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ABSTRACT

This research describes Iraqi housing in the first decade of the twenty-first century, taking AL-
Adhamiya as a model, depending on descriptive method of inductive approach to the study of this decade.
By doing the field study for three neighborhood in Adhamiya district. Which takes in consideration the
comparison between housing in the first period of the first decade of the twenty-first century with the
second period of this decade: the latest decades of 21th century. And for many aspects involving areas,
sizes, forming, direction of opening of housing and the function, to reach the most important transformation
of Tragi housing in the first decade of this century in order to give a picture of the residential fact for this
period.
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Investigation of Backfill Compaction Effect on Buried Concrete Pipes
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ABSTRACT
The present study deals with the experimental investigation of buried concrete pipes. Concrete pipes

are buried in loose and dense conditions of gravelly sand soil and subjected to different surface
loadings to study the effects of the backfill compaction on the pipe. The experimental investigation

was accomplished using full-scale precast unreinforced concrete pipes with 300 mm internal
diameter tested in a laboratory soil box test facility set up for this study. Two loading platforms are
used namely, uniform loading platform and patch loading platform. The wheel load was simulated
through patch loading platform which have dimensions of 254 mm *508 mm, which is used by
AASHTO to model the wheel load of a HS20 truck. The pipe-soil systems were loaded up to pipes
collapse. Pipes were instrumented with strain gauges to measure circumferential strains, in addition
to dial gauges, for measurements of the pipe vertical deflections and settlement of the loading
platforms. The test results indicated that flexure governed the buried pipe behavior. Flexural cracks
formed slightly before the ultimate load. A comparison of soil backfill, between a loose and dense
compaction, showed that the dense backfill improve largely the pipe installation and the strength of
pipe-soil system.

KEYWORDS: Buried concrete pipes, Backfill compaction, Bedding factors, Strain gages, Patch
loading.
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INTRODUCTION

Buried pipes are constructed from various
materials in wide range of sizes and shapes and
were primarily used for drainage applications
prior to 19th century. Today buried pipe
infrastructure serve many purposes, including
sewer lines, drain lines, water mains, telephone
and electrical conduits, highway and railway
culverts, gas and liquid-petroleum lines, coal
slurry lines, pedestrian and stock passes, subway
tunnels, heat distribution lines and numerous other
special functions [Bashir 2000].

Buried pipes are classified as either rigid or
flexible. A flexible pipe is defined as one that will
deflect at least 2 percent of its diameter without
structural distress while rigid pipe is generally
those that cannot deflect more than 2% of its
diameter before failing. In the industrial market,
the most common rigid pipes are clay, cast iron,
unreinforced concrete and reinforced concrete
pipes, etc, while flexible pipes includes PVC,
Steel, Ductile iron, etc [Moser and Folkman
2008].

Concrete Pipes plays a significant role in highway
construction, sewerage water disposal and canal
flow. The economics of manufacturing, durability
of pipe, and rigidity under a load make them an
attractive choice in many situations [Haque 1998].

Today, it is well known that besides the pipe
material, the installation procedures have a great
effect on the performance of the pipe-soil system.

The present study is to evaluate the structural
behavior of a full scale non-reinforced concrete
pipe installed under earth and exposed live
loadings. The pipes installed in a laboratory soil
box. Gravelly sand was used as the soil. Deep
burial was simulated by applying a surcharge load
after the soil box had been filled with soil. The
loading system is a special load frame facility.
The pipes were instrumented to record data for
strain and the change in vertical diameter. The
strain gages were wired to data acquisition
system. Data was directly read by a computer
activated system. The measured data were the
applied load, surface strains at crown, invert and
springlines, vertical diameter change (deflection)
and loading platform settlement.
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The main objective of the current work is to
investigate the behavior of the concrete pipes
subjected to different loading systems and its
interaction with surrounding soil at different
compaction efforts.

MATERIAL DESCRIPTIONS
CONCRETE PIPE

Full scale non-reinforced concrete pipes of 300
mm internal diameter, 394 mm external diameter
and thickness of 47 mm were used in the present
work. The length of pipes was 1000mm. The
concrete compressive strength of the pipe is
determined by using non-destructive tests, namely
ultrasonic pulse velocity. The ultrasonic test was
performed on two pipes, for each test 10 readings
were taken by direct method, and the average
compressive strength is about 30 MPa.

The elastic constants of concrete and steel (in case
of reinforced pipe) are necessary when calculating
wall thrust and bending moment. The elastic

modulus values used in concrete design
computations are usually estimated from
empirical  expressions that assume direct

dependence of the elastic modulus on the strength
and density of concrete [Mehta and Monteiro
2006].

According to ACI Building Code 318 [ACI Code
318M 2008], with a concrete unit weight between
1500 and 2500 kg/m3, the modulus of elasticity
were determined from:

E,=v.'°*0.043 £/"/?

Where

E_ = static modulus of elasticity (MPa)

Y. = concrete unit weight (kg/m®)

(M

C

f. = 28-day compressive strength of standard
cylinders (MPa).

Thus, based on the density of concrete pipe of
2280 kg/m’ and the compressive strength of 30
MPa, the value of modulus of elasticity according
to Eq.(1) is 25634 MPa. In this study Poisson ratio
is assumed equal to 0.129 [Haque 1998].

The cross sectional area A and moment of inertia |
of the pipe, per unit length (namely plane pipe)

are A=1*t andI=1*t>/12, and they equal to
47 mm*/mm and 8651.917 mm®/mm respectively.
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BACKFILL SOIL

The soil used in this study was relatively uniform
gravelly sand with maximum particle size of 25
mm, it pass through sieve #25.

According to ASTM D422, the backfill soil
composed of approximately 13 % Medium
Gravel, 74% Sand, and 1.17% fines passing sieve
No. 200, by weight. The particle size distribution
curve for backfill material is shown in Fig.1. The
uniformity coefficient, Cu and coefficient of
curvature Cc are calculated based on Fig. 1.

C, =260 - 19 5o )
Dy,  0.125
2 2
C,=—2s0) O3D°__ 4046 (3)

© DyyxDgy  0.125%1.9

Where, D10, D30, and D60 are the diameters
corresponding to percents finer than 10, 30, and
60 %, respectively [Das 1984]. Based on Fig. 1 it
is found thatD;;=0.125mm, D;;=0.31mm

Thus based on grain size curve and with the
uniformity coefficient, Cu = 152 and the
coefficient of curvature, Cc = 0.404, the backfill
soil is classified as poorly graded sand with gravel
(SP) according to unified soil -classification
system USCS. And it is classified as A-1-b soil
class according to AASHTO. According to Iraqi
standards this soil is classified as Granular base
material Type D. According to ASTM C1479-07a
it is meets the gradation requirements of Category
I-SIDD (Standard Installation Direct Design) soil.
The soil classification according the above data is
summarized in Table 1.

BEDDING

Bedding is the first layer of embedment material
around the tested pipe. It was finished before the
installation of pipe. The bottom base of the soil
box was directly overlain by the gravelly sand
material which served as the bedding layer.
Overall thickness of the bedding layer below pipe
invert is constant for all tests and equal to 30 cm.
Before transporting the complete instrumented
pipe to the Lab the trench and bedding is
completed. compacted backfill soil (Dense
bedding) were used in this study, The dense
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bedding layer was leveled and compacted
sufficiently using hand tamper.

DESCRIPTION OF EXPERIMENTAL
APPARATUS

SOIL BOX

A fabricated steel box with dimensions 1.5m by
1.05m in plane and 1.3m in height was used to
study the behavior of buried concrete pipe. As
mentioned previously the pipes had a length of
1000 mm, so that the ends of the pipe would not
touch the sidewalls of the test box in which its
width equal to 1050 mm. This means that the ends
of the pipe are not restrained, but are free to
undergo axial (longitudinal) expansion just as they
would if placed with bell and spigot connections
in the field [Moore et al., 2004 ].

The soil box was designed to have two trench
widths, a wide trench, 1.5 m wide in which the
clear distance between pipe and the trench wall is
1.375 Do , namely 0.55 m , and a narrow trench,
0.8 m wide, in which the clear distance between
pipe and the trench wall is 0.5 Do , namely 0.2 m.
The natural ground (at bedding foundation and
two sides of the trench) was simulated by soil box
steel walls.

LOADING SYSTEM

The loading frame system included three essential
components:

1-Reaction frame: which is constructed using steel
I sections and anchored into concrete footing with
clear width of 1.73 m and clear height from the
ground of 2.21 m, as shown in Fig. 2.

3-Hydraulic jack: A hydraulic jack of 400 kg/cm®
maximum capacity (which equivalent to 39.3 MPa
or 23 tons in force unit) with a piston diameter of
87.8 mm was used to apply the load on the
backfill. The piston is connected to hydraulic
power supply/control unit which operate
manually.

3- Loading Platform: After the tank was filled
with soil a grillage consisting of three layers of
steel sections was assembled on 6mm steel plates
rest on top of the leveled soil surface for loading
applications as will be discussed later.
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MODELING OF LOADING

The load was transferred from the bottom face of
the hydraulic cylinder to the top of the backfill
over the pipe by a loading platform. There are two
types of loading platforms depending on the type
of loading namely uniformly distributed load and
patch loading.

Thus two types of loading platforms were used in
the present study, namely uniform load platform
and patch platform. Each platform is a simulation
of an actual loading type, as summarized in Table
2.

UNIFORM LOADING PLATFORM
(EARTH FILL)

The bottom of the platform comprised of steel
plates of thickness 6 mm and dimensions cover
the top of leveled backfill, and then closely
arranged IPE 140 steel I-beams of 1m length
which approximately cover the top of the backfill
and its top plates. At the top of IPE 140 beams
structure there was two HP 150 beam sections
installed transversely at 1/3 span of the IPE 140
beams from each end so that the load on these HP
150 beams will distributed equally to the IPE 140
beams. The hydraulic cylinder rests on a heavy
beam of length 0.85m which in turn rest on the
transverse HP 150 beams.

PATCH LOADING PLATFORM

A steel plate of size 508 mm * 254 mm with
thickness of 30 mm was used for transferring the
load from the hydraulic cylinder to the top of the
backfill to represent the AASHTO HS20 truck
wheel loading.

The dimensions of the platform plate is based on
the AASHTO specifications, due to the HS 20,
32,000 pound and the Alternate Truck 25,000
pound design axle are carried on dual wheels. The
contact area of the dual wheels with the ground is
assumed to be a rectangle, with dimensions of 10
in * 20 in, [ACPA 2009].

DESCRIPTION OF EXPERIMENTAL
INSTRUMENTS

The experimental instruments used in the test
series of pipe included mainly two systems: the
data acquisition system, the pipe deflection
measurement system, and the loading system. The
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data acquisition system consists of strain indicator
unit. The pipe deflection measurement system
consists of a dial gauges. The loading system is a
special load frame facility.

DATA ACQUISITION SYSTEM

Strains of pipe surface were measured using a
mobile data acquisition system. The data
acquisition system used in this study includes
personal desktop computer, strain indicator has 8
channels and accompanying software.  The
measured data comprised output voltages, which
were then post processed using application
programs and spreadsheets to derive design
variables.

In the present work the strain gauges were directly
wired into the individual quarter-bridge
Wheatstone circuit using the active-dummy
method, where one strain gage serves as a dummy
gage and one strain gage serve as active gage.

TML Strain gauges Type PL-60-11 are used in all
tests. It is an electrical resistance unidirectional
strain gauges metal foil gages 60mm in length
designed for measuring concrete strain on the
surface of a concrete structure. All gauges had a
nominal resistance of 120 ohms and a nominal
gauge factor of 2.22.

There was one primary section for each pipe. Four
strain gages were installed in each layer (inner
concrete and outer concrete) of the primary
section. A total of 8 gages were installed for each
pipe, which sums up a total of 16 gages for both
active and dummy pipes. Uniaxial strain gauges
were used to measure the circumferential strains
at four separate locations around the pipe
circumference: at the Crown, Invert and both
Springlines. The strain gauge locations were at
mid-span for patch loading and at 330 mm for
uniform loadings.

