33 ftr2
Rudder deflection Sy 10 degrees
Moment arm Iy 35 ft
Height above C.G hy 3 ft
FUSELAGE A 17.9 fth2

ﬁ{f If;"-]' 0.023 | fth2/degh2
Wetted area Sw, 680 fth2
Moment arm I -0.5 ft
Lift - Empennage on (Lo

Ve Ja, - |5 ftr2

1)

oar 111.8987 | ft"2/rad
Pitch Moment | M / |
Me=q (Mo ]0 * Tf” 1K ‘”}é : 1788 | ft"3frad
J detyp

Drag divergence Mach # M, 0.725
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Table (2): Trim results compared with experimental results of ref (1).
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Parameter theory experiment unit
Vi 7.89 7.91 -
Alsm -0.9 -1.0886 deg
Th 20544.29 20586 Ibf
Hpn -287.58 -145 Ibf
Qm 33512.22 34573 Ibf.ft
bist -0.17 -.3094 deg
Qm 905.45 934.4 Ibf.
T 629.7 661 Ibf
H; -19.55 40 Ibf
Q¢ 120.73 127 Ibf.ft
ds 2.94 3.675 deg
L¢ -480.66 556 Ibf
Dy 871.86 867 Ibf
M; -11248.68 -11722 Ibf.ft
o) -0.61 -0.9454 deg
ay -7.92 8.0743 deg
Ly, -267.46 -273 Ibf
D, 14.30 15 Ibf
Ly 287.93 287 Ibf
Dp 51.48 58 Ibf
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Figure (1): Forces and moments acting on
a helicopter.
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Figure (2): Hinges on an articulated rotor.

Figure (3): Teetering rotor.
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Figure (4): Hingeless rotor.
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Figure (5): Forces and moments acting on
a helicopter [3].
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R/C Parameters

Initial Assignment
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Tw, a1, 6
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cu/0,Hm,QueTm

Li, Du, Tr, W, Ay, @or, @17, bar, <Dy <Ly
eOT: HT/ QT; LT

Figure(7): Trim program Flowchart.
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Figure (8): Derivative of pitching moment with respect to the vertical velocity.
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Figure (11): Time-to-Double values belonging to the phugoid mode.
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Figure (12): Time-to-double values belonging to the non-oscillatory roots.
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Figure (13): Drag Damping.
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Velocity vs. Vertical Damping
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NOMENCLATURE
Symbol Definitions

A Area , m’
Al st harmonic lateral cyclic angle
AR  Aspect ratio (-)

B Tip loss factor
B1 1* harmonic longitudinal cyclic
Angle, deg

D Fuselage drag, N
Disc loading, N
H-force, N
Power, hp
Inertia, m*
Lift , N
Mach number / Pitch moment, N.m
Torque, N.m
Radius, m
Thrust, N
Local velocity component, m/s
Forward velocity, m/s
Force on X-direction, N
Force on Y-direction, N
Force on Z-direction, N

O
=

la)

N X<CHROZLOD—IE

A Lift curve slope / Speed of sound, m/s
a0 Coning angle, deg
al Longitudinal flapping w.r.t. the plane
of no-feathering
1* harmonic longitudinal flapping
angle, deg
Lateral flapping w.r.t. the plane of
no-feathering
1* harmonic lateral flapping angle
Chord, m
Efficiency factor
Flat plate drag area, m’
Gravitational acceleration, m/s>
Height w.r.t. cg, m
Incidence, deg
Moment arm, m
Mass, kg
Dynamic pressure / Pitch rate, Pa, rad/s
Induced velocity, m/s
Local induced velocity, m/s
Displacement in X-direction, m
Displacement in Z-direction, m

asl

bl

bsl

EOB =D oo

N X C
—
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GREEK LETTER

o Local angle of attack

os Shaft angle of attack

atep Tip path plane angle of attack
B Angle of sideslip

03 Delta-three angle

€  Downwash angle

vy  Lock number / Climb angle
c  Solidity

00  Collective angle

01  Twist angle

APPENDIX A

—_

NE@cCE€ DDDOE > >
o]

Simulation of Longitudinal Stability Of
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Inflow ratio wrt the shaft plane
Inflow ratio wrt TPP
Advance ratio

Air density

Pitch angle

Collective angle

Twist angle
Azimuth angle

Local induced velocity
Pitch angle of fuselage
Revolution speed

The parameters with bars overhead are the output parameters supplied by a trim analysis

MAIN ROTOR STABILITY DERIVATIVES

u_ 1
ox QR
04" _ 1 = _o© [@CT;FO' C,lo)
ox S 1\ Ou u J
i 1
o ( 0C,|loc o
QR| 1 T 2—J
\ L' 2u
'}CV —
c CT:(‘T +£)r
Oatyg c 8
Bay; 16 12¢€
- N N
éq _ ( _117 ol _/1/
ol /) 1 2J l /J!l 4J
3u° )
1+ 24
Oay __\ 2
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M 3e
f :_ﬁAap(QR) 4
da,; 4R ¥
~C, C NG
¢ ”/ 0 f/@(f o J/ 2
o O+ g L +(EIS+I.’|{) g 2
ou Ga,, Ou ’ ou | Ox
ax )
TJ =—4,p(QR) ) )
o "y Y AR
+ 2 o %N (@, +i, )—L2 |
oA’ day, oA’ Mea | ax
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HORIZONTAL STABILIZER STABILITY DERIVATIVES

ox v, 4q4,, ox
Oy, Ly 1 1’/6*2

oz v, 4q4, \ 6z )y

A oy
Oss, _ de; { 1 (8 C‘}/f:|
0z day| 494, \ oz ), o=
"QH 3 O‘é‘MH

ox ox
od,, __ CS__HH Cé‘FH + ay.

0Z oz oz 0z

ox) R (Eg o B 2ay (1 +3,, ) oo
(a— =Xy T qdyay 7 AR ~
L ox )y _ ox
+(a@, —iy,)
oX ) 2a (l +0 ) )
3 q _ et _ oa
( — J =+ qd,a, (Q'H Ui, {1 - 22+ (@ —iy) ,\_.H
)y q AR, | éz
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( X \J (ex) aE
\ Oz )y \ o2 JH oay
oz
7 _
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(zj _ ay (1 +6,, ) Z(Q'H Y, XQ'H —iy)
\ OX q ] — 2 Oa
o+ qdyay TRy |+ (Q'H Ui, ) ,,.H
q ox
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day

(22 _12] oz
\ F}EJH \ 8z )y oy

oz ) 8z )

"_J = TJ Iy
\0q ), \0Z)g

M [ oX ) 8z \

P J :_1 A‘J hy + ,_J Iy
LOX g L OY g LOX g

VERTICAL STABILIZER STABILITY DERIVATIVES

AY 21— —

(& | - 2[x, +24aD, ]

\, ox Jr V "

Where v AD is the additional drag coming from the interference effect between the vertical
stabilizer and the tail rotor:

AD. — 8| I, Y,

2R, b,

-

. .
Vit int

= -

FUSELAGE STABILITY DERIVATIVES

oz ¥V

Pey, vy 1 A . 27,
ox v, 4q4,,

beyy _ v 1 (c’Zj
oz v Agdy | 82y
Oap 08y,

ax ox
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&z az oz
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(o J oy A Oay
A F

A M
AM 0/1 i
ff_fj =M, +q L1
\ OX Jg Car OX
";‘I[
(“M\ Y qea,
\ & JF —1 ba, &z

TOTAL STABILITY DERIVATIVES
The total derivatives are found by adding the corresponding terms of main rotor, tail rotor,
empennage and the fuselage:
(ax,
*|
\ Ox; JF

ax, (ex,) (ex,) f(ex,| (eéx,)
— = —| +|— +—J +‘—

ox; | O,

| O, | Ox, L Ox; )

Where Xi =XZ M

TRIM EQUATIONS
Harmonic pitch angles are found using the first harmonic flapping angles

(4 16 4\ o (. u*)
Ao| —p+—u |+— | 1+—
W3 457 J QR 24J

15 ‘1{’__!{’4\‘
L 2 24J
4 27
ﬂEﬁ&J@ﬁ(HLJW(EL;.}
3 T 2 2
B, =—a, + ;
3 5, Su
1+—u —
. 2 24

The total thrust force is calculated by multiplying the lift by the number of blades.

B %—;ssmuAL '
jw—d dw —j j n’Rd;y}

2z

{”_n—r v+ |

Where L lift force on each bald and B is the loses factor station, this is for eliminate the root and tip
losses. The reverse flow region defined by psiny.

The local angle of attack is defined as ;

Crroo0
Up

o =6+tan™

\~r,
Introducing the pitch angle

6 =6, +%§1 — A cosy — B, sy
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The tangential velocity component is

— r .
U, =—+ pusimy
TR
The vertical velocity component is
EJ_P - Lfcy‘g - L)L - ;U£¥ - Lﬁ#;(?()s %Lr
The flapping angle is
B =a,—a;cosy —bsiny

£ = ays siny —bys cosy )

So that the collective angle becomes

-

403, 5 ¢ 3 g 3516,
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al. 2 24 g 2 6 16 192 )2
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3 { ,
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. 24" 4
° 2 2, 8 5 25, 92 ., 5 o 4
S -+~ W —— "+
3 37 9x” 367 4sx” 24" 1357

TOTAL FORCES AND MOMENTS

The forces and moments can be calculated by the following formulas;
X, =-H

g g

X, =-H;

-0, — Tyais — Ty

_ (o tiy \(1+.:S‘I,H) a,
Xy = LH(aH —&r, )_ I‘H”H‘ J - QJ_HAHCD.;H
N gFH EFIRH q

L=0g
X, = —E, —Z (UMV 1, )
X_. = —J{_)F +L_FQF

F

Zy = _qq—HAHaH (Q'H tig =01y, — ¢, )_ EH (:aH ~Ery )

-

2y =D, + T (0, 15, )| ©-

Y

A
v, T,
T Mo

U_l 4q94,,
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Zyp=—q (LF J + \, F __FQ'F
q ap=0 Oaf
A,
oM
i’l’{_;u( = c alS’
T Oayg
M; =-0,
( o Mr )
M, /) Vg
M, =gl (Me)) L,
Jap=0 od o
\

The total force and moments are;
DX =X, + X+ X, + X, + X PO =0
YZ=Zy+Z +Zy+Zy+Z +W =0

.':1:{__1{ + .'f?":{jr +4"IF _X_.’;-f}'ij'[{ + Z_-’u!riﬂ-f _Xiriliir

2M = (+ Z = Xyhy + Zyly — X phy + Zpl — X o0y

\
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Effect of Hydrated Lime on the Properties of Roller Compacted Concrete
Prof. Saad 1. Sarsam  Dr. Abeer A. Salih Suha Ghazi Abdullah
Civil Engineering department, College of Engineering, University of Baghdad

Email:saadisasarsam3@hotmail.com

ABSTRACT

Roller compacted concrete (RCC) is a concrete of no slump, no reinforcement, no finishing, and
compacted using vibratory roller. When compared with conventional concrete, it contains less water content
when compared to traditional concrete. The RCC technique achieves significant time and cost savings during
the construction of concrete. This study demonstrates the preparation of RCC slab of (38 x38x 10) cm
samples by using roller compactor which is manufactured in local markets. The Hydrated lime additive is
used to study the mechanical and physical properties of that RCC slab samples. This investigation is divided
into two main stages: The First stage consists of hammer compaction method with two gradation of
aggregate, dense and gap graded aggregate, using five percentages of cement content (10, 12, 14, 16, and 18)
as a percentage of the total aggregate content. This stage is carried out for selecting the maximum dry
density, optimum moisture content, and optimum cement content which is utilized in RCC slab samples
construction, a total of 49 cylinder samples sized (10 cm diameter and 11.6 cm high) are prepared.