DEFLECTION DIAL GAUGE

A dial gage of 1 cm reading capacity was used to
measure the vertical deflection of pipe. A special
stand was manufactured capable of adjusting the
vertical position of dial gauge arm in addition to
keeping it firmly inside the pipe as shown in Fig.
3. Dial gauge is installed at mid span for patch
loading and at 250mm for uniform and strip
loadings.
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SETTLEMENT MEASUREMENT DIAL
GAUGE

The settlement of the loading platforms was
monitored using dial gauge of 5 cm reading
capacity.

COMPACTION CONTROL OF
GRANULAR FILL AND COMPACTION
EQUIPMENT

In geotechnical engineering practice, it is
customary to use the dry density of the compacted
fill to control the field compaction operation.
Accordingly, a standard Proctor density test,
AASHTO T-90 or ASTM D698 (or Modified
Proctor Compaction Test AASHTO T-180 or
ASTM D1557) is performed on the soil and the
maximum dry density of the soil determined. The
target dry density to be achieved in the field is
then expressed as a percentage of the maximum
dry density.

In this study the compaction characteristics of the
test soil were determined in accordance with
Modified Proctor Test, ASHTTO T-180. Six
compaction tests were performed to obtain the
moisture-density relationship of the backfill soil.
The maximum dry density obtained was 21.5
kN/m® with a corresponding optimum moisture
content of 7.6% as shown in Fig.4.

The field compaction devices that are most
commonly used in the compaction of pipe
embedment materials are impact rammers and
vibratory plates. In this study the mechanical
compactor could not be used due to the limited
space of soil box, therefore a hand tampers are
used as compaction tool, namely manual
compaction is used in this study. Two steel hand
tampers with height of 1.35 m are used in this
study, one with contact area of 200 *200 mm steel
plate with thickness of 16 mm, and total weight of
14.7 kg as shown in Fig. 5. This tamper was used
for all layers except for narrow trench between
pipe and wall region. The second is smaller than
first tamper; which consist of a steel plate with
200 * 100 mm contact area and thickness of 16
mm, and total weight of 10.9 kg as shown in Fig.
5. This tamper was used mainly with narrow
trench conditions to compact the soil between
pipe and trench.
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FIELD DENSITY MEASUREMENT

In-situ density and moisture content of the backfill
and bedding layer was monitored according to
AASHTO TI191-86 sand cone method. Sand
passed through sieve No. 20 and retained on sieve
No.50 was used in the sand cone apparatus.
Density of the standard sand was determined in
the laboratory and the average value was 1.53
g/cm’. Weight and volume of the soil specimen
was measured in the lab to compute the test
density and then the compaction degree based on
the maximum dry density of 21.5 kN/m® and
optimum moisture content of 7.6%. The backfill
compaction results for each test and bedding layer
compaction are presented in Table 3. In the
present study the terms dense soil or dense
compaction are used for compaction greater than
92% and loose soil or loose compaction for
compaction less than 90%.

TEST VARIABLES

Test variables included trench width, compaction
degree, and backfill cover. All these variables are
investigated under two types of loadings, uniform,
and patch loadings.

The investigation is accomplished to select which
combinations could provide the proper
information. A total of 4 tests were conducted
with the test variables and 2 tests for the sake of
failure load analysis (bedding factor analysis) in
addition to the three edge bearing test, thus a total
of 7 tests were accomplished. The test variables
are summarized in Table 4.

The descriptions of tests according to their
variables are shown in Fig. 7.

THREE EDGE BEARING TEST, TEB

A three-edged bearing test is used to determine
the strength of a rigid pipe in which this test
strength is directly related to the load carrying
capacity of the buried pipe. The pipe is supported
at two locations along the bottom, and a vertical
load is applied at the top until the pipe fails. When
concrete pipe is subjected to a load, either by a
testing apparatus or a field installation, this load
tries to deform the pipe into an elliptical shape.
During the loading process, tensile stresses
develop on the inside of the pipe at the crown and
invert and on the outside of the pipe at the
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springline, and compressive stresses develop
opposite these tensile stresses. Since concrete is

strong in compression but weak in tension, cracks
form in the tensile zones [WRI 2003].

The test pipes failed during the three edge bearing
test at the applied vertical pressure of 73.79 bar
which equivalent to a line load of 44.68 kN/m.
Thus according ASTM C14M, the test pipes were
belonging to Class 3.

BEDDING FACTORS ANALYSIS

As described earlier, the test pipe was subjected to
loading controlled by a hydraulic jack. The load
was applied until one of the following conditions
was met:

1. Maximum capacity of the load cell was
achieved, or

2. Invert and crown strain gages had failed, or

3. Failure of the pipe

The failure load is good criterion for the sake of
comparison between tests and clearly reflects the
effect of test variables on the pipe strength. It
should be noted that failure load here is the load
of total collapse of the pipe. Also due to
unreinforced concrete pipe the crack load is
slightly less than collapse load.

In this study the failure load analysis was
achieved through the bedding factor analysis, in
which the Three Edge Bearing TEB test result is
considered as a reference quantity for comparison
of buried pipe strength or loading capacity. Due to
TEB test results was in kN/m units at the pipe
crown, therefore the vertical stress at pipe crown
level due to the failure loads of different loading
platforms are calculated firstly using or
approximate method and then converted from
stress to equivalent line loads.

The vertical stress at the crown level due to patch
loading platform is determined wusing an
approximate method called the 2:1 method for
rectangular loads. In this method the surface load
on an area B x L is dispersed at a depth z over an
area (B + z) x (L + z) as shown in the Fig. 6. The
vertical stress increment under the center of the
load is [USACE (EM 1110-1-1904) 1990]:

_ Q
LT @
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Where Q = is the resultant of a surface rectangular
load, kN.

Finally, for uniform loading platform which could
be expressed as simulated earth fill; the
overburden pressure due to gravity loads is
expressed by the following relation:

szySH

where, ys = unit weight of soil.

)

Thus after determination the vertical stress at the
buried pipe crown due to applied surface load, it is
converted to equivalent line load at the pipe crown
by multiplying the stress by outside diameter of
the pipe, namely 397 mm as shown in Table 5.

Once the pipe load has been determined, the next
step in pipe failure load investigation involves
defining the bedding factor. The bedding factor is
defined as the ratio between the supporting
strength of the buried pipe to the strength of the
pipe in a three-edge bearing test [Selig and
Packard 1987]. The bedding factor is determined
according to the following equation [Wong et al.,
2002]:

W +Wg

B f
TEB

(6)

Where By is the bedding factor, Wy is live load
such as vehicle load, Wk is earth load (here due to
30cm or 60 cm backfill covers) and TEB is the
Three Edge Bearing test strength. According to
above equations the bedding factors for each test
were calculated and summarized in Table 5.

In the present study the bedding factors are
indication for quality of pipe-soil system, namely
as the bedding factor values are high as the
installation quality is good. Thus higher values of
bedding factors are not necessary to be
accompanied with higher failure loads.

Based on Table 5, the highest bedding factor is
2.30 for Test No.5 and lowest bedding factor is
1.26 for Test No.6, these results are expected due
to Test No.5 used dense backfill while for Test
No.6 uncompacted backfill was used.

For the same backfill cover and the same bedding
conditions as for Tests No.l and 2 the bedding
factors are considerably different due to different
compaction efforts which indicate that the pipe-
soil strength considerably is affected by the
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backfill compaction although similar conditions of
bedding or cover conditions.

ANALYSIS OF BACKFILL
COMPACTION EFFECT

The comparison was accomplished for two
loadings types, uniform loading and patch loading
as shown in Table 6.

STRAIN ANALYSIS

Generally, the experimental data obtained from
the tests were not the direct reading of strain, and
they were only the readings of voltage change.
Therefore, to obtain the readings of the strain, the
experimental data needed to be transformed after
tests, in this study an Excel Spreadsheets are
developed for data transformation.

According to quarter-bridge Wheatstone circuit, if
the resistances are R1, R2, R3 and R4 (in Ohm,
Q) and the bridge voltage is E (in Volt, V). Then,
the output voltage v, (Volts) is obtained with the

following equation:

1 AR 1
v,r~—.—.E 7
oFT R (7)

Where
R1 = Strain gage resistance
AR = Change in strain resistance
€ = strain
G, = Gage factor

Thus the obtained is an output voltage that is
proportional to a change in resistance, i.e. a
change in strain. This microscopic output voltage
is amplified for analog recording or digital
indication of the strain.

Thus the strain is computed from the following
equation

L _4rav
G, *E

N

(®)

Where AV = change in voltage (reading of the
increment of voltage)

In general the strains for loose compaction were
always greater than that of dense compaction
which is expected conclusion as shown in Fig. 8
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to Fig. 11. At springlines there are relatively slight
different between tests set for both loading
conditions as shown in Fig. 10 and Fig. 11 which
mean that there are small difference between
compaction in both tests either loose or dense
compaction. ~ The  approximately  similar
compaction effort at springlines of tests sets are
due to the compaction by hand tamper faced
difficulties at springlines region such as limited
space or avoid pipe damage, thus this results are
expected.

The tensile strains are relatively closed between
tests set in case of uniform load but there are clear
gaps in case of patch loading especially at invert
and crown as shown in Fig. 8b and Fig. 9b, in
which there are rapid and sharp increasing in
tensile strains with increasing loadings in case of
loose compaction which reflect the probability of
rapid growth of cracking. .

In contrast, the compressive strains are relatively
closed between tests set in case of patch loading
but there are clear gaps in case of uniform
loadings, in which the gap increased with load
increasing as shown in Fig. 8a and Fig. 9a.

BENDING MOMENT ANALYSIS

The bending moment and the thrust force can be
obtained from the experimental strain data of the
test pipes. If the strains are known through the
thickness, then the bending moment and thrust in
the pipe wall can be computed from equations of
mechanics of materials.

From the principles of strength of materials,
circumferential stresses at the inside and the
outside walls of the pipe due to beam bending and
axial forces are expressed as follows

P M*c
i A T )
P M*c
c,=—— 10
oA ] (10)
Where ,

o;, 6, = Circumferential stresses at the inside and

outside of the pipe respectively N/m’.

P = Axial thrust per unit length of the pipe, N/m

A = Cross-sectional area per unit length of the
pipe, m*/m).

M = Bending moment per unit length of the pipe ,
N-m/m.

¢ = Distance from the neutral axis to the extreme
fiber, m.
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I = Moment of inertia of unit length of pipe wall
(m*/m).

According to the principles of theory of elasticity,
the circumferential stresses can be related to the
strain gage readings from the inner and the outside
walls of the pipe as

o; =E; *¢g; (an

c, =E. *¢, (12)
where,

i o Circumferential strains at the inside and

outside of the pipe wall respectively,

€= Young's modulus of pipe materials, N/m2.

Further, when subtracting Eq.(9) from Eq.(10),
and substituting the value for circumferential
stresses from Eq.(11) and Eq.(12) , the equation
to calculate the bending moment is obtained as
follows:

M= (o; _00)*1 B

= (& —&) 4 E *1
2*¢

2*c

(13)

The sign conventions are, the axial thrust is
assumed to be positive in tension and the bending
moment is positive when producing tension in the
exterior fibers of the pipe wall.

In general the bending moments for loose
compaction under similar loading were always
greater than that of well compacted soil, the
results are shown in Fig. 12 and Fig. 13. At both
springlines the bending moments coincided, this is
because springline compaction (by hand tamper)
is less than the rest to avoid pipe damage, thus
these results are expected. At crown and invert,
the bending moment of pipe with loose backfill
were higher that those of well compacted backfill
with gap increasing with increasing applied load.
At invert, there is sharp increase in bending
moment of loose backfill in comparison with well
compacted backfill under both loading conditions
as shown in Fig. 13a and Fig. 13b,

DEFLECTION ANALYSIS

As expected the vertical deflection of pipe in case
of loose backfill are greater than that of well
compacted backfill as shown in Fig. 14 (for Tests
No.1 and No.2 there are no available data for
deflection). The deflection of Test No.4 (dense
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compaction) at load increment before failure was
0.14 mm (0.047% as percent from internal
diameter of 300mm) while for Test No.3 (loose
compaction) the deflection for load increment
before failure was 0.185mm. this reflect that the
buried strength increased considerably with
compaction effort of surround backfill.

SETTLEMENT ANALYSIS

The settlement actually decreased with increasing
backfill effort, this concept clearly appears in Fig.
15. It clearly indicate that settlement of patch
platform was much greater than the settlement of
uniform platform due to small contact area of
patch platform in comparison with uniform
platform. Fig. 15 indicate that the shape of
settlement curve patch loading platform were
sharply increased with increasing loading after
loading of 19 kN in case of loose backfill while
the sharp increase start after loading of 78 kN in
case of well compacted backfill.

FAILURE LOAD ANALYSIS

The failure loads of dense compaction tests were
higher than that of loose compaction tests, as
shown in Table 7.

In general a single crack pattern has been
observed for all pipes pipe, which appear as
longitudinal and approximately straight cracks
along the inner faces of invert and crown and
outer faces of springlines, namely flexural cracks
as shown in Fig. 16.

CONCLUSIONS

Based on the analysis results the following
conclusions can be drawn:

1. The highest bedding factor obtained is 2.30 for
dense backfill and lowest bedding factor is 1.26
for uncompacted backfill.

2.For the same backfill cover and the same
bedding conditions as for the bedding factors are
considerably different due to different compaction
effort which indicate that the pipe-soil strength
considerably affected by the backfill compaction
although similar conditions of bedding or cover
conditions.

3. It is found that the compaction of backfill cover
of 30 cm or 60 cm over the pipe crown and also
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The backfill below the springline will improve the
installation of the concrete pipe and then the
strength of pipe-soil system.

4. The collapse loads of pipes under uniform load
with 60cm backfill cover; ranged from surface
overburden pressures of 131.2 kPa (very loose
backfill) to 248.2 kPa (well compacted backfill)
overburden pressures which yield that installation
quality can increase the strength of pipe-soil
system to approximately 50% as an upper limit.
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Table (1): Soil Classifications
Standards ASTM D2487 AASHTO Iraqi S ASTM C1479-07a
M145
Soil Classification | SP (Poorly graded A-1-b Class D | Gravelly Sand (Category I)
sand with gravel)

Table (2): Loading Platforms Types

No. | Loading Platform Simulation of Length, m | Width, m | Contact
area m2
1 Uniform loading Earth fill 0.8 1.05 0.840
2 | Patch Platform AASHTO HS20 wheel 0.508 254 0.129
Table (3): Soil Densities and Compaction Degree for Tests
Test No. Wet Density Dry Density Water Content Compaction
Dense Bedding 22.15 21.18 4.60 98.51
Test No.l 19.75 19.07 3.56 88.71
Test No.2 20.78 19.90 4.45 92.54
Test No.3 20.81 19.23 8.20 89.45
Test No.4 21.07 19.92 5.75 92.65
Test No.5 21.27 20.19 5.37 93.90
Test No.6 19.09 18.37 3.91 85.43
Table (4): Variables of Tests
Test | Trench | Cover of | Backfill Compaction Loading Bedding
No. width | backfill compaction
1 Narrow | 30 cm Loose Compacted Uniform loading Compacted
2 Narrow | 30 cm Dense Compacted Uniform loading Compacted
3 Wide 60 cm Loose Compacted Patch Platform Compacted
4 Wide 60 cm Dense Compacted Patch Platform Compacted
5 Narrow | 60 cm Dense Compacted Uniform loading Compacted
6 Narrow | 60 cm Not Compacted Uniform loading Compacted
(Rained Soil)
7 Three Edge Bearing Tests
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Table (5): Bedding Factors for Different Tests

Test | Cover Loading Failure Loading Vertical Vertical | Bedding
No. above Type kN kN/m’ Stress at Load | Factor, By
crown crown kN/m* | kN/m
1 30 cm Uniform 156.4 186.2 192.29 75.76 1.70
2 30 cm Uniform 178.7 212.8 218.89 86.24 1.93
3 60 cm Patch 134 1039.0 155.50 61.27 1.37
4 60 cm Patch 141.5 1096.8 163.52 64.43 1.44
5 60 cm Uniform 208.5 248.2 260.38 102.59 2.30
6 60 cm Uniform 110.2 131.2 143.38 56.49 1.26
Table (6): Tests Used in Backfill Compaction Analysis
Set Dense Compaction Tests Loose Compaction Tests Loading Type
No.
1 Test No.2 Test No.1 Uniform
2 Test No.4 Test No.3 Patch
Table (7): Effect of Backfill Compaction on Failure Load
Set Dense Compaction Tests Loose Compaction Tests Loading Type
No. Test No. Failure Test No. Failure Load
Load
1 Test No.2 212.8 KN/m’ | Test No.l | 186.2 KN/m’ | Uniform
2 Test No.4 141.5 KN Test No.3 134 KN Patch
3 Test No.5 2482 KN/m’ | TestNo.6 | 131.2 KN/m" | Uniform
ASTMD 2487 | Copbios — Gravel T Medi':"d — Silt or clay
AASHTO :101:5 Cobbles Gravel . P Sand — Silt or caly
I R
Do T
.% &0
2 ;
g 40 —s —
10 —
0 Iifff... ; Iifii... R Iifii... —

1000 100 10 0.1 0.01 0.001

1
Particle Diameter, mm

Figure (1): Grain Size Distribution For Backfill Soil
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ABSTRACT

The aim of this study is to propose mathematical expressions for estimation of the flexural strength of
plain concrete members from ultrasonic pulse velocity (UPV) measurements. More than two hundred
pieces of precast concrete kerb units were subjected to a scheduled test program. The tests were divided into two
categories; non-destructive ultrasonic and bending or rupture tests. For each precast unit, direct and indirect
(surface) ultrasonic pulses were subjected to the concrete media to measure their travel velocities. The results of
the tests were mointered in two graphs so that two mathematical relationships can be drawn. Direct pulse
velocity versus the flexural strength was given in the first relationship while the second equation describes the
flexural strength as a function of indirect (surface) pulse velocity. The application of these equations may be
extended to cover the assessment of flexural strength of constructed concrete kerb units or in-situ concreting
kerbstone and any other precast concrete units. Finally, a relation between direct and indirect pulse velocities of
the a given concrete was predicted and suggested to be employed in case when one of the velocities is not
available can be measured for other ultrasonic pulse test applications

KEY WORDS: Nondestructive tests, ultrasonic, pulse velocity, flexural strength, concrete kerbs.
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1. INTRODUCTION

The non Destructive Testing (NDT) of concrete has
a great technical and useful importance. This testing
technique has been grown during the last decads
especially in the case of construction quality
assessement (Shariati et al.). The main advantage of
(NDT) method is to avoid damaging of concrete or
impairing the function of consrtucted structural
components. Besides, its use is simple, quick and
test results are avialble on the site (Hobbs and
Tchoketch). Ultrasonic pulse velocity (UPV) and
Shmidt rebound hammer (SRH) are so familiar
(NDT) methods. The use of (UPV) to non-
destructive assessment of concrete quality has been
extensively investigated for decads (Solis-Carcano
and Moreno). The test is based on measuring the
velocity of an ultrasonic pulse passing through the
tested solid material. According to the theory of the
sound propagation, the pulse velocity depends on
the density and elastic properties of that material
and independent of the frequency of the pulse
(C.N.S. Electronics).

It can be shown that the pulse velocity of
longitudinal ultrasonic vibration travelling through
an elastic solid is given by: (Krautkramer and
Krautkramer)

UPV =\/E 1-v)

P (1+ v)(l— 2v)

(1)

Where, E = dynamic elastic modulus

p = the density

v = Poisson’s ratio.

When ultrasonic testing is applied to metals
to detect internal flaws, the former send the echoes
back in the direction of the incident beam of pulse.
The measurment of time taken for the pulse to travel
from a surface to a flaw and back again enables the
position of the flaw to be located. Such a technique
can not be applied to hetrogeneous materials like
concrete since echoes are generated at numerous
boundaries of different phases within these
materials resulting in a general scattering of pulse
energy in all directions. Based on this fact, it is
recommended that the pulse frequency used for
testing concrete is much lower than that used in
metal testing. The higher the frequency, the
narrower the incident beam of pulse propagation but
the greater the attenuation (or damping out) of the
pulse vibration. The frequencies suitable for these
materials (metal and concrete) range from about

198

Estimation Of Flexural Strength Of Plain

Concrete From Ultrasonic Pulse Velocity
20kHz to 250kHz with 50kHz being appropriate for
the field testing of concrete (C.N.S. Electronics).

1.1 Historical Backgroud

The historical review of development of ultrasonic
pulse test shows that the technique is used first in
1946 and 1947 in Canada by engineers at the
Hydro-Electric Power Commission of Ontario to
investigate the extent of cracking in dams. The
developed device is called Sonicsop. It was capable
of penetrating up to 15m of concrete and measure
the travel time with an accuracy of 3%. In early uses
of the soniscope on mass concrete, the emphasis
was on measuring the pulse velocity rather than
estimating strength of concrete.

As stated by Carino (1994), Parker (1953)
reported on early attempts at Ontario Hydro to
develop relationships between pulse velocity and
compressive strength. At the same time when work
on the soniscope was in progress in Canada, R.Jones
and co-workers at the Road Research Laboratory
(RRL) in England were involved to develop an
ultrasonic testing apparatus (Jones (1949) stated by
Carino (1994)). The apparatus that was developed
and called Ultrasonic Concrete Tester operated at a
higher frequency than the soniscope to produce
pulses of shorter path lengths.

Through his wide experience in UPV test,
Jones (Carino) established the inherent problems in
using the pulse velocity to estimate concrete
strength. Despite these early finding, numerous
researchers dealed with prediction of concrete
compressive strength by measuring the pulse
velocity through their media. Most of these works
proposed corellations or imperical equations for
application to extended ranges of concrete.

1.2 Literature Review

A brief review of some selected works from the
avialable literature is shown in Tablel. The review
was concenterated on works from which the
mathematical correlations were proposed.

Through this fair review of literature it was
seen that most of researchers (if not all) dealed with
the estimation of concrete compressive strength
from UPV test. No work was found interested in
estimation of flextural strength. For this reason the
present study was conducted. On the other hand,
flexural strength estimation from UPV helps to
control the quality of some precast units that should
resist a certain value of flexural stress.
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Table 1: Review of some sellected works from literature

No. | Author Year | Proposed Correlation Notes
1 | Jones 1962 | f,, =28 exp?5%Y fou = compressive strength
u " .
in MPa.
o | Elveryand 1976 | f., =0.0012exp>?"Y V = direct pulse velocity
Ibrahim cu .
- in km/sec.
Raouf and Al 1983 | f,, =2.016 exp®®V V, = indirect (surface)
Abdul-Salam 1992 | fo, =-199 + 123V pulse velocity in km/sec.
Lopes and 3 2 885V
° Neponmuceno 2001 | fo, =0.00015exp
Tumendemberel 5,2
6 and Baigalimaa 2001 | f,, =1.356x107"V“ -0.076V +111.502
7 | Malnotra and 2004 | f,, =—109.6 +0.033V
Carino
8 | Nash'tetal. 2005 | f,, =1.19exp®™Y
9 | Ali 2008 | f,, =0.26exp”s—0.83
10 | Lawson et al. 2011 | f,, =0.053exp® %
11 | Shariati et al. 2011 | f,, =15.533V —34.358
12 | Jassim 2012 | f,, =0.395exp®%4

2. EXPERIMENTAL WORKS

203 precast concrete kerb units were used through
out this work. The units have different dimensions.
The length is ranged between 500-1000mm and
width between 100-200mm while 250-300mm is the
range of height. Each unit is submitted to the
following testing program:

1. Measuring of dimensions and locating the points
at which the ultrasonic transducers will be attached
for both direct and indirect tests (Fig.1.a).