The Second stage is classified into two sub stages; the first one consists of constructing RCC slab
samples using roller compaction, 12% cement as a percentage of total aggregate weight has been used
according to the data obtained from first stage, this group presents reference mixes without additives. While
the second sub stage presents RCC mix with hydrated lime additive and with the same gradation of mixes
compact by hammer compaction method, hydrated lime was implemented as (5, 10, 12, and 15) percentage
as a partial replacement of cement content. Both of physical and mechanical properties of RCC are studied
using cores, sawed cubes, and sawed beams obtained from RCC slab samples. The properties studied were
porosity, absorption, and compressive strength, splitting tensile strength and flexural strength by using third
point loading method. The results show that hydrated lime improved the overall properties of RCC as
compared to reference mix. Mixes with 5% lime give the optimum values for most of strength properties.
Dense graded mixes with hydrated lime show superior properties as compared to gap graded mixes.

Keywords: Additives, compressive strength, dense and gap gradations, hydrated lime, porosity, roller
compacted concrete, RCC slabs.
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INTRODUCTION

Roller Compacted Concrete (RCC) takes
its name from the construction method used in
concrete placement; RCC is being used in many
parts of the world such as Canada, U.S.A., and
France, Vorobieff and Whitaker (2003).

ACI committee 211-3R-(1996) define
RCC as ‘"concrete compacted by roller
compaction; concrete that in it’s unhardened state
that is transported, placed, and compacted using
earth and rock fill construction equipment". The
use of RCC as a material to construct pavement
was stated in 1970 in Canada, it was originally
used by the logging industry to provide an all-
weather platform for unloading logging trucks and
storing and sorting logs, Piggott (1999). Most of
the investigations in Iraq have studied the
behavior and properties of RCC usually used in
dams, but no wide investigation has been carried
out on using this new concrete in pavements
design and construction. RCC has been used in
Iraq in mid-eighties below the foundations of the
medical drug factory near Mosul and also in the
AL-Adaim Dam, Ahmed (2001). Another
reported use was in the construction of extra lane
for Mosul- Duhok highway during 1988, Sarsam
(1988).In  comparing RCC with conventional
slump concrete, less water is needed to achieve a
no slump concrete; therefore, less cement is
required to produce an equivalent water to cement
ratio. Less water in the mixture leads to less
shrinkage and no bleeding water, and less cement
is one means of reducing thermal induced
cracking, Hansen (1996). Roller compacted
concrete for pavement (RCCP) mixes compared
with conventional concrete contain larger sized
fine aggregate to ensure a uniform concrete mix
with less surface voids.

The wuse of the additives such as
pozzolana, lime, slags.....etc. as a partial
replacement of cement had improved the

properties of RCC; Rodrigues (2002) showed that
the pozzolanic materials type serves some
purposes as a partial replacement for cement to
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reduce heat generation; to increase the
compressive strength at later ages; to improve the
durability; to reduce the cost and; as a mineral
addition to the mixture to provide fines to improve
workability. The development of RCC causes a
major shift in United state American, Japan and
other countries; mainly for the construction of
water control structures (dams) and pavements,
while the same term is used to describe both types
of concrete, the design and construction processes
are different as shown in Table (1), Gupta (2004).

MATERIALS CHARACTERISTICS
1. Cement

Ordinary Portland cement (Type I) named
Tasluja cement. The chemical compositions and
physical properties of cement are presented in
Tables (2) and (3). The test results have shown
that the cement conforms to the provisions of Iraqi
specification No.5 (1984). Chemical compositions
and physical properties are tested at The National
Center Construction Laboratories, while the main
compounds are calculated by using Bogue
equations.

2. Coarse Aggregate

Crushed aggregate with 1" (25.4mm)
maximum size is used and obtained from Nibaai
region, the properties of coarse aggregate is
determined according ASTM C127-(2001) except
SO3 content, which was tested at The National
Center Construction Laboratories. Test results are
shown in Table (4).

3. Fine Aggregate

Natural fine aggregate with 4.75mm
maximum size is obtained from Al-Ukhaider
region, the properties of fine aggregate is
determined according to ASTM C128-(2001)
except SOscontent, which was tested at the
National Center Construction Laboratories and
given in Table(4).
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4. Hydrated Lime

Hydrated lime is a derivative of burnt
lime. It is produced by reacting burnt lime with
water in a continuous hydrator, during this
process, large amounts of heat are given off.

This material is available in local markets
with low cost and is manufactured at Ad factory
in Iran. Hydrated lime is light and fluffy and used
as an additive (filler) and also as partial
replacement of cement in this work. Chemical
composition was tested at the laboratories of
General Directorate of Geological Survey and
Mining and given in Table (5).

5. Preparation of Dense and Gap Gradations

The gradation of aggregate is defined as
the frequency of a distribution of the particle size
of a particular aggregate, Rached and et al (2009).

The gradation determine the paste
requirement for a workable concrete since the
amount of void requires needs to be filled by the
same amount of cement paste in a concrete
mixture. Dense graded aggregate is desirable for
making concrete, as the space between larger
particles is effectively filled by smaller particles
to produce a well-packed structure. Gap graded
aggregate is defined as a gradation at which one
or more intermediate fractions are omitted.

The coarse and fine aggregates were
sieved to different separate fraction sizes (seven
sieves in this work) and combined to satisfy the
requirements of gradation, dense gradation with
1" (25mm) maximum size of aggregate represents
the average requirement of Iraqi Standard
Specification for Roads and Bridges SCRB
(2004), while the gap gradation with also 1”
(25mm) maximum size aggregate represents the
average requirements of British Standards B.S.
(1961). The overall grain size distribution used is
illustrated in Table (6).

PREPARATION OF RCC SLAB SAMPLES

1. Preparation the Roller Compactor and
Mould:

The roller compactor manufactured in
local workshop was wused throughout this
investigation. It consists of a roller with (16cm)
diameter and (33cm) length and its self-weight
was 36 kg, while the steel mould used in this
investigation was manufactured also at local
workshop. It consists of four sides made from
steel angle section, and base plate which has

(1cm) thickness. The internal dimensions of the
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mould are (38x 38 x10) cm. The roller compactor
and mould are shown in Figure (1).

2. Mix Proportioning Techniques of RCC
Mixture proportioning techniques of using
modified soil compaction, optimum moisture
content and maximum dry density, was
implemented, such procedure correlates well with
the work by Sarsam (2002). In this method, the
overall combined gradation of aggregate which is
suitable for base layers of the pavement is
implemented. A number of concrete mixtures
varying in cement and water content are prepared
by using modified compaction as per ASTM
D1557-(2002). The dry density-water content
curve is plotted for each percentage of cement as
shown in Figure (2), then the optimum water and
cement content which give the maximum dry
density is adopted as an initial design mix. Five
different percentage of cement content were used
in this work, (10, 12, 14, 16, 18) by weight of air
dried aggregate for each gradation type (dense and
gap). Different percentage of moisture content
with a range of (4 —11%) of air dried aggregate
weight with 1% increment were added; These
percentages of moisture content are applicable for
each percentage of cement content to determine
the dry density-moisture content relationships.
The samples were compacted using the modified
hammer and steel cylinder mold of size 10cm
diameter and 11.6cm high for determining
maximum dry density. The mixture is placed by
filling the cylinder mold in three layers and
compacting each layer with 56 blows of a
modified proctor hammer (4.5kg falling from
45cm high), when compaction is finished, the
extension collar is removed and the surface of
concrete was leveled with the mold. The wet
density was calculated using eq. (1), and then the
dry density was obtained using eq. (2), ASTM C-
1557 (2008).

W
}(H"ff = ?
Where:
¥wer— the wet density (gm/cm?),
Wm = the wet weighting of material (gm),

V = the volume of the cylinder mold (cm?)

(M

}" d= —r“-‘"

1+w
Where:
vd = the dry density (gm/cm?),
o = the moisture content (%).

)
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After determinations of the dry density for
each percentage of moisture content and the five

Percentages of cement content, it can be noticed
from figures (2) that the maximum dry density is
at cement contents of 12% and 18% of total dry
aggregate weight for dense and gap graded
respectively. For mix proportion of RCC slab
samples with and without additive, it was felt that
cement content of 12% of total dry aggregate
weight for two gradations is suitable and
economical for design. Table (7) gives the
proportions of mixes used.

3. Determination of the Effect of Hydrated
Lime on RCC Mixes

Hydrated lime as a partial replacement of
cement content was used to study the effect of this
additive on the properties of RCC slab samples,
four percentages of lime were used depending on
trial mortar mixes. the compressive strength of
these mortar mixes contains hydrated lime and
compressive strength of cement paste without
hydrated lime at 7 and 28 days were compared,
Table (8) gives the percentages of hydrated lime
used with RCC mixes.

4. Construction of RCC Slab Samples

The mixture was placed in the mold of
size (38% 38 x 10) cm and subjected to initial
compaction on a vibrating table for 3 cycles of 30
seconds time interval. Then, the mold was placed
in front of the roller compactor machine as shown
in Figure (3) and subjected to three stages of
rolling as described below, based on the work
done by Sarsam (2002). Each rolling stage was
conducted by applying 10 passes of the roller for
each rolling direction. This number of passes was
felt to be suitable to achieve the good rolling with
lowest labor power.
The first stage represents the primary compaction
which was performed by applying 10 passes of the
machine with weight only 1.1 kg/cm width (36 kg
of roller compactor weight) for each direction.
The second stage represents the breakdown
compaction by applying 10 passes using a load of
3.2kg/cm width (by using 69kg standard loads
plus roller compactor weight) for each direction;
this stage can represent the compaction applied by
steel and pneumatic type roller in the field.
The third stage represents the final compaction
which is demonstrated by application of 10 passes
of the roller compactor under 5.3kg/cm width load
(by wusing 138kg standard loads plus roller
compactor weight) for each direction. This stage
represents the finishing compaction in the field.
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5. Curing

After finishing the rolling,, the rolled
compacted samples were covered tightly with
polythene sheet and kept for 24 hours at room
temperature of 32+3°c for initial setting, then, the
samples are withdrawn from the moulds and
immersed in a water bath for 27 days for curing at
32+3°c.

DETERMINATION OF PHYSICAL AND
ENGINEERING PROPERTIES RCC SLAB
SAMPLES

Sawed beams, cores and sawed cubes
were obtained from RCC slabs by using the
procedure of ASTM (C42/C42M-(2003). The
specimens were subjected to physical properties
determination as explained below.

1. Porosity Test

Porosity represents the volume of
permeable pores (voids). This test was carried out
using cores (6.2cm diameter and 10cm high)
according to ASTM C642-(1997) and eq. (3). The
average porosity of three samples was recorded.

C-A )

V = x 100
C

Where:

V = Volume of permeable pore space (voids) or
(porosity), %

A = mass of oven-dried sample in air, gm.

C = mass of surface-dry sample in air after
immersion and boiling, gm.

D = apparent mass of sample in water after
immersion and boiling, gm.

2. Water Absorption Test

According to ASTM C642-(1997), the
water absorption test is carried out using cores
(6.2cm diameter and 10cm high), and the average
water absorption of three samples was recorded
by using eq. (4).

B-A 4)

x100
A

Absorption after immersion, % =

Where:

A = mass of oven-dried sample in air, gm.
B = mass of surface-dry sample in air after
immersion, gm.

3. Compressive Strength
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sawed cube samples of size (10 x 10 x
10) cm were used for determining the
compressive strength at 28 days age according to
B.S.1881 part 116 (1983). The compressive
strength is determined by using eq. (5).

ot (5)
A
Where:
fc = compressive strength, psi (MPa),
P = maximum applied load indicated by the
testing machine, 1b.f (N), and
A = area exposed for load, in? (mm?).

4. Splitting Tensile Strength

The splitting tensile strength was carried
out on core specimens according to ASTM C496-
(2002). Cores has dimensions of (2.5" (6.2cm)
diameter and 4” (10cm) high) were used in this
test. Eq. (6) was used to determine the splitting
tensile strength:

2P
7 dL

- (©)

Where:

T = splitting tensile strength, psi (MPa),

P = maximum applied load indicated by the
testing machine, 1bf (N),

L =length, in. (mm), and

d = diameter, in. (mm).

5. Flexural Strength

Sawed beams of sizes (38 x 10 x 8) cm
obtained from each slab sample are tested using
third- point loading of simple beam according to
ASTM C78-(2003), eq.(7) was used to determine
the flexural strength property.

PL (7
d2

R =

"

Where:

R = modulus of rupture, psi, or MPa,

P = maximum applied load indicated by the
testing machine, Ibf, or N,

L = span length, in., or mm,

b = average width of specimen, at the fracture, in.,
or mm, and

d = average depth of specimen, at the fracture, in.,
or mm.
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DISCUSSIONS ON TEST RESULTS

1. Porosity of RCC Samples:

The change of porosity of RCC with
hydrated lime is shown in Figure (4). It can be
noticed that the presence of this material does not
has a constant trend, this leads to decrease
porosity at some ratios of lime/cement and
increase it in other ratios, it can be seen in the
same figure that all percentages of lime give
porosity better than reference mix with 12%
cement content because these materials work as
fillers and partially replaces cement. Lime has
high surface area that leads to decrease in voids in
the mixes and reduce the porosity, but this effect
is changeable and had reliance on the percentage
of additive. The lowest value of porosity is
achieved in mixes at 5% lime for dense and gap
graded and decreases by about 13.85 % and
23.7% respectively than reference mixes with
12% cement content. The porosity of mixes with
dense graded aggregate is less by 8.4% than
porosity of mixes with gap graded aggregate at
5% hydrated lime

2. Absorption of RCC Samples:

Results of the effect of mixing hydrated
lime on absorption of RCC with two gradations of
aggregate are presented in Figure (5). These
results have shown that the absorption trend was
the same as for porosity. For dense graded mixes,
the lowest value of absorption was in the mix with
5% lime and decreases about 6.7% from reference
mix (mix with 12% cement content), after that the
absorption increases with increasing lime/cement
ratio. The rate of increase at 10% lime mix
reaches to 2.5% than reference mix, then
decreases again until reaching second lower value
of absorption at 12% lime, and then increases with
further increase of lime. In gap graded mixes, the
absorption trends are as in dense mixes but all
lime/cement ratios lead to absorption less than
reference mix. The rate of decrease reaches to
24.3% at 5% lime mix and 19.8% at 12% lime
mix as compared to reference mix. Dense mixes
show higher absorption (4.1% and 2.1%) than gap
mixes at 5% and 12% hydrated lime respectively.

3. Compressive Strength of RCC Samples:

The effect of hydrated lime on
compressive strength of dense and gap RCC



Prof. Saad 1. Sarsam

Dr. Abeer A. Salih

Suha Ghazi Abdullah

mixes is presented in Figure (6). It can be seen
that the effect of lime is changeable on

compressive strength. The compressive strength
increases with increasing lime/cement ratio until
reaches an optimum value at 5% lime. This
increase may be attributed to that the lime at this
ratio of replacing worked as a filler material and
fill the voids in the mixture so that it leads to
increase the compressive strength, then decreases
with further increasing lime content. Hydrated
lime has low specific gravity (2.3) than cement
(3.15) and that causes reduction in compressive
strength, after that it increases again and has the
second optimum value at 12% lime, that may be
attributed to that the lime Ca(OH)2, when mixed
with cement, reacts with carbon dioxide CO2 from
atmosphere, and results calcium carbonate CaCO3
which is sediments in voids in the mixture, then
increases the compressive strength. Compressive
strength decreases with further increasing of lime
more than 12%. From the same figure, it can be
seen that the gradation of aggregate does not have
a constant effect on RCC mixes with hydrated
lime. At 5% lime, gap mixes show high
compressive strength with slightly higher value
than dense mixes. This variation reaches to 1.4%
at 5% lime, but after this ratio of lime, Dense
mixes shows higher compressive strength (44%
and 22%) than gap mixes at 10% and 12% lime
respectively. After 12% lime, gap mixes give
again higher compressive strength by 5% as
compared to dense mixes at 15% lime.

4. Splitting Tensile Strength of RCC Samples:

Figure (7) shows that the splitting tensile
strength of RCC mixes increases as lime/cement
ratio increases for both gradation of aggregate
until reaches an optimum value at 5% lime, then
decreases. The rate of increase at 5% lime is
150% for both dense and gap mixes. The decrease
in splitting tensile strength continues until reaches
the lowest tensile strength at 10% lime, then
increases again and reaches to second high value
of splitting tensile strength at 12% lime, then
decreases again with further increasing of lime
content.

Dense mixes give higher splitting tensile
strength than gap mixes at lime/cement ratio of
approximately 7.5%, up to this ratio; gap mixes
give higher splitting tensile strength than dense
mixes. It can be seen that dense mixes at 5% lime
show higher tensile strength (8.76%) than gap
mixes, but at 12% lime, gap mixes have higher
splitting tensile strength (7.78%) than dense

382

Effect of Hydrated Lime on the Properties
of Roller Compacted Concrete

mixes. It was noticed that the splitting tensile
strength for RCC mixes with 5% lime is 20% and
18% of compressive strength, and it is 46.4% and
74.7% of flexural strength for dense mixes and
gap mixes respectively, such results are in
agreement with Sarsam (2002).

5. Flexural Strength of RCC Samples:

Figure (8) show the flexural strength of
RCC mixes containing different percentages of
hydrated lime. It can be noticed that flexural
strength for dense mixes has similar trends as
compressive strength and there are two optimum
value of flexural strength at 5% and 12% lime.
This may be attributed to the same reasons
explained in compressive strength item. The rate
of increase in flexure strength as compared to
reference mix is 96.3% for mixes at 5% and 12%
lime.

As seen from the same figure, gap mixes
show that the flexural strength increases with
increasing lime/cement ratios until reaches an
optimum value at 5% lime then decreases with
increasing lime/cement ratios, the rate of increase
in the mix with 5% lime as compared to reference
mix (at 12% cement content) reaches to 86.36%.

Mixes with dense graded aggregate give
higher flexural strength than mixes with gap
graded aggregate and for all percentages of lime.
The variation is 62% at mixes with 5% lime, the
flexural strength for RCC mixes contain 5%
hydrated lime is 36.4% and 22.2% of compressive
strength for dense mixes and gap mixes
respectively, such results are in agreement with
Sarsam (2002) work.

CONCLUSION

1. The lowest porosity and absorption for dense
and gap RCC mixes with hydrated lime can be
obtained at 5% lime. The porosity of these mixes
decreases about 13.85% and 23.7% as compared
to reference mix for dense and gap mixes
respectively. While absorption decreases about
6.7% for dense RCC mixes and 24% for gap RCC
mixes.

2. The optimum compressive strength for mixes
with lime can be obtained at 5% lime. The rate of
increase in compressive strength is 109% for
dense mixes and 115.8% for gap mixes.

3. For RCC mixes with lime, the occurred flexural
strength for dense specimens is at 5% lime and the
rate of increase is 96.3% by using third-point
loading method, while for gap specimens tested
by this method, the optimum flexural strength is
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also at 5% lime and higher about 86.36% than
reference mix.

4. The use of hydrated lime causes increase in
splitting tensile strength of RCC mixes. Dense and
gap specimens show increase in tensile strength
and the rate of increase as compared to reference
mixes is 150% for dense and gap specimens at
5% lime.
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Table (1): The primary distinction between two types of RCC (dams and pavements), Gupta(2004).

Characteristics Dams Pavement
Binder content (Kg/m?) (cement) 60 - 250 _
Water/cement ratio 0.40-0.80 0.30-0.40
Maximum aggregate diameter (mm) 75 20
28 day compressive strength (MPa) 15 45
Vebe time (sec) 10 - 25 30 - 60

Table (2): Chemical compositions and main compounds of the cement used through this work.

Oxide % by weight | Limit of Iraqi specification No.5/ 1984
CaO 60.78 | ememmememeee-
Si02 2054 | e
Al2O3 588 | e
Fe203 328 | mmmemmeeeee
MgO 1.93 <5.0
SO3 1.87 <2.80
Loss on ignition 3.47 <4.0
Insoluble residue 0.15 <1.5
Lime saturated Factor 0.85 >0.66<1.02
Main compounds
(Bogue’s equations)
CsS 4174 | s
C2S 27.65 | emmmememeeeee-
C3A 10,04 | e
C4AF L
Table (3): Physical properties of cement.
Physical properties Test result Limit of Iraqi specification
No.5/1984
Specific surface area, Blain’s 341 >230
method, m¥kg
Soundness, Autoclave’s Method, % 0.03 <0.8
Setting time, Vicat’s method
Initial setting hr:min 2:35 >45 min
Final setting hr:min 4:45 <10 hours
Compressive strength
3 days N/mm? 18.8 >15
7 days N/mm? 23.3 >23
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Table (4): Properties of coarse and fine aggregate.

Crushed coarse 2.56 1600 1 0.06
aggregate
Fine aggregate 2.45 1780 3.13 0.45

Table (5): Chemical components of hydrated lime

SiO2 Fe203 Al203 CaO MgO L.O.I
0.74 0.19 0.5 64.23 1.17 29.94

Table (6): Grain size distributed used for RCC mixes

Table (7): Maximum dry density and moisture content for dense and gap RCC mixes

Table (8): Compressive strength of mixes containing hydrated lime
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Figure (1) Roller compactor and mould
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Figure (2) Dry density-moisture content relationship of dense and gap graded mixes

Figure (3) Construction of RCC slab samples
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Figure (4) Variation in porosity with lime/cement ratio of dense and gap RCC mixes.
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ABSRACT

This paper is devoted to investigate the effect of burning by fire flame on the behavior and load
carrying capacity of rectangular reinforced concrete rigid beams. Reduced scale beam models
(which are believed to resemble as much as possible field conditions) were suggested.

Five end restrained beam specimens were cast and tested. The specimens were subjected to fire
flame temperatures ranging from (25-750) °C at age of 60 days, two temperature levels of 400°C
and 750°C were chosen with exposure duration of 1.5 hour. The cast rectangular reinforced concrete
beam (2250%375%375 mm) (lengthx widthx height respectively) were subjected to fire.

Results indicate remarkable reduction in the ultrasonic pulse velocity and rebound number of the
rigid beams after cooled in water were (2-5 %) more than rigid beam specimens cooled in air.
Load-deflection curves indicate deleterious response to the fire exposure. Also, it was noticed that
the maximum crack width increases with increasing fire temperature.

Keywords: Rigid Beams; Fire Flame; Fire Endurance; Crack Pattern; Moment Capacity
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INTRODUCTION

One of the problems confronting buildings is the
exposure to elevated temperatures, hence, should
be provided with sufficient structural fire
resistance to withstand the effect of fire, or at least
give occupants time to escape before strength and,
or stability failure occurs.

In structural design of buildings, in addition to
the normal gravity and lateral loads, it is, in many
cases necessary to design the structure to safely
resist exposure to fire. However, it is usually
necessary to guard against structural collapse for a
given period of fire exposure Shettey, 1988.

RESEARCH SIGNIFICAT

There are indeed little research about
temperature gradient and exposure time of
concrete in direct contact with fire flames.