2. Grease oil is used at located points to be a
suitable coplent between transducer and concrete
face of the precast units (Fig.1.b).

3. Five direct UPV tests were taken for each unit
using 55kHz transducers. The tests were conducted
in a mannar so that the travel path of the ultrasonic
pulse is across the width of the unit (Fig.1.c). This is
done to simulate the future field UPV test on
constructed concrete kerb units in the road.

4. Indirect (surface) UPV tests were performed at a
constant pulse travel distance of 200mm (Fig.1.d)
using the same transducers that used in direct test.

5. Finally, each precast unit was subjected to
flextural stress to the failure via utilizing the
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bending machine shown in Fig.2. The flextural
strength is computed from eq.1:

PLy
fp=—=

41
Where,
f. = flexural strength in MPa
P = applied force in Newtons
L = span length in mm
y = distance from the neuteral axis of precast unit
section to the extreme fiber in mm
| = moment of inertia of precast unit section in mm?®.

(1)

3. RESULTS AND DISCUSSION

The results of the direct and indirect tests that were
conducted on the precast concrete kerb units were
tabulated in Table2. Direct and indirect (or surface)
velocities were calculated at five different locations
for each precast kerb unit. Then the average velocity
of these five readings in both direct and surface tests
was determined. To investigate the scattering of the
velocities in both direct and indirect tests, the
standard deviation was calculated.

In all tests, as it was expected, the average
direct velocity was greater than the indirect one.
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The increase in the length of pulse insident beam
from the measured distance between transducers in

the indirect test stand behind this fact.

It was noted that the maximum value of
standard deviation was 0.055 km/sec for direct tests

and 0.057 km/sec
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for

surface tests.

The

corresponding coefficients of variation were 1.37%

and 1.24% respectively.

Table 2: Ultrasonic pulse velocity test results

No Av.V SDD Av. V; SDS f; No Av.V SDD Av. V; SDS f,
km/sec km/sec km/sec km/sec MPa "1 km/sec km/sec km/sec km/sec MPa
1 4,70 0.021 4.26 0.042 3.11 53 4.65 0.023 3.75 0.035 3.44
2 4,79 0.024 4,28 0.024 3.15 54 4,59 0.022 3.76 0.049 3.56
3 4.83 0.046 4.29 0.027 3.18 55 4,61 0.022 3.78 0.032 3.36
4 3.48 0.019 3.38 0.013 2.09 56 4.25 0.050 4.13 0.028 3.50
5 3.50 0.041 3.44 0.039 2.13 57 4.32 0.030 4.06 0.017 3.73
6 3.50 0.037 3.48 0.034 2.21 58 4.66 0.043 4.40 0.034 3.45
7 4,13 0.044 3.92 0.022 2.22 59 3.76 0.029 3.15 0.021 2.02
8 4,12 0.045 3.95 0.038 2.29 60 4.32 0.031 3.71 0.014 3.06
9 4.08 0.026 3.97 0.038 2.30 61 4.34 0.044 3.98 0.046 2.96
10 4.33 0.031 3.92 0.055 3.33 62 4.45 0.027 4.38 0.038 3.60
11 4.40 0.053 3.94 0.037 3.77 63 4.46 0.044 4.43 0.024 3.76
12 2.89 0.015 2.56 0.007 1.39 64 4.46 0.030 4.41 0.043 3.98
13 2.89 0.017 2.55 0.012 1.40 65 4.43 0.030 4.38 0.053 3.82
14 2.91 0.018 2.55 0.005 1.42 66 4.42 0.053 4.37 0.051 3.92
15 3.33 0.027 3.10 0.017 2.40 67 4.50 0.035 4.48 0.050 3.71
16 3.33 0.014 3.08 0.016 2.33 68 4.80 0.028 3.86 0.018 3.37
17 3.37 0.036 3.06 0.024 2.33 69 4.39 0.040 3.98 0.024 2.73
18 4,78 0.026 4.46 0.040 3.83 70 431 0.051 3.94 0.037 2.73
19 4.89 0.021 4,52 0.026 4,11 71 4.26 0.013 3.95 0.029 2.67
20 4.81 0.033 4.49 0.050 3.99 72 4,18 0.054 3.94 0.047 2.72
21 4,91 0.047 451 0.048 3.94 73 4,13 0.032 3.92 0.052 2.81
22 4.79 0.021 4.48 0.040 4,16 74 4.16 0.037 3.90 0.028 2.72
23 4.89 0.026 4.46 0.047 3.83 75 4,91 0.029 4.56 0.023 3.75
24 4.59 0.043 4.37 0.031 3.90 76 3.56 0.035 2.30 0.018 1.77
25 4,74 0.048 421 0.029 3.59 77 3.55 0.034 2.29 0.016 1.82
26 4.83 0.016 4.33 0.017 3.82 78 3.60 0.020 2.30 0.035 1.77
27 4,72 0.036 4.28 0.054 3.70 79 5.07 0.041 4.90 0.033 4.61
28 4,79 0.026 4,19 0.033 2.87 80 5.17 0.050 4.89 0.040 4,73
29 4.87 0.017 4.24 0.039 2.93 81 5.15 0.031 4.88 0.045 4.67
30 4,16 0.023 3.85 0.049 2.38 82 4.65 0.052 3.92 0.040 3.25
31 4.28 0.036 3.81 0.045 2.42 83 4,74 0.027 4.16 0.054 3.34
32 4.25 0.046 3.86 0.039 2.44 84 4,79 0.013 4.28 0.031 3.44
33 4.20 0.039 3.64 0.038 2.96 85 4.82 0.033 4.36 0.055 3.34
34 4.29 0.036 3.82 0.031 3.18 86 4.88 0.049 4.34 0.012 3.34
35 4.45 0.032 3.79 0.042 3.35 87 4.82 0.039 4.39 0.046 3.44
36 4.42 0.046 3.76 0.036 3.29 88 4.95 0.029 4.46 0.018 3.54
37 4,59 0.049 4,13 0.028 3.80 89 4,79 0.039 4.32 0.046 3.44
38 4.64 0.050 3.93 0.039 3.59 90 4.86 0.045 4.46 0.048 3.54
39 4,70 0.016 4.03 0.044 3.77 91 4.89 0.053 4,50 0.046 3.58
40 4.79 0.046 4.05 0.024 3.77 92 4.84 0.047 451 0.047 3.54
41 4.73 0.040 4.43 0.046 4.10 93 4.82 0.034 4.63 0.037 3.62
42 4.74 0.019 4.59 0.057 4.23 94 5.05 0.046 4.80 0.039 4.30
43 4.81 0.033 4,56 0.054 421 95 4,57 0.022 4.23 0.015 3.69
44 4,91 0.013 4.60 0.046 4,29 96 4,52 0.031 4,22 0.025 3.85
45 97
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46 4.87 0.034 4.59 0.052 4.07 98 5.06 0.041 4.88 0.048 441

47 4.34 0.033 4.06 0.034 3.81 99 5.06 0.041 4.94 0.049 4.26

48 4.38 0.053 4.17 0.042 3.85 |100| 5.07 0.021 4.92 0.039 4.62

49 4.35 0.054 412 0.031 3.84 |101| 485 0.030 4.46 0.027 3.19

50 4.60 0.024 3.88 0.042 3.33 102| 4.75 0.035 4.34 0.018 3.12

51 4.55 0.031 3.80 0.048 331 |103| 3.76 0.025 3.63 0.053 2.43

52 4.58 0.035 3.76 0.037 347 |104] 5.15 0.047 5.02 0.034 4.97

To be continued

Table 2: Ultrasonic pulse velocity test results (continued)

No Av.V SDD Av. V, SDS f; No Av.V SDD Av. V SDS f;
"I km/sec km/sec km/sec km/sec MPa *| km/sec km/sec km/sec km/sec MPa

105| 551 0.029 5.13 0.031 506 |155| 3.57 0.019 3.52 0.012 2.51

106| 5.66 0.050 5.18 0.038 509 |156] 3.55 0.030 3.52 0.023 2.48

107 545 0.036 5.30 0.045 506 |157| 3.61 0.023 3.34 0.024 2.20

108| 4.76 0.036 4.20 0.038 3.17 |158| 3.63 0.034 3.38 0.021 2.06

109] 4.90 0.043 4.05 0.031 3.39 |159| 3.61 0.020 3.36 0.015 2.01

110| 4585 0.051 4.06 0.054 3.22  |160| 4.86 0.027 4.45 0.045 3.88

111| 4585 0.038 4.05 0.042 3.61 |161] 4.79 0.045 4.44 0.035 3.61

112| 484 0.034 3.97 0.040 330 |162| 4.85 0.042 4.38 0.035 3.87

113] 4.91 0.042 4.00 0.041 3.69 |163| 4.64 0.025 3.60 0.032 3.12

114 437 0.041 3.94 0.027 313  |164| 4.73 0.040 3.60 0.015 3.17

115| 436 0.025 3.94 0.043 3.07 |165] 4.91 0.044 3.94 0.044 3.54

116| 4.46 0.030 3.95 0.045 3.07 |166| 4.38 0.037 3.71 0.013 3.29

117] 445 0.025 3.96 0.021 3.09 |167| 4.36 0.032 4.10 0.028 3.37

118| 4.36 0.016 3.94 0.041 293 168 4.36 0.020 4.09 0.024 3.57

119| 444 0.041 3.92 0.027 298 169 4.33 0.029 411 0.029 3.53

120| 4.46 0.012 4.02 0.048 3.07 |170] 3.94 0.037 3.56 0.034 2.86

121 435 0.050 3.95 0.050 296 |171| 3.95 0.020 3.56 0.030 2.96

122| 438 0.035 3.88 0.046 3.02  |172] 4.04 0.037 3.54 0.027 2.97

123| 544 0.019 4.85 0.037 481 |173] 4.85 0.054 4.38 0.052 4.07

124] 441 0.030 391 0.035 3.17  |174] 489 0.041 4.28 0.044 3.90

125| 439 0.023 3.94 0.037 3.39  |175] 4.90 0.039 4.28 0.047 3.98

126] 4.35 0.025 3.99 0.052 3.23  |176] 4.75 0.039 4.30 0.056 3.82

127| 5.20 0.018 5.03 0.025 488 |177| 4.80 0.023 4.34 0.016 3.97

128] 521 0.031 5.03 0.050 498 |178] 4.95 0.041 4.34 0.013 4.02

129] 521 0.027 4.95 0.017 491 |179| 4.22 0.040 4.01 0.021 3.03

130] 4.90 0.040 4.10 0.040 4.07 |180] 4.19 0.025 4.01 0.041 3.06

131] 461 0.035 4.13 0.047 418 181 4.19 0.029 4.02 0.018 3.04

132 446 0.017 4.10 0.017 418 |182| 3.97 0.017 3.47 0.041 2.35

133] 4.93 0.043 4.85 0.044 424 |183] 3.96 0.038 3.54 0.033 2.51

134] 4381 0.042 4.81 0.049 430 |184] 3.96 0.032 3.51 0.038 2.37

135| 4.87 0.043 4.95 0.039 436 185 4.94 0.050 4.53 0.051 3.53

136| 4.66 0.026 4.27 0.042 3.78 |186| 5.32 0.027 4.73 0.047 4.27

137] 475 0.049 4.29 0.046 3.62 |187| 5.49 0.051 4.78 0.041 4.39

138| 4.66 0.020 4.30 0.040 3.66 |188] 4.91 0.026 4.53 0.024 4.29

139] 3.09 0.040 2.66 0.057 1.66 [189] 4.98 0.027 4.52 0.042 4.30

140| 2.92 0.023 2.63 0.042 1.61 190 4.99 0.040 4.53 0.027 4.36

141] 3.00 0.025 2.63 0.055 1.64 |191] 4.64 0.014 3.60 0.032 3.23

142 6 0.035 9 0.026 A2 192 75 047 3.6 0.015 3.28
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144] 3.65 0.012 2.70 0.035 204 194 4.78 0.031 4.46 0.028 3.77
145| 5.05 0.051 4.44 0.032 437 |195] 4.89 0.040 4.52 0.013 4.05
146] 5.07 0.036 4.51 0.034 446 |196| 481 0.031 4.49 0.032 3.94
147| 915 0.045 4.48 0.052 437  |197| 491 0.033 451 0.029 3.88
148| 3.93 0.035 3.28 0.021 2.34 |198] 4.79 0.006 4.48 0.030 4.11
149 4.02 0.055 3.34 0.030 246 199 4.89 0.022 4.46 0.038 4.05
150] 3.95 0.030 3.54 0.054 244 1200| 5.49 0.044 4.78 0.026 4.43
151 4.99 0.016 4.53 0.024 416 |201] 441 0.041 4.09 0.046 3.20
152| 5.05 0.038 4.52 0.042 418 |202] 441 0.030 411 0.037 3.22
153| 5.06 0.046 4.53 0.027 424 1203 4.45 0.023 421 0.033 3.29
154 347 0.025 3.48 0.030 2.47