In order to simulate this problem to practical site
conditions, reduced scale rigid beam models were
cast and they were as close as possible to practical
circumstances. This research is seeked to cover the
limited area of research about this problem. This
will guide and facilitate the suggestion of
rehabilitation of such members exposed to fires
under loading of different degrees.

The current research proposes a reinforced
concrete rigid beams model which resembles the
simulation of the state of stress which the reinforced
concrete rigid beams are subjected to during fire in
laboratory. Simulation of real fires in laboratory
using a set of methane burners which subjecting the
rigid beams specimens to real fire flame.

In the present work, there is an attempt to
investigate the effect of exposure of concrete to fire
flame on shrinkage cracking of reinforced concrete
beams and some mechanical properties of concrete.

LITERATURE REVIEW

The Effect of Fire on Reinforced Concrete
Structure
In the 1986, Khan and Royles studied the

behavior of reinforced concrete beams
subjecting them to elevated temperatures. They
investigated the load-deflection relationship, cracks

after

pattern and steel to concrete bond. Prismatic
concrete beams (960x 140x 66 or 107mm) were
used. 8-mm plain bars and 16mm toolbars were
used to reinforce them. The specimens were heated
to temperature ranges from 20-800°C at a slow rate
of heating (2°C/min) for one hour exposure

Behaviour of Fire Exposed Reinforced Concrete Rigid
Beams with Restrained Ends

389

duration. They found that the effect of temperature
is insignificant at temperatures ranging from 100 to
200°C, but the strength decreases significantly
between 350 to 500°C compared with normal
condition, the strength
characteristics weakened by 50% of the original

ambient flexural

strength.

The behavior of composite beams composed of
rolled steel and concreted between flanges during a
fire by conducting a fire resistance test with different
cross sections and load ratios, was studied by
numerical analysis Kodaira, and et al., 2004. The
results they obtained are as follows:

1. In steel-concrete composite beams which were
simply supported and to which positive bending
moment was applied, deformations were
downward in the early period of fire, and then
the deformation rate decreased once but
increased again as heating was continued,
leading to the limit of fire resistance.

2. The fire resistance of steel-concrete composite
beams increased when the applied bending
moment ratio decreased. The fire resistance
time was affected by the size of the cross-
section, whether steel-concrete composite
beams were connected to the reinforced
concrete floor or not, as well as by the applied
bending moment ratio.

A case study of cracking in a concrete building
subjected to fire, with particular emphasis on the
depths to which cracks penetrate the concrete was
made by Georgali and Tsakiridis, 2005. It was
found that the penetration depth is related to the
temperature of the fire, and that generally the
cracks extended quite deep into the concrete
member. Major damage was confined to the
surface near to the fire origin, but the nature of
cracking and discoloration of the concrete pointed
to the concrete around the reinforcement reaching
700°C. Cracks which extended more than 30mm
into the depth of the structure were attributed to a
short heating/cooling cycle due to the fire being
extinguished.

Residual bearing capabilities of five-exposed
reinforced concrete beams were investigated by
Hsu and Lin, 2006. The analysis method includes
combining thermal and structural analyses for
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assessing the residual bearing capabilities, flexural
and shear capacities of reinforced concrete beams
after fire exposure. The thermal analysis uses the
finite difference method to model the temperature
distribution of a reinforced concrete beam
maintained at high temperature. The structural
analysis, using the lumped method, is utilized to
calculate the residual bearing capabilities, flexure
and shear capacities of reinforced concrete beams
after fire exposure. This novel scheme for predicting
residual bearing capabilities of fire-exposed
reinforced concrete beams is very promising in that
is eliminates the extensive testing otherwise required
when determining fire ratings for structural
assemblies.

In recent years a number of notable fires have
occurred during construction of concrete-framed
buildings, when formwork and false work has
caught fire, see Figure (1). Fortunately, even after a
sever fire, reinforced concrete structures are
generally capable of being repaired rather than
demolished Ingham and Tarada, 2007.

After a fire, an appraisal is normally required as
soon as the building can be safely entered and
generally before the removal of debris. To ensure
safety, temporary false work may be required to
secure individual members and stabilize the
structure as a whole.

Dong and Prasad, Accepted for publication in 2008
conducted a furnace test on three full- scale two-
story, two-bay composite steel frames to understand
the performance of structural frames under fire
loading. The three tests differed from each other in
the number of heated compartments by the furnace
and in the relative location of the heated
compartments. For each test, the burners were
operated so as to replicate the temperature
prescribed by ISO 834 standard and the loads were
applied using vertical loads at the top of each
column by hydraulic jacks in addition to block loads
placed on each composite beam. In the first test, the
burners in compartment "I" was in operation, while
in the second test the burners in compartment "I"
and "II" were in operation, Figure (2). In the third
test, the burners in compartments "I" and "III" were
in operation.

In all tests, the beams to column connections as well
as the columns were protected. None of the columns
in any of the three tests showed signs of local
buckling. Observations on local buckling of steel
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beams, cracking of concrete slabs and failure of the
beam-to-column connections are presented.

The results showed that the deformation process and
time to failure of a structure are highly dependent on
the number of compartments that are heated and the
relative location of the compartments that are
subjected to fire loading.

EXPERIMENTAL WORK

Materials and Mixes
Introduction

The properties of materials used in any structure
are of considerable importance (Neville, 1995, and
ACI Committee 211, 1997). The properties of
materials used in the current study are presented in
this chapter. Standard tests according to the
American Society for Testing and Materials
(ASTM) and Iraqi specifications IQS were
conducted to determine the properties of materials.

Materials

Tasluga-Bazian Ordinary Portland Cement
(O0.P.C) (ASTM Type I). This cement complied with
the Iraqi specification  (IQS, No.5:1984). Well-
graded natural sand from Al-Akhaidher region
through sieve size (9.5mm) to separate the aggregate
particles of diameter greater than 9.5mm. The gravel
was sieved at sieve size of (20 mm). The sand and
gravel were then washed and cleaned with water
several times, then it were spread out and left to dry
in air, after which it were ready for use. Galvanized
welded wire meshes were used throughout the test
program. Deformed steel bars of diameters (8 mm)
and (010 mm) were used as reinforcement.

Mix Design and Proportions

The concrete mix was designed according to
American mix design method (ACI 211.1-91)
specification. The proportions of the concrete mix
are summarized in Table (1).

Reinforced Concrete Rigid Beam Specimens

The experimental work was carried out to decide
upon the temperature range and duration of burning.
It was decided to limit the maximum exposure to fire
flame to about 400°C and 750°C, with duration of
exposure to fire flame of 1.5 hours which cover the
range of situation in the majority of elevated
temperature test.

After greasing the moulds of the rigid beams
specimens, reinforcement bars were held carefully in
their position inside these moulds. In order to get a
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Cover, small pieces of steel were placed at sides of
the rigid beams reinforcement. Figure 2 shows the
details of the reinforcement of rigid beam
specimens.

Figure a, b and ¢ in Figure 4 show the formwork
was strike after 7 days from casting and the beams
were covered with wetted hessian and polythene
sheets during 7 days. The hessian sheets were wetted
two times a day during the curing.

Burning of Reinforced Concrete Rigid
Beams

The reinforced concrete rigid beams were burnt
with direct fire flame from a net work of methane
burners inside the frame. The fire flame hits the
lower face of these beams. The dimensions of this
burner net are (2250x2250) (length x width
respectively) as shown in Figure (5). The bars of
flame were intended to simulate the heating
condition in an actual fire. When the target was
reached, the temperature was continuously
measured by digital thermometers, one of them
was positioned in the bottom surface of the beam
in contact with the flame, while the other was
positioned at the unexposed upper surface of the
beam, and by thermocouple that was inserted in
the center of each beam to measure the
temperature at the mid-depth (187.5 mm from the
exposed or unexposed surface).

Reinforced Concrete Rigid Beams and
Testing Procedure
The rigid beam specimens were tested using a

load cell of maximum capacity of (150 Tons) at
the age of 60 days. The load was applied using
steel beam that divided the load to two equal point
loads. The load was applied in small increments
and the readings were taken every 3.0 kN load
until failure occurrs. For each increment, the load
was kept constant until the required measurements
were recorded.

The mid-span deflection of the beam specimens
exposed to fire are resulting from loading to 25%
of ultimate load before burning, loading 25% and
applied fire flame, thereon, cooled by water or air
then residual ultimate loading after burning was
applied until failure. While, for beam specimens
without burning the mid-span deflection is
resulting from applied load only. Testing
continued until the reinforced concrete beam
shows a drop in load capacity with increasing
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deformation. For the column specimens which
were subjected to fire flame under loading as
shown in Figure (6).

Figure 7 shows a schematic diagram for loading
arrangement. The  specified  (target) fire
temperature was reached by mounting the fire
subjecting burners by a sliding arm to control the
fire distance to the surface of the beam specimens,
and also by monitoring the fire intensity through
controlling the methane gas pressure in the
burners. The temperature was measured by the
digital thermometer and infrared rays thermometer
continuously till reaching the specified (target) fire
temperature. Then, the sliding arm and gas
pressure were kept at this position along the period
of burning (1.5 hour). The deflection of the rigid
beams exposed to fire are resulting from loading to
25% of ultimate load before burning, loading 25%
and applied fire flame, and loading after burning
until failure. While, for rigid beams without
burning the deflection is resulting from applied
load only.

For the beam specimens which were subjected to
burning by fire flame under loading, the real
problem which faced this process was exposing the
dial gauge of deflection measurement to elevated
temperatures without spoiling it. A protection
system is especially made for this purpose. This
equipment consists of a thin steel cover around the
dial gauge. This steel cover is surrounded by a
copper pipe of 7.5mm with a spiral fashion. The
surface of the spiral pipe coated with a layer of
glass fibre of 10mm, which is covered by a thin
aluminum sheet. To protect the moving rod of the
dial gauge, it was elongated by a porcelain rod.
This porcelain rod is covered with a steel tube to
be fitted with the moving rod as shown in Figure 8.
The performance of this equipment depends on the
principle of thermal exchange. Water flows in the
copper pipe with a suitable discharge that keeps the
temperature of dial gauge low during exposing to
fire.

RESULTS AND DISCUSSION
Non-Destructive Test Results

The ultrasonic pulse velocity (U.P.V) and surface
hardness of reinforced concrete rigid beams was
assessed by the "Schmidt rebound hammer" test
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results are presented in Table (2). Figures (9 and
10) show the effect of exposure to fire flame on
ultrasonic pulse velocity and rebound number
respectively for the rigid beams before and after
exposure to burning. It can be seen from the figure
below that the reductions in the ultrasonic pulse
velocity after exposure to fire flame were as
follows:

At 400°C, the reduction in (U.P.V) was (28 and 33
%) when rigid beams were cooled by air and water
respectively. Whereas, at 750°C the reduction was
(52 and 54 %) when beams were cooled by air and
water respectively.

The effect of burning by fire flame on rebound
number is shown in Figure below, it can be seen
that subjecting the reinforced concrete rigid beams
surface to fire causes to decrease the rebound
number significantly as follows:

At 400°C, the reduction in rebound number was
(22 and 27 %) for beams which were cooled in air
and water respectively. Whereas, at 750°C the
reduction was (42 and 45%) for beams cooled in
air and water respectively.

Effect of Burning on Load Versus
Deflection Results

The load versus mid-span deflection relationship
of reinforced concrete rigid beam specimens which
were loaded and exposed to fire flame at the same
time was measured during this process are
summarized in Table(3) and presented in Figure
(11). Each beam specimen was loaded to 25% of
the ultimate load before burning for a period of 25
minute; then exposed to fire flame temperatures of
(400°C, and 750°C) thereon, cooled by water or air
and finally the residual ultimate load was applied
until failure.

Deflection of these rigid beam specimens, which
occurred immediately when they were loaded and
subjected to fire flame, this deflection is called
immediate deflection or instantaneous deflection.
Deflection measurement was taken continually
during the test and the rate of increase in deflection
was controlled to provide warning of impending
collapse of the beam specimens.

From this Figure, it can be seen that the increase
in the fire temperature has a significant effect on
deflection of beam specimens cooled. In addition,
it can be noted that the increase in the fire
temperature decreases the load carrying capacity
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and increases deflection in beam specimens. This
can be attributed to the fact that heating causes a
reduction in beam stiffness, which is essentially
due to the reduction in the modulus of elasticity of
concrete and the reduction in the effective section
due to cracking. These Figures reveal that the load-
deflection relation of the beam specimens is almost
linearly proportional for temperature exposure
(400°C and 750°C).

Also, it can be indicated from the results in this
Figure that the ultimate load capacity of the rigid
beams is adversely influenced by the fire flame
exposure and this deleterious effect decreases the
ultimate load capacity by about 15-37%. Also the
maximum deflection at ultimate load increases by
about 30% which shows clearly reduced stiffness
behavior.

It is obvious from the results that the values of
residual first crack load decrease when the beams
are exposed to fire flame except (RB2) which
increase by (4.2%) over original first crack load.
This increase can be attributed to the general
stiffening of the cement gel or the increase in
surface forces between gel particles due to the
removal of absorbed water. Figure 12 reveals the
effect of fire flame on the residual first crack load
for the rigid beam specimens.

Verification of Building Codes Provisions
Several existing equations are available to predict

the bending moment capacity of reinforced

concrete beams. These equations are selected and

used in this study for comparison with the results

of the experimental work. These equations are

outlined in the Table (4).

Where:

M,, = Nominal moment, kN.m

f., = 0.85f, eq. (1)
The ultimate moment Mu (for design) is
M,=0M_ and 0=05 eq. (2)

The test results were utilized to verify the
recommendations and design simplifications of the
various Building Codes pertaining to bending
moment capacity (Mu) design. Table (5) presents
the comparison between the experimental results
with (ACI and B.S) Codes. The relationship
between fire temperature with residual moment
capacity and ultimate moment capacity are
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llustrated in Figures (13) and (14). To utilize these
equations after exposure to fire flame temperatures
the relative between the values (Mu test/Mu
calculated) were calculated for the rigid beam
specimens.

At fire temperature (400°C), for the rigid beam
specimens cooled by air, the ACI and B.S Building
codes close results to predict bending moment
capacity, while ACI Code gave overestimated
values whereas, the B.S Code gave well predicted
results of beam moment capacity cooled by water.

At fire temperature (750°C), for the beam
specimens cooled by air and water, the ACI and
B.S Building codes became unable to predict
bending moment capacity.

From the results, it is clear that the predicted
ultimate bending moment capacity obtained from
(ACI and B.S) Codes provisions is greater than
that obtained in the experimental work after
exposure o fir flame. This can be attributed to the
precracking which happens upon burning.

Fire Endurance of the Tested Rigid Beams

The aim of design for fire safety should be to

limit damage due to fire. The unexposed surface of
each tested beam was observed throughout (1.5
hours) fire test.
Figure (15) shows the temperature-time curves for
the exposed, mid-depth and unexposed surface for
the reinforced concrete beams. At the beginning,
the beams are at room temperature, measured to be
25°C. The experimental results clearly indicated
that the temperature near the surface to fire is
higher and decreases towards the top unexposed
surface. It can be seen from this Figure, that the
behavior of all beams tested is similar.

Fire endurance periods are determined usually by
physical tests conducted according to the
provisions of (ASTM E119-01) [14]. Under this
standard, the fire endurance of a member or
assembly is determined by the time required to
reach any of the following three end points:

1- The passage or propagation of flame to the
unexposed surface of the test assembly;

2- A temperature rise of 1630C at a single point or
1210C as an average on the unexposed surface of
the test assembly; and

3- Failure to carry the applied design load or
structural collapse.
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Based on the results of this work, it was noticed
that the test results agreed with [14]. While, these
beam specimens were subjected to fire flame
temperatures of (400 and 750 oC) for (90 minutes),
the fire endurance of all the beam specimens
investigated was reached when the inability to
carry the applied design load, then these beams
were considered failed according to [14].

Crack Pattern and Mode of Failure

In the present study, the development of cracks
and the time at which they appeared and
propagated in the reinforced concrete rigid beam
specimens were detected throughout testing to
assess the behavior of the beam specimens exposed
to fire flame and the control beam specimens. The
cracks were marked with a blue marking pen, and
then photographs were taken to the crack pattern.
When the load was increased, the cracks initiated
from the bottom concrete surface, propagation and
can be detected at early loading stages. Flexural
cracks appear initially in the constant moment
region. Further, flexural cracks were formed
progressively and widened as the loading
increased. Scabbing occurred prior to the rigid
beam failure due to the crushing of the concrete.
The rigid beam specimens are failed with the
typical flexural failure mode (yielding of steel
followed by crushing of concrete),

The beam burnt at 4000C, the flexural cracks
were wide speared along the beam outside the pure
bending moment region. However inclined cracks
are formed due to the presence of increasing shear
stresses as the load and temperature increase. For
rigid beams burnt at 7500C, additional vertical
cracks appeared on the beam surface, followed by
formation of diagonal cracks, the failure began
outside the mid span of beam. Figure (16) shows
photographs for crack patterns for the rigid beams
before and after exposure to fire flame.

Fire Testing Observations For Rigid Beam
Specimens
During the tests, special attention was drawn to

visual observations. The followings are some of
the observations that were recorded

1.
uring the experimental test, the beam was
monitored continuously for development of
surface cracks. It was observed that the
surface cracks formed earlier than expected, at
approximately 23 and 12 minutes during
burning to temperature 4000C and 7500C
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respectively. These cracks eventually led to
spalling of concrete cover, when the
specimens were loaded after burning.

fter the beams were subjected to fire flame,

two types of cracks developed, the first was
thermal cracks appearing randomly in a
honeycomb fashion all over the surface. They
originated from top or bottoms edges and
terminated near the mid-depth of the rigid
beam. The crack width was about (1.5mm).
The patterns of fine cracks were consistent
with the release of moisture being greater in
the outer layers than in the interior resulting in
differential shrinkage. The second cracks were
flexural tensile cracking due to loading
developed in the mid-span region.

hese cracks were observed in rigid beam

specimens during burning at about (15-24
minutes) of burning.

4. Generally, runoff water from all surfaces of

beam specimens in the first few minutes was
noticed. This phenomenon was observed at
about 10-15 minutes and continued for
approximately 9minutes for all burning
temperatures 400 and 750°C. This can be
attributed to the increase in vapor pressure
inside the saturated voids which causes water
to escape out from the cracks on the surface
generated by fire exposure.

. As loading increased, the cracks widened and

extended to join and form a triangular-shaped
cracks of (125-150 mm) length and (35-
45mm) width as shown in Figure 14.

COCLUSIONS

Based on the limited number of observations
made in this research the following conclusions
can be drawn:

1.

The ultrasonic pulse velocity tested
showed a response to the effect of fire flame,
the reduction in (U.P.V) was (28 and 33) %
and (52 and 54) % for beams cooled in air and
water at 400°C and 750°C respectively. It
appears that this non-destructive test gives
good predicted values for the residual
strength.

The reduction in rebound number was (22
and 27) % and (42 and 45) % for beams
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cooled in air and water at 400°C and 750°C
respectively. The decrease in the rebound
number with increasing in fire temperature
can be attributed to the fact that fire causes
damage to the surface of concrete rigid\beams
rather than to concrete in the core of the
member.

It was found that the ultimate load capacity of
rigid beam specimens decreases significantly
when subjected to burning by fire flame.

In this study, it is noticed that the load-
deflection relation of rigid beam specimens
exposed to fire flame temperature around
750°C are more leveled indicating softer load-
deflection behavior than that of the control
beams. This can be attributed to the early
cracks and lower modulus of elasticityT

The ACI and B.S Codes predict ultimate
moment capacity after exposure to 750°C fire
flame temperature conservatively.

The experimental results clearly indicate that
the crack width in reinforced concrete beams
that are subjected to fire flame are higher than
the beams that are not burned at identical
loads.
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Figure (1): The concrete frame of a ten-storey building that was fire-damaged during construction,
[Georgali and Tsakiridis, 2005].
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Figure (2): Elevation of the tested two-story two-bay portal frame [Hsu and Lin, 2006].
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Figure (3): Details of the reinforced concrete rigid beams.
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Figure (4): (A) The wood formwork of the rigid beams; (B) The rigid beams after lifting of the wood formwork;
(C) Curing of Rigid beam with the wetted hessian and polythene sheets.

Figure (6): Testing of rigid beam specimens under 25% of ultimate load with exposure to fire flame.
397
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Figure (8): Protection system of the dial gauge of deflection measurement.
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Table (1): Mix proportions.

Mix Proportion kg/m’
W/c ratio Water Cement Sand Gravel Slump (mm)
0.45 195 435 525 1215 60

Table (2): The test results of ultrasonic pulse velocity and rebound number of reinforced concrete

rigid beams before and after exposure to fire flame.

Type of Test Temperature °C (Va/Vb) Ratio | Type of Cooling
25 400 750
A B C B/A C/A
UPV (Km/Sec) 462 332 | 221 0.72 0.48 Air
332 2.11 0.67 0.46 Water
Rebound Number 1 26.0 | 20.6 0.78 0.58 Air
24.7 18.3 0.73 0.55 Water

Va and Vb Values of test results after and before exposure to fire flame respectively.

Table (3): Test results of the first crack load, ultimate load and deflection for control rigid beam
and rigid beams exposed to burning.

Specimen First Crack | Percentage Residual Ultimate Max Center Type of
Identification Load (kN) | First Crack Load % Load (kN) Deflection (mm) Cooling
RB1-25°C 26.3 100 73.74 9.33 ---

RB2-400°C 27.4 104.2 63.85 9.82 Air
RB3-400°C 232 88.2 56.22 11.05 Water
RB4-750°C 12.8 48.7 39.00 13.21 Air
RB5-750°C 8.0 30.4 22.18 14.35 Water
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Table (4): Summary of formulas for predicting moment beam capacity.

Method Equation EQ. NO.
- / f\' i
ACI-318M-08 Code M, =0pbd’f,|1- 0.59 7 | |
M. =0.87f.A fd—ﬁ)
B.S 8110-97 Code M, =0.87f A ld 1) 2

Table (5): Comparison of the moment capacity test results with that obtained from (ACI and B.S) Codes for beam

Specimen Cylinder Steel | Ultimate | Percentage M, (kN.m) M, (Test)| M (Test)
Identification | Compressive | Yield | Load Residual M_(BS) | M_(ACDH
Strength Stress (kN) Moment Test BS ACI
(MPa) (GPa) Capacity
RB1 24.0 530 142.6 100 35.65 | 32.78 | 34.30 1.09 1.04
RB2 19.7 530 124.4 0.87 31.15 | 32.53 | 34.06 0.96 0.91
RB3 18.5 530 112.0 0.79 28.00 | 32.46 | 33.92 0.86 0.83
RB4 12.4 408 72.8 0.51 18.20 | 24.62 | 26.00 0.74 0.70
RB5 6.6 408 64.2 0.45 16.10 | 23.56 | 25.00 0.68 0.64
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ABSTRACT

A symmetric feedback fluidic oscillator design is proposed. Theoretical and experimental studies
have been conducted to evaluate the relation between the fluidic feedback oscillator frequency and
temperature of the air which is the working substance. Two methods of calculations were used,
lumped and distributed parameter system. Then the results obtained experimentally. It was found
that the results of the lumped parameter system are closer to experimental results than the
distributed parameter system and also give the nonlinearity by (0.915%) between the lumped and
experimental results show linear relationship between air temperature and oscillator frequency with
a coefficient of determination (0.9977) And also found that the oscillator readings have a margin of
error very small amount (0.0011 Hz / C°) as well as a percentage (hysteresis) of about (1.663%)
when measuring the temperature and to overcome the hysteresis we suggest the use of fins to get rid
of (residual heat), the rig sensitivity was (3.66*10~ s/C°) finally, the rig resolution was (0.002 s).