Av. V: average direct ultrasonic pulse velocity in km/sec, Av. Vg: average indirect (surface) ultrasonic pulse velocity in
km/sec, SDD: standard deviation for direct velocity in km/sec, SDS: standard deviation for indirect (surface) velocity in

km/sec and f, = concrete flexural strength in MPa.
These acceptable ranges of standard deviation and
coefficient of varaition indicate that good control on
the use of testing machine was achieved during the
testing program.

The results of direct and surface velocities
shown in Table2 were plotted againest the flexural
strength in two seperated diagrams. One diagram is
for direct test method (Fig. 3) and the other for
indirect test method (Fig. 4). For each diagram, the
data were submitted to a regression process to
produce two mathematical correlations for direct
and surface ultrasonic pulse test methods. The
feature of curve fitting equations was carefully
sellected to gain a maximum coefficient of
determinaton (R?). Eq.2 and eq.3 are the correlation
results of the above regression process:

1. Direct pulse test method:

f, =0.439exp®*"V  (R?=0.881) )

2. Indirect (surface) pulse test method:
f. =0.596 exp®*?®s  (R?=0.879) ©)

Where,

V: average direct ultrasonic pulse velocity in
km/sec,

V. average indirect (surface) ultrasonic pulse
velocity in km/sec and

f. = concrete flexural strength in MPa.

It is clear that both equations eq.2 and eq.3
have simillar feature. The differece is in multiplier
and the power of expoenential function. Dividing
eq.2 by eq.3 produces eq.4 which is a relationship
between direct and indirect pulse velocities of the
same concrete. This relation was plotted in Fig.(5).

202

=1 (4)

0.439  exp244™V
0.596 | exp®420%s

V =0.94V; +0.685

The regression equation of direct UPV
(eq.2) was compared with that proposed by Raouf
and Ali (1983), the well known correlation used in
Irag although it concerned with prediction of
cube compressive strength. This was done by
estimating the flexural strength from the vaules
computed from Raouf and Ali's equation and
converted to cylinder compressive strength using
eq.5 that proposed by ACI 209-Committee.

f, =0.0135[wf ;> (5)
Where,

W = unit weight of concrete in kg/m® which was
assumed 2400 kg/m°.

f¢ = cylinder compressive strength (MPa) =
0.8 feu.

feu = cube compressive strength (MPa).

The comparison was plotted in (Fig. 6) from
which a good agrement between the two
proposed equations can be indicated.

4. CONCLUSIONS

The following conclusions can be drawn:

1. The proposed two equations (eg.2 and eg.3) can
be used in estimating the flexural strength of plain
concrete members such as precast kerb units. The
method of test may be applied in situ where the
units are errected.

2. The application of the proposed method can be
extended to cover the other concrete units that
should satisfy a specified flexural strength like
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concrete roof tiles and terrazo tiles. This extension
should be conditioned by using appropriate types of
transducers to create suitable ultrasonic pulses for
these thin members.

3. The concluded relationship between direct and
indirect (surface) pulse velocities (eq.4) may be
used in other ultrasonic applications e.g.
compressive strength estimation.

4. The two equations (eq.2 and eg.3) cannot be used
in estimating the flexural strength of reinforced
concrete members because the existance of
reinforcement steel has an important role in UPV
measurments.
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Fig. 1: Ultrasonic pulse velocity test method

Fig. 2: Flextural strength test
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ABSTRACT

The paper deals with the traveling wave cylindrical heating systems. The analysis presented is
analytical and a multi-layer model using cylindrical geometry is used to obtain the theoretical
results.

To validate the theoretical results, a practical model is constructed, tested and the results are
compared with the theoretical ones. Comparison showed that the adopted analytical method is
efficient in describing the performance of such induction heating systems.

KEY WORDS: induction heating, cylindrical heating systems.
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LIST OF PRINCIPAL SYMBOLS s Slip
A wavelength of exciting wave, m
B magnetic flux density, T H  permeability, H/m
E  electric field strength, V/m o conductivity, s/m
H  magnetic field strength, A/m @  equal to2nf
k  wave length factor = 2n/A
P,,  power induced in the charge, W 1. INTRODUCTION
P number of poles
Inax  peak of phase current, A The primary object of this work is to
J' amplitude of line current density, A propose a general mathematical model for the
[ axial coil length, m system Fig.(1) using the actual topology for
m  number of phases three-phase excitation with any number of
Ny effective number of series turns per phase poles in the axial direction. As a second
Z,  terminal impedance, Q object, the paper employs the multi-layer
F supply frequency, Hz approach with an appropriate current sheet
1,0,z subscripts for cylindrical coordinates representation to calculate the flux density
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components, induced power in the charge,
terminal impedance and electromagnetic force
in the direction of the traveling field.

The primary coil construction may be
explained in a similar manner with the aid of
Fig.(2) which shows the cylindrical windings
in its tubular form with multi-polar system
distributed axially. The model shown in
Fig.(2-a) has two axial poles, and Fig.(2-b) has
six axial poles.

2.MATEHMATICAL MODEL

A general multi-region problem is analyzed.
The model is taken to be a set of infinitely long
concentric ~ cylinders, with a radialy
infinitesimally thin and axially infinite current

sheet excitation of radius I'g. It is further

assumed that magnetic saturation is neglected.

Maxwell’s equations for any region in the

model are

curl H=J (1
OB

curl E= —— 2)
ot

divE=0 3)

divB=0 “4)

divJ=0 (5)

J=oF (6)

B=uH (7

Assumptions

Maxwell's equations are solved using
cylindrical coordinates system subject to the
following  assumptions and  boundary
conditions.

1. The induction heating system is infinitely
long in the axial z- direction.

2. Displacement currents are considered
negligible at the frequencies used.

3. All field quantities decay to zero at
sufficiently large radial distances from the
induction heating system axis of
symmetry.

4. The radial component of flux density
(B,.) is continuous across a boundary.

5. The radial component of line current
density (J ) 1s assumed to be zero.

6. The axial component of magnetic field
strength (/{,) is continuous across a

boundary, but allowance for the current
sheet should be taken into account.
7. Longitudinal end effects are neglected.
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3. THEORETICAL ANALYSIS

3.1 The primary current density

The primary winding considered is of
cylindrical geometry and the excitation wave
produced is assumed to be a perfect sinusoidal
traveling wave. The line current density may
be represented as

Jg = Re|J e/ )| ®)
Where
. 4mN 1
J _ eff © max
A-P

The field produced will link all regions (1) to
MN).

3.2 The field equations of a general
region

As a first step in the analysis, the field
components of a general region are derived.

Assuming that all fields vary as e’ (or)-kz [2],
and omitting this factor for shortness from all
the field expressions that follow.

Taking only the radial component form both
sides of equation (2) gives

E
%, = jouH,
Oz
or
H =Ko 9)
o,

Taking only the z-component form both sides
of equation (2), one can get

1 orE .
—— = —jout, (10)
r or
Using equation (1) and (6) and taking only the
6-component from both sides, gives,
OH, 3 OH;
0z or

After rearranging, equation (11) may be
written in the form

o (11)

aZE OF
2 [ [ 2.2 )E

— P4 yr—Y | +1 =0 12
! al”z " or ( g 0 ( )

The solution is given by
E, = Al (ar)+ DK, (ar) (13)

Where



Number 2

a’=k>+ jouc
and o is replaced by (sw) for any region with
slip s. I; and K; are the modified Bessel
functions of the first order and of general
complex argument. A and D are arbitrary
constants to be determined from boundary
conditions.
Using equations (2), (7) and (13), it can be
shown that

szjwiﬂ[Alo(ar)+DKo(W)] (14)

3.3 Field calculation at the region

boundaries

Fig.(3-a) shows a general region n,
and H,, are the field

components at the upper boundary of the

where  Ej ,

region, and Ey, | and H are the

z,n—1
equivalent values at the lower boundary.

From equation (13) and (14), it can be shown
that

Ey, = AL(a,r, )+ DK (a,r,) (15)

and
Hz,n :ji[AIO(anrn)_D]%(anrn)] (16)
Wiy,

Equivalent expressions for Ey ,_; and H_,_|
can be found by replacing (r,) in the above
expressions by (7,.;).

Now, for regions where n # 1 or N,

{fl"} - [Tn]-{ff’”‘l} (17)

zZ,n z,n—1

Where [T,] is the transfer matrix [3,4] for
region n, and is given by

7,]= [a” b”} (18)

Expressions for the transfer matrix elements
are given in the appendix. Hence, given the

values of Ey and H, at the lower boundary

of a region, the values of £,y and H at the

upper boundary can be found using the
transfer matrix. At boundaries where no
excitation current sheet exists Ey and H,

are continuous. Thus, for example, if two
regions are considered to have no current
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sheet at their common boundary, knowing
the values of £y and H, at the beginning of

the first region, values of £,y and H, at the

end of the second region can be found by
successive use of two transfer matrices.

Now, considering the current sheet to be at
radius ry, then

H.,=H,, n+g (19)
and
Hr,n:Hz,n_J n=g (20)

Where H,, is the axial magnetic field
strength immediately below a boundary, and
H._,is the field

immediately above a boundary. Bearing in
mind the boundary conditions, it is apparent
that for the model under consideration, it can
be written that

(Eyv E,
HH, :|:[TN—1]'[TN—2] """ [];H{Hz:i]} 21)

L "zN-L

magnetic strength

and
_E E
B }: [} I {H } 22)

If region N is now considered, Fig. (3-b),
then

Il(ar)—> o0 as (r - oo).

Therefore, from equation (15) and (16) one
may obtain that (A=0) and

Egn_1 =DK(ayry_) (23)
and
L«
H, y_ =—j—DK(ayry_) (24)
WHN

Considering the first region (1), then
Kl(ar) — o as (r > 0)

Therefore, from equation (15) and (16) one
may obtain that (D=0) and

Egy = AL(eyr) (25)

and
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4
H,, = J—a)l Aly(arny) (26)

1

It should be appreciated that equations
(23 ... 26) describing the field components at
the boundaries of regions (1) and (N) still
contain arbitrary constants. However, the

ratios of E, to [H,at these boundaries
contain no arbitrary constants, and it is only

these ratios that are needed for a complete
solution. The next section shows how this

may be accomplished. The ratios of E, to

H , have been termed the surface impedance

[5].
3.4 Surface impedance calculations

The surface impedance looking
outwards at a boundary of radius ryis defined
as [6],

_ Eﬁ,s
s+l T ’
HZ,S

27

and the surface impedance looking inwards a
boundary is defined as

EH,S
H

z,8

L, =~

(28)

Using the method given in [6] with the values
of Egn_1, H, N1, Eg), H,; and that of

z
(a,.b,,c, and d,) as given in the appendix,

it can be shown that

Z,7,.
= (29)
Ly+Zgp

Where Z,, is the input surface impedance at
the current sheet, and Z ,.; and Z , are the
surface impedances looking outwards and
inwards at the current sheet.