KEYWORDS: fluidics, oscillator, coanda effect, wall attachment
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INTRODUCTION

This work is focused on study the effect of the
temperature on the fluidic oscillator frequency.
The feedback fluidic oscillator as shown in fig. 1
is a device with no moving parts that generate an
oscillating jet of fluid. The fluidic oscillator has
many implementations, it can be used as flow
meter, temperature measurement device and
frequency generator.

The fluidic oscillator arose from a
development of the Coanda switch (Luchi, 1967).

Fluidic oscillator has also been used as a
thermometer. In fact the change in the oscillation
frequency can be used as a temperature indicator;
Halbach, et al. (1968) described a fluidic
temperature sensor which has been demonstrated
with heated air. The sensor uses the frequency
beating technique and a detector network to
generate an analog pressure signal proportional to
the difference in frequencies. An oscillator, used
as the temperature sensitive element, generates a
frequency signal from the coupling of two
resonance tubes. Frequency was converted into an
analog pressure signal using a pulse modulation
technique. Data were presented and discussed for
heated air test conditions which simulate a typical
metal vapor application.

Frey, (1970) described the results of a
theoretical and experimental study of the
parameters affecting on the performance of fluidic
feedback oscillators. A  monostable wall
attachment amplifier was used as the active
element. Feedback elements are either constant
area transmission line or a volume capacitance.
An empirical model was developed for the power
jet and vortex bubble dynamic and the control
and output impedance. Analytical models for the
feedback elements (either transmission lines or
volume capacitance) were presented. The
describing function was used to model the non
linear components of the oscillator and the
frequency predicted by non linear frequency
domain stability techniques.

Yang, Chen, Tsai, Zhih Lin and Sheen (2007)
designed a novel fluidic oscillator incorporating
step-shaped attachment walls and acute-angle
splitters and verified experimentally to stabilize
the oscillation of circulation flow, to modify the
flow patterns and to improve the performance.
Focusing on various oscillators of plane-wall and
step-wall designs. The results reveal that the novel
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design promotes conditions to initiate the
oscillator and makes the recirculation vortices
oscillate more effectively and stably. Comparison
of the wave form of the spectral analysis and the
ratio of signal to noise over the entire
experimental range further corroborates the
superior features of the novel design.

Mataoui and Schiestel (2008) developed an
experimental on  Self-sustained oscillatory
phenomena in confined flow and proved that the
oscillatory phenomena may occur when a
turbulent plane jet is discharging into a
rectangular cavity. The fundamental frequency of
the oscillatory flow was found to be practically
independent of the cavity length. Moreover, the
oscillations are attenuated as the cavity width
increases, until they disappear for a critical value
of the cavity width. They are given for several
aspect ratios of the cavity, keeping constant values
for the cavity width and the jet thickness.

Khelfaui, (2009) proposed an asymmetric
micro-oscillator design based on a mono stable
fluidic amplifier. Experimental data with various
feedback loop configurations point out that the
main effect responsible for the oscillation is a
capacitive and not a propagation effect. Actually,
sound propagation in the feedback loop only
generates a secondary oscillation which is not
strong enough to provoke the jet switching; Data
from a hybrid simulation using a commercial CFD
code and a simple analytical model are in good
agreement with the experimental data. A more
compact plane design with reduced feedback loop
volumes is also studied through a fully CFD
simulation that confirms the previous conclusions.

THE OPERATION OF THE FLUIDIC
OSCILLATOR

Oscillators are basically circuits with time
delay feedback connection between their output
and their input .The signal fed back causes the
output pressure to be unstable, that it is oscillates
between the two logic levels”o” and “1” a block
diagram of the simple form of oscillator is shown
in fig. 2.For the moment that input moment (I)
will assumed zero, the circuit comprises a single
“NOR" element with a feedback loop between the
output and the input, the loop containing a
restrictor and a fluidic capacitance or volume.

Oscillator's produce a square wave output
known as (multivibrators), since the harmonic of
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the output wave shows that it contains multiple
vibrations (harmonics) of the fundamental
frequencies (Charles A. Belsterling, 1971).

The frequency of oscillations of the circuit
depends on both the supply pressure and the
downstream loading, as well as on the resistance
and capacitance of the feedback circuit .This is
because the supply pressure and loading both
affect the output pressure, which in turns alters the
rate at which the pressure rises at the input port
(K. Foster & G.A Parker, 1970).

THE OSCILLATOR FREQUENCY
CALCULATION

There are two strategies to calculate the
oscillator frequency theoretically; they are the
lumped and distributed parameter system
methods:

A. Lumped Element Method

Devices become simple if the wavelength in
the fluid is much longer than the dimensions of
the device .All acoustic variables are constant
over the dimensions of the devices so that spatial
coordinates can be ignored in the equation of
motion .Acoustic devices in this long wavelength
limit are defined as lumped acoustic elements .
Thus, the dynamics of the lumped element
systems are independent of their spatial
configuration .

A signal appearing at the output of a lumped
element component is assumed transmitted
without delay or distortion to the next component
in the system, so the distances between the
components are not considered .Helmholtz
resonators or segments of pipes having all
dimensions sufficiently small compared to the
relevant wavelengths can be considered as lumped
acoustic elements, whose behavior resembles
those of a simple oscillator .The lumped elements
find application as convenient models for more
complicated systems at low frequencies, allowing
straightforward design of the noise transmission
characteristics through pipes, ducts, mufflers, and
so forth, without materially affecting any required
steady flow of fluid through the system .

For systems in which the characteristic
dimension of the device is relevantly long
compared to the wavelength (1 > 1), the spatial
configuration is important .They are called
distributed systems .The dynamics of the
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distributed system unlike the lumped element
system are mathematically represented by partial
differential equations .Thus, in distributed
systems, there may be as many as three space
variables and a time variable .There are many
systems containing wave-guides (K. Foster & G.A
Parker, 1970). The lumped parameter system of
the oscillator consists of three elements; the fluid
nor gate, the fluidic capacitance and long orifice
(fluid resistance) as shown in fig. 2

The transfer function of the system is the ratio
of Laplace transforms of the output and input
quantities, initial conditions being zero.The block
diagram of the Bistable element oscillator shown
in fig. 3.

This fluid capacitance (C1 and C2) associated
with the properties of fixed volume of fluid.
During transient flow changes within the volume
the conditions of the fluid usually described by the
perfect Gas Law for a gas, change relative to
ambient conditions .And as used in the linearized
fluid components representations for transient
conditions, analogies may be drawn with
equivalent electrical quantities .Thus in this case
the fluid capacitance, it's electrical equivalent is a
capacitance to earth, i.e .has a value relative to
ambient conditions (A.K. Jairatha, 1997).

To find the transfer function of the feedback
channel, the first step is finding the feedback
block diagram .The mass rate of flow is equal in
the capacitance and in the restrictor

P1-P2
e =R @
And,
W, =P1*SC (2)
Then;
P2=P1*(1-R*SC) 3)

Now, to find the transfer function of the oscillator
the block diagram of the oscillator, see fig. 3.

P2
G(S) feedback — ﬁ =1-R*3C (4)

The transfer function of the oscillator will be
as the diagram;
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L
R*SC

G(S) — Pout —

oscillator P
in

®)

The transfer function shows that such circuit
characterized by a first order lag with a time
constant RC, see fig. 4. The frequency response
gives a bandwidth from a steady state conditions
up to the break frequency w, where:

1 1
a) = —_— — 6
* 7, RC (©)
7, =RC (7)

So that, this circuit consider as a resistance
capacitance dependent (J.R Frey & J. N. Wilson,
1970).

It's important to calculate the switching time
(T1) of the flow from one leg to another, there are
many investigations have been performed on the
dynamic experimentally and theoretically. Most of
them present comprehensive results on
measurements of switching time of the supply jet
from one side to another, [for (Q./Q;) = 0.33 and
(a = 15), 7, =19.5ms] (Yamasaki H. et al,

1988).

Finally the oscillator frequency according to
lumped modeling calculated according to
equation:

f 1 _ 1
2(r,+7,) 2(19.5+RC)

®)

And the values of R and C calculated as

n AP, AP, o
! W31 CD * Aoriffice *‘\l 2/01 * g
And
m
C= 10
AP,, (10)

Where (p; ,p> ,p;) are read directly by using
the mercury liquid column.

B. Distributed Parameter Method.

The equations governing a two dimensional
steady flows in the fluidic oscillator are;
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The continuity equation for incompressible
flow can be thought of as a constraint on the
velocity field, specifically that the Velocity field
is divergence-free.

0

— 11
OX (1

E(PVFO

The momentum equations in both X- and Y-
direction with eddy viscosity (Potter, 2008) will
be; X-momentum equation:

(pu)+

0

2o Zow)= 2 8] L [
ox oy ox U ox ) eyl T oy
oy, o), of fau ov

™ +5X(2ﬂeﬁ 6Xj+a}/{ueﬁ(a}’ +8Xj:| ..(12)

Y-momentum equation:

(o) )= s 2 2 g &
ox oy ox "M ox) oyl oy
_op . 0 N|, O u v

ot ax(zyeﬁ ay)+ay{ueﬁ(ay +axﬂ ...... 13)

A computational procedure for the governing
differential equation is explained by using the
partial numerical differentiation.

The momentum equations in two dimensional
were discussed because this work has a constant
thickness fluidic oscillator, and the third
dimension will not be very important.

P, Uand vV must be defined at the cell center
on a square 2D grid with equal mesh spacing, h, in
both dimensions, as shown in fig. 5.

In more general terms as representing a
potential field likes a velocity components or the
pressure corresponding at a specific point.

Now, the numerical formula will be sub in the
momentum.

The boundary conditions will vary as the type
of flow (Shlichting, 1979).

I- In the input channel the boundary
condition is as same as that for the
rectangular tube. The boundary conditions
at the wall of the oscillator will be (U=0
for horizontal surface and V= 0 for
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2
vertical) and (—— =0for horizontal

2
\Y
surface and 8_2:() for vertical), and
X

the boundary conditions at centerline of

. au .
the tube is (— = 0 for horizontal surface

Vv
and 6_ =0 for vertical).
OX

2- The flow is developed flow since the pipe
length is more than the entrance length
where,

L—DE =120 () and D=0.01225

Ly =147 m
m.

and the pipe length is 3.7

ov
For fully developed flow; E =0.

The distributed parameters discussed in this
section executed using the Visual Basic 6.0. The
model has been designed using the program
AutoCAD MECHANICAL 2010 and then the
Visual Basic 6.0 was used to calculate the
instantaneous velocity at each node then it
calculate the time of the period then the frequency
calculated.

h
T, =) — ... (14
) Zvj (14)
Then the oscillator frequency can be
calculated:
1
=—— ... (15)
2z, +71,)

THE TEST PROCEDURE

This test evaluates the effect of air temperature
on the oscillator frequency as shown in fig. 6

The oscillator and the heater and the
compressor were connected as an open loop. The
air is compressed by the compressor in the storage
tank to a certain stagnation pressure to obtain
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steady-state conditions and then the air is allowed
to flow through butterfly valve, the butterfly valve
allow us to maintain the flow rate Quantity fig. 7.