Substituting for Z gand VA g1 USing equations

(28) and (27) respectively, and with
rearranging to get

-F
Zyy =—208 (30)
Hz)g —Hz’g

From equation (20)

H  =H ,-J
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Substituting this in equation (30)

~E
7z -9 31)
J

m

Thus, the input impedance at the current sheet
(Z:,) has been determined. This means that all
the field components can be found by making
use of this and equations (28), (21) and (22).

3.5 Terminal impedance

The terminal impedance per phase can be
derived in terms of Z;, [7], as

16-m-7z-Nezﬁr-rg-Zm
4= AP

(32)

3.6 Power calculations

Having found E, and A, at all boundaries,

it is then a simple matter to calculate the
power entering a region through the concept of
pointing vector. The time average power
passing through a surface is given [7], as

1 — — %
P, = ERe(Ee X HZ) (w/m?) (33)
Using equations. (28), (31) and (33), it can be

shown that the total charge power is

P, = %‘J"z Re(Zy, N2mm,l) (w) (34)

3.7 Axial force

It follows that the axial acting force on the
region [8] is

P,
F.=2 (N 35
z /1f( ) (35)
4. EXPERIMENTAL MODEL

4.1 Model description

Fig.(4) shows the experimental test rig.
The coils (primary winding) were wound
circularly on a plastic tube, and held in
positions through using circular guides. These
guides were fixed on the tube in such away to
make ditches between them. These ditches
represent the slots of the primary circuit.
Since the core has no backing iron then the
primary circuit is of the open type. Each slot



(which is open) is filled with a coil, and the
coils are connected in star to a variable voltage
supply. It is worth mentioning that these star
connected coils represent the heating part of
the system (heater). The heater was then
mounted and fixed on a board using a suitable
mechanical structure. This enables  fine
adjustment for a uniform air-gap
surrounding the workpiece that represents the
load (charge). The type of the charge used is a
solid aluminum cylinder.The magnetic circuit
for this material provides the required flux
paths. The conductivity of the charge was
measured using standard DC measurement.
Table 1 shows the parameters of the
experimental model.

To calculate the magnetic flux density on the
charge surface, simple type of independent
probe (search coil) was used. The magnetic
flux density in the axial direction was
measured using a (B — probe), as will be
explained in the next section.

4.2 B - probe

A search coil is used to investigate the axial
component of magnetic flux density at
different positions on the surface of the
charge. Five identical B-probes, displaced (5
cm) from each other, were used to measure the
magnitude of the magnetic flux density. Each
probe consists of (200) turns of thin wire of
size (SWG 30) wound around the cylindrical

charge, of (ﬁ-rj) area. The coil ends were

twisted together and connected to a digital
voltmeter.

Using Faraday's law, the induced voltage V¢
across the search coil is

Ve=n,-w-A.-B (36)
Where
r, radius of the charge, (mm)

n, number of turns of the search coil.

A, :cross sectional area of the charge
around which search coil is wound,

(m®)
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4.3 Load power measurement

The load power was  measured
experimentally as follows:
a. The input power to the heater was
measured by using two wattmeter method.
b. Primary phase current was measured using
an ammeter. Then, the copper loss for the
three-phase primary winding (coils) was
calculated, as

Py =3I5Ry, (W) (37)

Where
P, : Copper loss of coil conductors, (w).
]p 5 Primary phase current, (A).

R, : Resistance of primary coil per phase,

(®)

c. The load power in charge was found by
subtracting the copper losses from the input
power, as follows

ph

P

C

h=hH—-Fy (W) (38)
Where
P, Load power in charge, (w).

P, : Total input power, (w).
4.4 Axial force measurement

An experimental measurement of the axial
force has been implemented using the
experimental set-up shown in Fig.(5). Each
point was found, by adjusting the suspended

mass (M ), to balance the force produced by

the system. The force is then calculated using
the following equation

F,.=M_xg, (N) (39)
Where

F, + Axial force, (N).

M ,: Mass, (Kg).

g, Acceleration of gravity = 9.81 m/sec’.

5. RESULTS

Theoretical and experimental results were
executed with different number of poles.
Variable three-phase current excitation was
used at a test frequency of 50 Hz.



Prof. Dr. Jafar Hamid Alwash
M.Sc. Riyadh Kamil Chillab

Fig. (6), and (7) show the variation of
charge power with exciting current per phase
for 2,and 6 poles respectively.

From the results, it is clear that increasing
number of poles reduces the power induced in
the charge. This of course is to be expected
since increasing the number of poles is
accompanied by reducing the effective number
of turns per pole per phase.

The layer theory approach has been used
for the analysis of induction heating system
with rotational symmetry with three-phase
excitation. The analysis presented is quite
general in that it lends itself to the analysis of
traveling wave induction heating systems with
any number of poles.

The displayed results show clearly that the
theoretical results correlate well with the
experimental ones. This may be considered as
fair justification to the method adopted for the
analysis in this work.

6. Conclusions

The layer theory approach has been used
for the analysis of induction heating system
with rotational symmetry with three-phase
excitation. The analysis presented is quite
general in that it lends itself to the analysis of
traveling wave induction heating systems with
any number of poles.

The displayed results show clearly that the
theoretical results correlate well with the
experimental ones. This may be considered as
fair justification to the method adopted for the
analysis in this work

7. Appendixes

7.1 Transverse matrix elements

a, =ag; [l Koo+ Iolog 1 Kilogs )]
(40)

b, =jour, [] 1(041’2—1 )K(%’Z)_I 1 (%’2 )Kl (%r -l )]
(41)

o
c, :j;i;[lo(an”n)Ko(a h )_Io(a r )Ko(an’”n)]

n' n-1

(42)
dn = anr;z—l [IO (anrr; )I<1 (Cznrr;—l ) +Il (a 5 )I%(a L )]

n' n—1 n'n

(43)
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region N

Fig.(1)
Cross-sectional view through multi-cylindrical induction heating system

(@ (b)
Fig.(2): Three-phase windings form of induction heater with different number of poles
(a) 2-poles connection (b) 6-poles connection
Region (nt1) Region N
Regionn /. Region (N-1)

\ H.m1
\ Eon 1 \

Epn1 Eon1
(a) (b)

Fig.(3): Mathematical model
(a) General regionn (b)) End region N
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Fig.(4)
Photograph of the experimental model

Fig.(5)
Experimental set-up for measuring the axial force

214



Number 2 Volume 19 February 2013 Journal of Engineering

4500
4000 | — Theoretical Results )
® Experimental Results
3500 A
3000 -
B
2 2500 1
(=3
o
£0 2000
<
=
@)
1500 1
1000 1
500 1
0
0 1 2 3 4 5 6 7 8 9 10
Phase current (A)
Fig.(6)
Variation of charge power with phase current (2-pole connection)
1500
)
— Theoretical Results
® Experimental Results
1000 A
B
:
(=]
[=¥
(]
&n
s
=
&)
500 1
0 T
0 1 2 3 4 5 6 7 8 9 10
Phase current (A)
Fig.(7)

Variation of charge power with phase current (6-pole connection)

215



Prof. Dr. Jafar Hamid Alwash
M.Sc. Riyadh Kamil Chillab

Table 1

Traveling Wave Cylindrical Induction Heating System

Experimental model parameters

Parameter/Characteristic

Value

Phases

3

Axial poles

2,6

Number of slots (coils)

18

Turns per coil

260

Coil inner diameter (mm)

50

Slot width (mm)

10

Slot pitch (mm)

16

Slot depth (mm)

37

Frequency (Hz)

50

Air-gap length (mm)

5

Primary conductor wire gauge

SWG 19.5

Charge length (mm)

294

Charge radius (mm)

20

Charge conductivity (s/m)

3.4x10’

Charge relative permeability

1

Exciting phase current (A)
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ABSTRACT

Resistance spot welding (RSW) aluminum alloys has a major problem of inconsistent quality
from weld to weld, because of the problems of the non-uniform oxide layer. The high resistivity of
the oxide causes strong heat released which influence significantly on the electrode lifetime and the
weld quality. Much effort has been devoted experimentally to the study of the sheet surface
characteristics for as-received sheet and surface pretreatment sheet by pickling in NaOH and glass-
blasted with three thicknesses (0.6, 1.0, and 1.5 mm) of AA1050. Three different welding process
parameters energy setup as a low, medium, and high were carried. Tensile-shear strength tests were
performed to indicate the weld quality. Moreover, microhardness tests, macro/micrographs, and
SEM/EDS examinations were carried out to analyze, compare, and evaluate the effect of surface
conditions on the weldability. The as-received sheet showed a higher electrical contact resistance
because of its thicker and non-uniform oxide layer. In contrast, the glass-blasted sheet showed
lower value, since it has a roughest surface, which leads to easy breakdown the oxide layer. The
highest average values and least scattering of the maximum load fracture are with treated sheet by
pickling in NaOH, these values are 760, 1193, and 2283 N for 0.6, 1.0, and 1.5 mm sheet thickness
respectively for medium input energy. In contrast, the minimum values with glass-blasted sheet are
616, 1008, and 2020 N for 0.6, 1.0, and 1.5 mm sheet. The microhardness profiles of the fusion
zone and HAZ is the lower than the base metal for all cases. Numerical simulation with SORPAS®
was used to simulate and optimize the process parameters, and it has given good results in
prediction when they compared with experiments.

Keywords: RSW Oxide Film  Roughness Macro/Micrograph
SEM/EDS AA1050 SORPAS®
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INTRODUCTION

Todays, World is faced with an energy crisis. It
is therefore essential to find cost-effective solutions
to this issue. Therefore, there has been a significant
trend in the automobile industry by economic and
political pressure to make lighter vehicles in order
to reduce fuel consumption and CO, emission.
Because of their lightweight and high specific
strength (strength-to-weight ratio), the application
of aluminum alloys in automobile industry is being
increased and popularity. The advantages of weight
saving up to 46% [Wheeler, 1987] and resistance of
corrosion are considerable.

Resistance Spot Welding (RSW) has been the
dominant process in sheet metal joining,
particularly in automobile industry. Because of its
low cost, flexible, easy automated and maintains,
fast, and minimum skill labor requirements.
Moreover, it is a well-established process in the
automotive industry [Brown, 1995 and Cho, 2006].
The process is also applied in manufacture of other
transportation, kitchen utensils, and more. Modern
small vehicles contain (2000-5000) spot welds
[Chao, 2003]. Annual production of automobiles in
the world is measured in tens of millions units;
therefore, each welded spot has its own importance
not only with regard to quality but also for
production issue. Steel and aluminum alloys share
many of the same process attributes for RSW.
However, the productivity of aluminum spot
welding is lower than of steel especially those
alloys with low strength (series 1xxx). This is
because aluminum alloys have higher thermal and
electrical conductivity, higher coefficient of
expansion, narrow plastic temperature range, and
oxide film problems, which forms on the surface of
the aluminum and has high electrical resistance and

a high melting temperature (2050°C), as the oxide

film grows the effective contact resistance of the
aluminum changes. Therefore, the control of weld
quality is much more difficult and requires tighter
controls [Kim, 2009]. In general, aluminum’s high
thermal and electrical conductivity require higher
current, shorter weld time, about (2-3) times the
amount of current and (%) weld time compared to
spot welding steel. Accurate control and
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synchronization of current and electrode force is
required due to the narrow plastic temperature range
[RWMA, 2003]. Aluminum is highly reactive to
oxygen and will within 100 picoseconds form thin
protective oxide layer (Al,O;) on its surface and is
often considered be a uniform ceramic coating or
layer. This layer is beneficial as it protects the base
metal from corrosion. While this may be close to
reality for high-purity aluminum, the oxide layer on
the aluminum alloy sheets for automotive bodies is
much more complex [Patrick, 1984]. The oxide
layer is important because its thickness is an
influential parameter in the electrical resistance
[Sun, 1982]. The high resistivity of the oxides
causes strong heat release. Fusion of the low
melting alloy takes place not only at the sheet-to-
sheet interfaces but also at the sheet-to-electrode
contacts, resulting in unacceptable electrode wear.

RSW is a welding process that joint sheet metal
together by applying pressure and passing a large
guantity of current through localized area
generating heat by Joule ohmic heating law while
weld nugget growth is initiated here and the sheets
are permanently fixed together. Thereby, electrical
contact resistance is one of the most critical
parameters in resistance welding. A large contact
resistance is advantageous for the formation of a
single spot weld. As discussed by Browne, et al.
[Browne, 1995] contact resistance plays an
important role in the RSW process for aluminum. It
has drawn the attention of many researchers since
several decades ago, [Studer, 1939] carried out
many experiments to demonstrate the influences of
the pressure, temperature, and materials and its state
on the contact resistance. With assistance of Gleeble
system, contact resistance was experimentally
investigated dynamically by [Song, 2005]. They
demonstrated that interface normal pressure has
great influence on the contact resistance and it
decreases with increased normal pressure, in
contrast, the influence of temperature on contact
resistance is less pronounced as pressure increases.

Surface roughness along with elastic-plastic
properties of the materials; also influence the
electrical contact resistance [Dzekster, 1990]. The
effect of surface roughness and oxide film thickness
on the electrical contact resistance of aluminum
were carried out by [Crinon, 1997], they illustrated
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That the effect of the oxide film is greatest in the
specimen with smoothest surfaces.

Expulsion, which can be observed frequently
during RSW, happens at either the faying surface or

the electrode/work piece interfaces. The latter may
severely affect surface quality and electrode life.
The risk of expulsion is especially high in spot
welding of aluminum alloys due to the very
dynamic and unstable character of the process,
relating to the application of a high current in a
short welding time as compared to welding steels
[Senkara, 2004 and Mathers, 2002].

RSW of aluminum alloys has two major
problems: short electrode tip life and inconsistent
weld quality [Williams, 1984]. Spot welding in
AAL050 is less stable and the electrodes will stick
to the sheet after 50 welds because of the oxide film
problems [Pederson, 2010].

In this study, the influence of oxide film
pretreatment on the strength of the weldments,
which had done by RSW process was compared and
evaluated. The pretreatment of the strips surfaces of
AA1050 was done by both glass blast (mechanical
mean) and pickling with NaOH (chemical mean).

EXPERIMENTAL PROCEDURE

The experiments were conducted at Technical
University of Denmark (DTU), using 0.6, 1.0, and
1.5 mm sheet thicknesses of low-strength aluminum
alloy AA1050, which were spot-welded on
TECNA, the specifications of the welding machine
are listed in Table 1. The Controller of the machine
is TE-180 type with 16 functions. The electrode tips
(Female Cap) used during the experiments are type
A0 according to ISO 5821-2009, [RWMA, 2003].
They were made of Zirconium copper alloy with the
following chemical compositions; Cr: 0.7-1.2%, Zr:
0.06-0.15% and the remainder is Cu. The
configuration of them is radius type (A), diameter
of 16 mm, end surface of 40 mm radius. The
electrodes were drilled near the tips end with 1.5
mm diameter to insert copper wires in order to
measure the secondary voltage. The current
measurements from Rogowski coil together with a
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Pre-calibrated TECNA-1430 conditioner and a
piezoelectric force sensor with Kistler-5015
transducer were acquired by a DAQ BNC-2110
from National Instruments and then passed to
LabVIEW software programmer to treatment the
signals .The properties and nominal compositions
(performed by spectrum analyzer) of the sheets are
shown in Table 2, the samples were cut from the
sheets into 16 x 115 mm, the rolling direction with

the longitudinal dimension and they joined as a lap
joining, to prepare the tensile-shear test. The
parameters of the RSW process were calculated for
each experiment, RMS current | (A), welding time
C (cycle), and the electrode force P (kN). The
tensile-shear tests were carried out using a 100 kN
(22.5 klby) AMSLER universal testing machine at a
deformation rate 2mm/min at room temperature to
demonstrate the strength of the weld S (N). The
microhardness test were performed using FUTURE-
TECH-CORP FM-700 using the Vickers scale at an
applied load of 50 g, they were taken on each
samples in longitudinal direction along the diameter
of the nugget at intervals of 0.5 mm. The
macro/micrographs of the weldments were carried
out using light optical microscope (LOM) type a
Neophot 30 (Zeiss, Jena) with a Cool Snap CCD
camera. Moreover, for high-resolution images
electron microscope (SEM) a JEOL JSM-5900 with
LaB6 filament applying secondary electron (SE) at
20 kV, and electron-dispersion x-ray spectroscopy
(EDS) part of a SEM facility an Oxford Instruments
for quantitative chemical analysis were used.

The pretreatment of the surfaces of the strips
were done by two methods: mechanical and
chemical. The mechanical means was carried out by
glass blast with grain size of 100 um; each strip was
subjected to 30 seconds of blast treatment at air
pressure of 200 kPa. The experiments were done on
both sides of the strips and other experiments were
performed only on one side of the strips. The latter
were welded with two directions; the pretreatment
surfaces of the strips were the faying surfaces, and
the alternative direction was the pretreatment
surfaces with electrodes interface. The chemical
means was done by pickling with sodium hydroxide
(NaOH), the procedure of this approach was
performed by sink the strips in solution 60 g of
NaOH with one liter of ionized clean water within 2
minutes only, the temperature of the solution was
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60°C. Then, the strips by hot water and ethanol were

rinsed and cleaned for the both means to be ready
for welding.

Aluminum is high affinity of oxygen, an oxide
layer is always present at its surface and will
immediately reform if surface pretreatment
mechanically or chemically. For the stability of the
oxide film, and repeating the experiments with the
same conditions; the pretreatment strips were
prepared within 3 hours before spot welding. This
time was chosen depending on the Fig. 1, which
was expected to have fresh, thin, and uniform oxide
layer, while the as-received sheet would have
thicker and non-uniform oxide layer.

The experiments were designed as a general
factorial with three replicates per condition [Cho,
2006]. The factors and their associated parameters
are given in Table 3. During welding, expulsion
and sticking were observed and recorded.

RESULTS AND DISCUSSION
PICKLING IN NaOH

The electrical contact resistance at the interfaces
sheet-to-sheet and sheet-to-electrode is the main
source of heat during RSW of aluminum alloys,
unlike steel, which the source of heat is the bulk
resistance of the sheets. This electrical contact
resistance depends strongly on the tribological
characteristics of the contacts at the two interfaces.
The significant factor impression tribological
feature of aluminum sheets is the oxide layer. Fig. 2
illustrates SEM image with EDS analyzer for as-
received  spot-welded  strips, which  show
unambiguously the high amount of oxygen (3.6,
4.6, and 2.9%) near the area of strips separation. In
the second importantly are the surface roughness
and the presence of the foreign materials such as
dirt, lubricant, chemical, water vapor, and others
[Studer, 1939, Crinon, 1997, and Rashid, 2011].
Although of all care to maintain uniform surface
conditions, the electrical contact resistance is almost
different when another time measured in the same
region. Therefore, the quality of RSW of aluminum
alloys is inconsistent.
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During pickling of aluminum alloy sheets in
basic or acidic solutions the surface oxides or
hydroxides are dissolved. The pickling rate is
dependent on many variables including; 1- solution
agent and concentration, 2- solution temperature, 3-
composition of the surface sheet, 4- velocity of
solution movement around the sheet (rpm). In
earlier of this work, 5 minutes was chosen to sink
the strips in the pickling agent (NaOH). However, it
clearly seems that the corrosion rate of aluminum is
much higher than the dissolution rate of the oxide
layer. The formula of dissolution is:

AlLO; +20H” +3 H,0 — 2A1(0H), (1)

When the metal is bared; immediately corrodes
according to this formula:

Al +3H,0 +OH™ — Al(OH),” + -H, (2
The last formula shows that H, is evolved during
dissolution of aluminum even in basic agent
[R6 nhult, 1980]. Consequently, the metal is
corroded by pitting as soon as the protecting layer
of oxide film has been dissolved in some areas.
Investigation by SEM shows strip exposure to
NaOH within 5 minutes gave severe pitting
corrosion of the surface, as shown in Fig. 3. Severe
expulsions and sticking with electrodes were
occurred during spot welding with these strips, due
to the decreasing of electrical contact resistance in
electrode sheet interface in spite of sheets interface
especially with those of 0.6 mm strips. Therefore,
all experiments latter were performed by exposure
the strips to NaOH only within 2 minutes to
minimize expulsion and sticking occurring.

SURFACE ROUGHNESS

Surface roughness measurements were carried
out in this work on a Taylor/Hobson, Precision-
SURTRONIC-25 instrument for various types of
the strips to analyze and compare. Five
measurements randomly on each of three strips for
each surface condition and the average of all of
them were recorded. Table 4 shows these values of
the centerline average (Ra) of as-received and
pretreatment strips. It clearly seems that
pretreatment sheets with glass blast show high
values of roughness and the roughest surface is 1.0
mm sheet with glass blast (Ra = 4.703 um), as seen
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in Fig. 4, in contrast the smoothest surface is 1.5
mm as-received sheet (Ra = 0.238 um). Chemical

Surface pretreatment (pickling in NaOH) shows the
lowest value in standard deviation (s) when
measured the surface roughness, and therefore it
will be the most consistent in the weld strength. In
contrast, the pretreatment strips with glass-blast
show higher values in standard deviation although
the attempt to control the removing surface layer
precisely due to the manual process, and therefore it
will be more scattering in welding strength as
illustrated later.

The large variance between the smoothest and
the roughest surfaces were clearly affected the
strength of the weldments when were tested on the
shear-tensile test. The glass-blasted strips show
much lower contact resistance between sheet
interfaces in spot welding causes less heat generated
in this region, therefore small size nugget were
produced, thus were affected the strength of the
weldments. In the same sense, these strips show
much lower sticking with electrodes, due to the
lower heat generation since lower contact resistance
in the region between sheet and electrode.
Therefore, some experiments were conducted only
on one side with glass-blast associated with sheet-
to-electrode interface, and it shows as expected
good weldability especially no sticking with
electrodes and high strength with same process
parameter.

Although there was a not high difference of
roughness level between as-received and chemical
treatment strips, there was a large difference in
consistent of the welding quality between them.
These results clearly demonstrate that the surface
roughness is not the unique factor controlling the
electrical contact resistance, but the oxide layer
thickness and its configuration, which was similar
to that found by other researchers [Patrick, 1984,
Studer, 1939, Crinon, 1997, and Pouranvari, 2010].
It seems likely this result of surface roughness were
associated with easier breaking down the oxide film
in roughest surfaces when applying the electrode
force during spot welding causes much lower
contact resistance.

Fig. 5 shows LOM images, which confirm the
variance of the surface roughness of the as-received
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sheet and the pretreatment sheet with pickling in
NaOH and glass-blast.