The air is allowed to flow through the gate
valve, and then the air flow rate measured using
the air flow meter then the static pressure and
temperature measured by the gauge and
thermocouple before entering the heater, then the
heater rises the air temperature. The thermocouple
and bourdon gauge measured the temperature and
static pressure of the air before entering the fluidic
oscillator then the oscilloscope evaluates the
oscillator frequency fig. 8.

These experiment takes 10 wvalues of
temperature test ( 15, 20, 25,30, 35,40, 45,
50,55, 60 ) C° for cases at two flow rates ( 80 -
100) I/m and at 1 bar stagnation pressure .

These tests take 2 attempts for each record to
evaluate the average value.

RESULTS AND DISCUSSION

Figs. 9 and 10 show the relation between the
temperature and the oscillator frequency for (80
and 100 I/min air flow rate) respectively. The
oscillator frequency represented in these figures is
calculated according the lumped parameters
method for different flowrate values.

Figs. 11 and 12 show the relation between the
temperature and the oscillator frequency where
the frequency was calculated according to the
distributed parameters for (80 and 100 1/min air
flow rate).

The two methods of the calculation results
show that the frequency increasing as the
temperature increasing. This increasing of
frequency is due to decreasing of the fluid
capacitance with the temperature increasing
according to the equations (19) and (20) for the
constant capacitor volume and constant air
flowrate, and since the "main effect responsible of
the oscillation is a capacitive effect" (Khelfaoui,
2009) then the oscillator frequency will increased
according to equation (21).

In the distributed parameter system results,
the temperature rise decreases the air viscosity
() which in turns will reduces the channels
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resistance and increases the air velocity at each CONCLUSIONS
point of the channel and the frequency will
increased according to equations (16) and (17). The following conclusions have been
extracted:
— V 1 .
T RT (16) 1- The oscillator frequency depends on many
factors such as;
= 1 (17) A- The physical dimensions of the oscillator
R*C such as the oscillator leg volume, the
control orifice and the angle of deflexion.
7, =R*C (18)
B- The flow properties such as the
Figs. 13 and 14 show the effect of increasing temperature,  viscosity and  Reynolds
the flow temperature on the oscillator frequency number.

for (80 and 100 L/min respectively). The
experimental results give the same conclusion
about the positive relationship between the

2- To measure the oscillator frequency, high
response dynamic pressure transducer must

oscillator frequency and the temperature. be used. In the other hand, the static
pressure transducer will not be suitable for

Figs. 15, 16 show the experimental and such measurement.

theoretical results (lumped and distributed). In

these figures it can concluded that, the results that 3- The device has a low error margin and

calculated according to lumped parameters are nonlinearity but has a relatively high

more realistic than that calculated according the hysteresis because of the high thermal

distributed parameters. capacity of the Neutral Detergent Fiber (NDF)
Experimentally the hysteresis, nonlinearity ACNOWLEDGMENT
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NOTATION
Symbol | pescription Unit
Ain The cross sectional area m’
at points lor2
2
C Fluidic capacitance m
Co Coefficient of discharge
Q. Control jet volume flow m’/s
rate
Qs Supply jet volume m’/s
flowrate
R The specific gas j'kg
constant of dry air (286.9) k
2
Riz The fluidic resistance s/m
T The air temperature C
3
\ The leg volume m
Wi The air flow rate from Kg/s
point 1 to point 2
We Capacitance air flow rate | K&s
Wr Resistance air flow rate Kg/s
f Oscillator frequency Hz
h Step distance of the mesh | MM
u The x-component of the m/s
air velocity
\4 The y-component of the m/s
air velocity
s The control to supply port
width ratio
Ws The supply port width mm
Wb Breaking frequency Hz
We The control port width mm
o Half angle between the deg
legs
APy, Pressure difference mbar
between point 1 & 2
A Circuit operation wave mm
length
Meff | Total dynamic viscosity Pas
T Relay time ms
T2 the oscillation time const ms
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Table (1) Sample thermal hysteresis analysis at

(80 I/min)
;chr;n I)) f up (Hz) f;‘zl;’wn hysteresis
15 5.7471 5.8962
20 5.8445 5.999
25 5.9523 6.105
30 6.031 6.205
35 6.1312 6.325
40 6.2383 6.410
45 6.3653 6.514
50 6.4808 6.644
55 6.6313 6.7567
60 6.8189 6.8189
Average
point 6.2634 6.3676 1.663
(37.5 °C)

Table (2) Error analysis results for all tests

The test St. dev | Non-lin | hyst

Temperature
test at (1 bar,
80 1/min)

0.056 0.09 1.663

Temperature
test at (1 bar,
100 1/min)

0.027 0.04 0.774
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23

Fig (1) the fluidic oscillators diagram.

c,
R,
g
~
S Q
P Q
‘O;—’%
—
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e

Fig (2) block diagram for Bistable feedback
oscillator

P1

Fig (3) Block diagram of the feedback
channel
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Fig (4): The transfers function of the
fluidic oscillator.
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Fig (6): The Schematic Diagram of the
Experimental Rig.
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Bourdon gauge

Fig (7): Air heater in the rig.

Fig (8): Temperature test rig diagram
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Fig (9): Theoretical Relation between
Frequency and Temperature (Lumped
Parameter System) (1 bar, 80 1/min)
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The Structural systems and expressional function for Airport
Terminals' buildings

ABSTRACT

The research deals with the structures of the contemporary travelers' buildings in particular, and which
is a functional complex installations where flexibility, technical and stereotypes play an important role
as well as the human values These facilities must represent physiological and psychological comfort
for travelers. TThose are facilities where architectural form plays a distinguished role in reversing the
specialty and identity of the building. Hence the importance of the subject has been in forced, as a
result for the need to study these facilities and to determine the impact and affects by the surrounding
environment, to the extent of the urban, environmental, urban, social, and psychological levels. The
importance of the research highlights the i role, played by airports terminal buildings in recent times,
and the necessity to study its expressional and, aesthetic levels and methods of application, examining
its integration with construction level , where these integrations play a major role in giving expressive
symbolism and iconography to these construction. The local libraries , in particular ,lack architecture
studies which is related to the subject, mentioned above to settle the problem of research, represented
by the shortage of studies about the role, played by structural systems in achieving the symbolic
expressive function for airport buildings and terminals. Research hypothesis has been stated as
following: structural systems are the tools of expressive and symbolic language for buildings of the
airport stations, in integration with functional and operational system and the complex motion of these
buildings. The main research objective has been determined to clarify the role of the construction
system in highlighting the expressive function of these buildings as an identity for the place and
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special interface characteristic of a civilized country in question which reflects its local privacy by
being the first point of intercourse with travelers and tourists' arrivals and departures of the country.

1.1
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ABSTRACT

This study objective is to identify the visual pollution in Karrada district main streets as an example of main
streets in Baghdad, the public opinion about each pollutants, solutions to reduce and eliminate the pollution were
suggested as well. In order to accomplish this objective different methods were used, 16 pollutants were selected,
pictures of each pollutants were taken and a questioner were distributed randomly for 270 people to evaluate the
public opinion with statistical methods. Garbage, their disposal and storage areas took the first two places as the
highest offensive pollutants. The people showed that they find long lines of vehicles, debris and generators
appearance ranked third, fourth and fifth respectively .This research showed that more than 70 percent of people
are against the militarization of society and they consider any existence of heavy military machinery or personal is
highly offensive issue. Other pollutants such as street sellers, beggars, and crossed wires considered as moderately
offensive. Car parking in inappropriate places, badly trimmed trees, large billboards in the streets and the
buildings criteria considered slightly offensive. The shops billboards and cellular phone and internet towers were
considered the least offensive pollutants. Major solutions is to enhance the municipality management in both
planning and operation methods relayed to pollution removal, running awareness campaigns to educate the people
about the visual pollution effects and how to reduce it and reduce the military appearances in the city .

KEYWORDS :Visual pollution, garbage , militarization, billboards, Buildings frontage design and
awareness campaigns.
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INTRODUCTION

Visual pollution defined as any irregular
formations or any negative changes that
considered disturbing and leave negative
impressions in the mind of people (Yilmaz &
Ayse, 2011) . These Irregularity and negative
changes can cause over time, a damage in the
sense of beauty and the distortion of aesthetic
considerations and satisfaction and acceptance
of the image of the ugly (Mohamed & Abdel-
Gawad, 2011), which can destruct the
psychological state of citizens and damaging
the Gross national product and the national
economy (Kuther, 2011). Many researchers
had listed the reasons below as the main
reasons beyond the visual pollution;

1- Administration and  management
reasons: Neglecting, wrong decisions like
exceptions for some governmental
agencies and companies, lack of
maintenance for buildings and
Infrastructures , legal deficiencies ,lack of
control, uses that are not compatible with
the functions and insensitivity of local
administrations (Khaled, 2009).

2- Economic reasons: Different
architectural designs, lack of funds, which
can be notice in that countries with poor
national economy have worse visual
pollution than those having strong
economy (Al-Kurdy & Kivo, 2009).

3- Cultural and Educational reasons:
People with lack of cultural or educational
levels will have less interest in avoiding
any visual pollution (Yilmaz & Ayse,
2011).

This research surpasses any other researches
by adding a new reason for visual pollution,
which is a Security reason. This is because of
the complex situation in Irag, people are
undergoing the view of heavily armed police
and army power and their battlefield
equipments and vehicles such as T-72 and
MZ1A1(Abrams) Main battle tanks ,(M1117,
BTR’s and BMP’s) soldier carriers and
(Humvee’s and Dzik-3) armored vehicles.
This presence will cause militarization of
society. This militarization of society will lead
to the creation of a culture of militarism and
acceptance of weapons as a normal part of life
(Louise, 1995) . (Martin-Baro, 1988) Suggests
another influence for the militarization of
society, which is mental militarization, in

Visual pollution and statistical determination in
Some of Karrada district main streets /Baghdad

Which violence is the normal response for
social problems, disrupting public rational
decision-making processes and destroy
perceptions of non-violent options for conflict
resolution. The result is societal brutalization
and the collapse of traditional value systems.

AREA OF STUDY

This study took several streets from al-Karrada
district as the study area as shown in Fig.1 , the
reason beyond this choice is Al-Karrada district
and its roads represent one of the most important
roads in Baghdad because it connect and contain
large commercial , residential, governmental and
educational areas; these streets are:

1- Al-Jamia’a (University) Street: begins
with the imminent of Al-Jaderia Bridge
and ends with Al-Jamia’a intersection.
On This Street lies the largest university
in Iraq, which is University of Baghdad.

2- Khalid Ibn Al-Walid Street: the
longest street in Al-Karrada district
begins with Al-Jamia’a intersection and
ends with  Mohammed  Al-Qasim
Highway, passing through Kamal
Junbalat (or Al-Hakim)square, Al-Hurria
intersection , Al-Masbah intersection
,Ogba bin Nafia’a Square, Al-Tahriat
Square,52  square and  Al-Sina’a
intersection. Both sides of this street
contains mass selling and retail markets
for electrical and furniture goods and
could be consider as the national center to
distribute these goods in Irag.

3- Tarig Bin Ziad Street: Starts from
Ogba bin Nafia’a square and ends with
Mua’asker al-Rasheed (Rasheed Camp)
highway intersection, on this street lays
the mass selling and retail of Batteries,
tires, vehicles and machines spare parts.

4- Fawzi Qawoamgi Street: starts from al-

Masbah intersection and ends with Al-
Fatih Square. This street is Commercial
Street with mass and retail selling of
electrical and menswear good.
All these streets beside their commercial
importance, they have governmental
buildings, cultural centers, social clubs,
hotels and restaurants on their sides.

Main streets in any city , is not only some paths to
drive on, it is public spaces where people can
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walk, shop, meet and can do different social and
recreational activities that make urban living
enjoyable (Mohamed & Abdel-Gawad, 2011).
Actually, some researchers showed that people
have more acceptances to green roads and the
drivers showed lower levels of stress when seeing
natural roadside compared with building roadside
(Akbar, 2003). A research showed that car crashes
had decreased in number after landscape
improvement was made (Cackowski, 2003).

METHDOLOGY
Usage of photographs

The usage of photographing was essential and
crucial element in this study to illustrate the visual
pollutants and to work as alternative to the real
pollution in the questioner as shown by many
researchers , Sample pictures shown in Fig.2.
(Herzog, 1989) used photos to investigate aspects
of the public's perception of urban environments ;
(Arriaza M, 2004) Used photos to evaluate the
visual quality of agricultural landscapes; (Bulut Z,
2007) applied the visual quality assessment
method in this study to offer some suggestions for
the future planning in regarding to urban
landscape visual beauties; (Jaber, 2009) the visual
pollution caused by the commercial and
transportation activities was displayed by site
photographs; (Kuther, 2011) used the photographs
to compare the visual pollution in two main road.

Usage of questioner

Questioner Method used to represent the people
opinions about visual pollutants items and — from
their stand of view — the major and minor visual
pollutants. Interviewees answered the questioner
with a condition that any pollutants in the
questioners is not in physical contact with them
and it is not affecting them in any way but
visually; the interviewer give detailed explanation
to each item required in the questioner. The 270
participants were asked to evaluate each one of
the 16 pollutant scoring from 1 to 10, 10 means
very offensive and 1 means low or not offensive.
Photographs for each pollutant obtained in the
guestioner to give more details about them.
Statistical methods used to determine the rank of
each pollutant, the standard deviation and
confidence interval for 99%, 95% and 90 %
confidence degree .
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In this research, we are investigating the main
causes of visual pollution from the people stand of
view using a questioner and statistical analysis.

Visual Pollutants

The visual pollutants evaluated in this study
were;

e Garbage and boxes remnants in the
walkways and curbside: this includes
houses wastes, boxes, and plastic bags
etc, left by the street sellers, shoppers and
shops.

e Crossed over electric wires: because of
the electric power lack in Irag, people are
using private generators to provide them
with the electricity, they need causing the
establishment  of  private irregular
electricity network beside the national
electricity network.

e Military  weapons,  vehicles and
checkpoints: due to the security situation
in Irag, many of the main roads are
having checkpoints, military police forces
and other security agencies to enforce the
law, these forces need some requisites
like camouflage nets, concrete blocks,

water and fuel tanks and other
appearances that disturb the population
eyes.

e Demolished buildings: this includes the
buildings destroyed because of war,
terrorist activity or rehabilitation.

e Excavation works & rubbles: includes
private and municipality excavation
works for any reason.

e Generators smoke, spilled fuel and

general appearance: this includes the
private sector generators distributed in the
area to provide electricity. These
generators have infrastructures like diesel
storage tanks, circuit breakers board, and
sometimes additional cooling system.

e Large advertising billboards: the size,
design, materials and contain of
governmental and private advertising
billboards installed in the median stripes ,
squares and on buildings.

e Long lines of vehicles: this includes the
traffic jams caused by checkpoints and/or
road junctions.
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e Irregular demonstration of goods: the
irregular distribution and demonstration
of goods in both shop windows and
sidewalk seller.

e Shops and supermarkets Billboards:
different sizes, color, design, materials
and location of shops billboards cause
lack of unity for the observer.

e The irregularity of heights, design,
materials and regression of buildings:
because of years of neglecting and
different legislation the heights, wide
verity of materials design and regression
(the distance from the building to the
curbside) differs widely.

e Overfilled and dirty garbage containers:
few numbers of containers and long
emptying and cleaning periods causing
the filthiness and over fullness of the
garbage containers.

e Beggars and street sellers: some beggars
lay in the middle of the paved areas with
dirty clothes and sometimes with different
types of drugs and suspicious objects
around them; while street sellers are
demonstrating their goods in the
walkways or even selling near the road

junctions.

o Dead and badly trimmed tress: this
caused by neglecting and human
activities.

e Car parking in the streets and in green
areas or in walk ways: This is a result of
small or absence of parking lots in the
area.

e Cellular phone, Internet Towers.

RESULTS AND DISCUSSION

The average offensive score for each pollutant
listed in Tablel.

From table 1 and figure 3, the highest offensive
pollutants were garbage remnant and their
fallaciously disposal with 80% and 71.1% of
people giving them the highest score respectively.
These high ranks for garbage related pollutants
are not surprising when considering the stigma
and association of the word garbage. This require
increasing the garbage bins and the man power
working on cleaning and emptying the bins,
promoting awareness campaign is needed as well

417

Visual pollution and statistical determination in

Some of Karrada district main streets /Baghdad
to educate the population about the pollution risks
in general and specially the visual pollution.

Tablel Average offensive score for visual
pollutant.

The third rank was for long lines of vehicles

Offensive pollutant Average
rank score

1 Garbage and  boxes | 9.44
remnants in the walkways
and curbside

2 Overfilled and  dirty | 9.44
garbage containers

3 Long lines of vehicles 8.62

4 Excavation works & |8.4
rubbles

5 Generators smoke, spilled | 8.35
fuel and appearance

6 Military  vehicles and | 8.15
checkpoints

7 Beggars and street sellers: | 7.91

8 Crossed over electric | 7.73
wires

9 Demolished buildings 7.42

10 Car parking in the streets | 6.66
and in green areas or in
walk ways

11 Dead and badly trimmed | 6.31
tress

12 Irregular demonstration of | 6.26
goods

13 Large Advertising | 5.35
billboards

14 The irregularity of | 3.26
heights, design, materials
and regression of
buildings

15 Shops and supermarkets
irregular billboards 2.97

16 Cellular phone internet
Towers 2.35

resulted from checkpoints and intersections in this
highly populated area with many of the
governmental buildings specially the University
of Baghdad. This high rank is in line with other
studies like (Jones, 2006) , to overcome this
problem reducing the checkpoints and activation
of road rules is definite. The fourth rank was for
excavation works and rubbles from the renovation
of buildings (both governmental and private); this
pollutant might achieve higher ranks if the
municipality did not enforce some regulations on
the ground. Generators and their different
pollutants has the fifth rank with 73.33% of
people considering it highly offensive, this is a
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result of the regulation absence that regulate the
installation and operation of these generators.

The sixth rank is very important because it
declared that despite the fact of decades of
militarization and wars that the Iragi people had
suffered, 71.11% of them are considering the
military existence is highly offensive appearance.
The reducing of these appearances is needed by
reducing and intensive the checkpoints, movement
prohibition of tanks and soldier carriers during the
day and even in night crowded hours, decrease the
vehicles and their armament of protection forces
accompany the VIP’s and the use of household
like infra structures in these checkpoint instead of
the military like ones.

The beggars and street sellers have the seventh
rank with 68.89% of people listed it as highly
offensive, this high pollutant rank is due to its
effect on tourism and trading. Immediate
procedures should be taken to activate protection
social network, capacity building for new
graduated students and finding hiring positions.

Crossed wires from the private electricity network
had the eighth rank; this pollutant could have
higher rank if it was in the eye level. Solving the
electricity problem in the long phase and the using
of large cables with sub circuit boards in the short
phase may reduce the effect of this pollution.

The pollutants in ranks from nine to thirteen are in
controversial situation, the scoring for these
pollutants highly depends on cultural and
educational background of people and the location
of pollutant more than other pollutants because
of most of these pollutants is a result of absence
of services and\or legislation.

The ranks from fourteen to sixteen had the
minimum scouring because of these pollutants are
not in eye level and not considered highly eye
and mind stressing issue.

Table 2 shows standard deviation values and
Confidence interval with confidence degree of
99%, 95% and 90% which indicate that the results
were satisfactory and the data was not highly
scattered and they are close to the mean with
adequate confidence intervals.
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CONCLUSION

This research provides the public opinion about
certain visual pollutants. Garbage, their disposal
and storage areas took the first two places as the
highest offensive pollutants. The people showed
that they find long lines of vehicles, debris and
generators appearance ranked third, fourth and
fifth respectively .This research showed that more
than 70 percent of people are against the
militarization of society and they consider any
existence of heavy military machinery or personal
is highly offensive issue.

Other pollutants such as street sellers, beggars,
and crossed wires took middle place and
considered as moderately offensive.

Car parking in inappropriate places, badly
trimmed trees, large billboards in the streets and
the buildings criteria considered slightly
offensive.

The shops billboards and cellular phone and
internet towers were considered the least offensive
pollutants.

This indicates the lack of municipality activity
and the need of activate legislations and rules to
terminate these pollutants such as building,
transportation and protection social network laws.

Reducing the military appearances and the need of
promoting awareness campaigns regarding the
pollution in general and specially the visible
pollution is very significant issue as well.
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Univer sify Street

Figure 1. Satellite image of the study area Al-Karrada District with the main streets
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The irregularity of heights, design, materials and regression of
buildings and irregular shops billboards

Figure 2. Pollutant Pictures used in the study (Taken by the Author).
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Figure 3. The Statistical scouring for pollutants discussed in this research.
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Table 2. Standard Deviation and Confidence interval with confidence degrees of 99%, 95% and 90%
for visual pollutants

Standard | Confidence interval | Confidence interval | Confidence interval
Deviation | With confidence with confidence with confidence
Pollutant degree of 99% degree of 95% degree of 90%
Garbage and boxes remnants in the
walkways and curbside 1.36 9.6579 | 9.231 9.6069 9.282 | 9.5807 | 9.3081
Overfilled and dirty garbage
containers 1.28 9.6446 | 9.2442 9.5968 9.2921 | 9.5723 9.3166
-~ s e veeze 212 | 89538 | 8.2906 | 8.8745 | 8.3699 | 8.834 | 8.4105
Excavation works & rubbles 2.02 | 8.7166 | 8.0834 | 8.6409 | 8.1591 | 8.6021 | 8.1979
Generators smoke, spilled fuel and
appearance 1.99 8.6682 | 8.0429 | 8.5934 | 8.1177 | 8.5552 | 8.1559
Military vehicles and checkpoints | 240 | 85316 | 7.7795 | 8.4416 | 7.8695 | 8.3957 | 7.9154
Beggars and street sellers: 2.54 8.3096 | 7.5126 | 8.2143 | 7.6079 | 8.1656 | 7.6567
Crossed overelecriciires 240 | 811 | 7.3566 | 8.0199 | 7.4467 | 7.9739 | 7.4928
Demolished buildings 247 | 7.8091 | 7.0353 | 7.7166 | 7.1279 | 7.6693 | 7.1752
Car parking in the streets and in
green areas or in walk ways 2.43 7.0471 | 6.2862 | 6.9561 | 6.3772 | 6.9096 | 6.4237
Dead and badly trimmed tress 2.58 6.715 | 5.9071 | 6.6185 | 6.0038 | 6.5691 | 6.0532
Irregular demonstration of goods 2.28 6.6239 | 5.9094 | 6.5385 | 59949 | 6.4948 | 6.0385
Large Advertising billboards 233 | 57215 | 49895 | 5634 | 50771 | 55893 | 5.1219
The irregularity of heights, design,
materials and  regression  of
buildings 2.25 3.6193 | 2.9140 | 3535 | 2.9984 | 3.4918 | 3.0415
Shops and supermarkets irregular
billboards 2.38 3.3502 | 2.6053 | 3.2611 | 2.6944 | 3.2156 2.74
CIEL Ul BT ITEie TEnels 1.91 | 26557 | 2.0554 | 2.5839 | 21272 | 2.5472 | 2.1639
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