TENSILE-SHEAR TESTS

Tensile-shear tests carried out on the welded
joints indicated their strength and the failure mode.
In this work, direct comparisons of the as-received
surface with those of the pretreatment surface by
pickling in NaOH and glass-blasted were
established. Fig. 6 shows the maximum fracture
load for the spot welds as a function of welding
input energy as mentioned in Table 3 while other
parameters are kept constant. The data point, which
was represented in the figure, is the average of three
specimens test. It is seen in general that with
increasing energy input the maximum fracture load
of spot welding increases. Moreover, the mode of
failure is recorded and it is classified in three types;
1% interfacial failure (nugget fracture in shear), 2™
plug failure (nugget pull out), 3" failure occurs in
the heat affected zone (HAZ) where failure is a
result of breaking this region throughout the width
of the strip. The failure of spot welding could be
seen as a competitive process, i.e. any failure occurs
in a mode require least load [Newton, 1994]. These
three types of the mode of failure were occurred
usually as follows, the first type with low input
energy, the second type with medium input energy,
and finally the third type were occurred with high
input energy for the three thicknesses sheets due to
overheating and softening the region near the
nugget perpendicular to strip width. A few
anomalous specimens that have been observed
during the testing did not fall under these types of
failure. In line with other studies [Senkara, 2004,
Mathers, 2002, and Ma, 2008], expulsion was
occurred beyond the high input energy as well as of
sever sticking sheet with electrodes. Furthermore,
the fracture was usually in the form of ductile
tearing around the nugget. Only a few weak
welding failed in a brittle manner through the
interface, and this was especially observed at low
input energy.

The second observation, the scattering in
maximum load fracture in tensile-shear tests is less
in the pretreatment surfaces sheet with pickling in
NaOH due to the new uniform less thickness of
oxide layer. In addition, more scattering is with
glass-blasted sheet due to the not good controlling
manual process of removing the oxide layer.
However, the maximum scattering values is with as-
received sheet due to the non-uniform oxide layer,
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which can scarcely be controlled without putting the
samples in a vacuum.

The most important result obtained is that the
average of maximum load fracture was the highest
value in chemically treated with all thickness sheets.
These values are 760, 1193, and 2283 N for 0.6, 1.0,
and 1.5 mm sheet thickness respectively for
medium input energy. In contrast, the minimum
values of the maximum load fracture are in the
glass-blasted sheet due to the lowest values of
electrical contact resistance that lead in turn to be a
small nugget size and thus small values of
maximum load fracture. The electrical contact
resistance of the roughest surface becomes lower
value when electrode force is applied, due to the
more breaking of the oxide layer, which is electrical
insulating and this is a good agreement with many
researchers as [Crinon, 1997]. These values are 616,
1008, and 2020 N for 0.6, 1.0, and 1.5 mm
respectively. However, there is an interesting
observation, which there is a significant increase in
the maximum load fracture corresponding with
glass-blasted treated strips on one side, which is the
interface of the electrodes and the other faying
surfaces remain untreated. The reason is higher heat
generation due to higher electrical contact resistance
at the faying surfaces and it is lower at the sheet-
electrode interface and therefore less sticking with
electrodes with increasing electrodes life. These
values are 775, 1147, and 2408 N for 0.6, 1.0, and
1.5 mm sheet thickness respectively for the medium
input energy.

MICROHARDNESS TESTS AND
MICROSTRUCTURE EXAMINATIONS

Microhardness characteristics of the RSW are
one of the most important factors affecting their
failure behavior. Typically, the microhardness
profile of the nugget of steel exhibit a significant
hardness increase from the base metal due to the
increasing of the martensite forming, and it is being
more with alloy steel due to the content of alloying
elements. An example of this behavior was recorded
by [Hayat, 2011] with DP600 steel. With aluminum
alloys, the microhardness values obtained from the
fusion zone proved the existence of hard and brittle
intermetallic phases due to the high content of the
alloying elements thereby cause increasing of the
hardness in that region. However, with low content
of alloying elements as AA1050 the profile of
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microhardness is completely different, since the
lower hardness is in the fusion zone. It is somewhat
lower than the base metal, which can be attributed
to its cast microstructure and the presence of coarse
columnar grains. Moreover, the effect of the prior
work hardening is completely removed in the fusion
zone because of the melting.

Fig. 7 illustrates the wvariations of the
microhardness profile for the pretreatment surfaces
by mechanical (glass-blasted) and chemical
(pickling in NaOH) and the as received of 1.0 mm
sheets, which carried out on the cross section of the
nugget to show the microhardness of the weld
metals, HAZ region, and the base metals. The first
important observation of profiles is that the
microhardness of the fusion zone and HAZ is lower
than the base metal for all cases, since these points
were affected by the heat generated of welding,
which were completely removed all previous work
hardening especially in the fusion zone and its cast
microstructure as mentioned above. The second
observation, there are points with values of
relatively low microhardness. These points are close
to the voids defects result of the expulsion was
occurred due to the high welding current (32 kA)
for this sheet thickness, such as points 6 in glass-
blasted sheet, point 7 in chemical pretreatment
sheet, and point 5 in as-received sheet, which are
observed in macrostructures were obtained by
LOM. In contrast, there are a few points with
relatively high values. Since, they are located on
small grains and formed from intermetallic
compounds, such as points 2, 2, and 8 in in glass-
blasted, chemical pretreatment, and as-received
sheet respectively, see the microstructures of these
points as shown in Fig. 7 (a), (b), and (c).
Therefore, there is not a constant microhardness
profile along the nugget.

In general, the microhardness measurements in
fusion zone and HAZ of pretreatment surfaces with
glass-blasted show highest values than the others,
due to of the treatment by this means, which causes
a few work hardening result of the hitting of the
surface by glass grains during the oxide remover. In
contrast, the microhardness measurements of as-
received sheet show a lower values than the other
pretreatment sheets due to the more heat generated
at the faying surfaces since of the highest value of
electrical contact resistance, as shown in Fig 7 (d).
Moreover, the microhardness of pretreatment
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Surfaces by pickling in NaOH of the base metal
show a lower value than the others due to the
uniform fresh small thickness of oxide layer which
consider as a harder material.

The macrographs show variations across the joints
between the as-received sheets and the pretreatment
surface sheets. The nugget size of the as-received
weldments is larger than the pretreatment surfaces
in the both means, since they are much lower
contact resistance in the region of the faying
surfaces, therefore lower heat generated. As an
example, the nugget sizes are 5.1, 5.0, and 4.7 mm
of 1.0 mm, 7.0, 6.54, and 5.35 mm of the 1.5 mm
for as received, pickling in NaOH, and glass-blasted
sheets respectively. The minimum size is with
glass-blasted sheet that are less electrical contact
resistance, which generates less heat.

The structures of aluminum weldments are
usually not clearly distinguishable as in steel
weldments, and the HAZ is significantly narrower
for an aluminum weldments. These make the
identification of various zones difficult. Fig. 8
shows the micrographs of the 1.5 mm strips, which
were welded with 32 kA welding current and 5
cycles welding time and the sheet were treated by
pickling in NaOH. There are recrystallized small
equiaxial grains and insoluble particles of FeAl;
(black) in the oval nugget, and there are narrow
zone of the columnar grains in the edge of the
nugget and this zone is interfacial with the HAZ,
which are formed of the dendritic grains. Moreover,
some porosity (large, black area) is evident due to
the splashes were occurred because of relatively
high current was used. There are not a significant
variation in the microstructures in the nugget and
the HAZ of the weldments between the as received
and the pretreatment sheets since the pretreatment is
on the surfaces and not in the region which are heat
affected. View of non-repetition, has not been
discussed the microstructures of the other cases of
the sheet condition that are not being a large
variance from this case.

SEM AND EDS EXAMINATIONS

Further micrographs were carried out on SEM
including secondary-electron images (SEI) to
observe the nugget size, microstructures, surfaces
profile, and together with X-ray spectroscopy
(EDS) including high resolution mapping analyzing
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the chemical composition in the area of the interest.
As-received sheet including non-uniform thick
oxide layer caused indentation of the electrodes into
the strips when spot-welded leading to degradation
of the electrodes rapidly due to the pitting on the
surface of the electrodes and dissolving or alloying
the copper into the base metal of the aluminum or
vice versa in this region. The reason of these
problems is the high electrical resistance and a
brittle nature of oxide layer causing relatively high
heat generated in this region. The reason of few
defects in the case of treated sheet might probably
lie in the presence of the pitting on the electrodes
surface because of the previous welding, as shown
in Fig. 9.

The white color areas in the SEM images
indicate the presence of the aluminum bronze with
copper alloying element, as shown in the EDS
analyzer table.

NUMERICAL SIMULATION

Commercial finite element numerical
program SORPAS® [SWANTEC] was used in this
work. It is well known and most widely used as a
numerical tool for simulation, optimization, and
planning features of the resistance welding
processes. It is based on mechanical, electrical,
thermal, and metallurgical models. In order to
analyze and compare the experiments with the
numerical modeling scheme, SORPAS® has been
used to simulate a RSW of AA1050 with as-
received sheet and the pretreatment sheet. Weld
schedule specifications (WSS) is a new update input
window included in the new version (10) of the
program for optimized weld current, weld force,
weld time, and hold time. Table 5 indicates the
WSS of the weld planning to optimize the RSW
process parameters for as-received sheets.
Furthermore, the process parameters for
pretreatment sheets have been optimized in order to
compare with as-received sheet. The value of
electrical resistance at 20°C in the materials

database of the program was only changed to lower
value, for the purpose of compatibility with oxide
layer treatment. Only one result has changed that is
the value of the welding current, which has become
lower about 2 KA.

Fig. 10 shows the simulated joint for
pretreatment by glass blast of 1.0 mm sheet
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compared with experimentally macro etched cross-
section nugget result welded with 29 kA welding
current and 5 cycles welding time. It can be seen
that the shape of the weld is predicted relatively a
very fine correlation with the actual weld nugget, as
well as the HAZ zone.

CONCLUSIONS

The experiments showed that weldability is
improved when the oxide layer is properly removed.
However, the resistance of an oxide layer is
beneficial for the localized heating required to form
the weld nugget, but this resistance should be as low
as possible in order to minimize the heat generated
at the interface between the electrodes and the
sheets. The significant conclusions drawn from this
experimental work are as follows:

1. The surface condition of aluminum sheet has a
significant influence on the weldability and the
electrode lifetime.

2. The optimum time immersing the strips in the
solution of NaOH is 2 minutes at temperature
of 60°C.

3. In line with [Rashid, 2011] conclusions, the
surface roughness affects the contact resistance
by decreasing it where surface roughness
increase, as it occurred with glass-blasted
sheet, since it breakdown the oxide layer.

4. Treated sheet with pickling in NaOH gives
highest average values of the maximum load
fracture as shear-tensile test with all sheet
thicknesses, as well as the scattering in the
maximum load fracture is the least in this
sheet, due to the fresh uniform oxide layer.

5. Less electrode sticking has occurred with one
side surface treated that is electrode-sheet
interface, in spite of good welding (maximum
load fracture).

6. The microhardness profiles of the fusion zone
and HAZ is the lower than the base metal for
all cases where were completely removed all
previous work hardening.

7. By examining macrographs of the welds, there
are recrystallized small equiaxial grains and
insoluble particles of FeAls in the nugget and a
narrow zone of columnar grains in the edge of
it and this zone is interfacial with the HAZ,
which are formed of dendritic grains.

8. SEM and EDS examinations confirm the
presence of dissolving/alloying of the copper
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(electrode material) with aluminum (base sheet
metal) in each other in as-received sheet more
than the pretreatment sheet. Therefore, it is
leading to degradation of the electrodes rapidly
due to the pitting on the surface of the
electrodes.
9.Numerical simulation with SORPAS® has given
good results in predicted process parameters and the
nugget size when they compared with experiments.
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ABBREVIATIONS

AA

: Aluminum Alloy
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EDS : Energy Dispersive Spectroscopy

HAZ : Heat Affected Zone

HV : Hardness Vickers

LOM : Light Optical Microscope

Ra . Arithmetic Mean Value of Roughness

rpm  : Revolution Per Minute

RSW : Resistance Spot Welding

RWMA: Resistance Welder Manufacturers'
Alliance

std : Standard Deviation

SE : Secondary Electron

SEI : Scanning Electron Images

Journal of Engineering

SEM : Scanning Electron Microscope
SORPAS : Simulation and Optimization of
Resistance Projection and Spot Welding
SWANTEC . Scientific Welding and Numerical
Technology
WSS : Weld Schedule Specifications
wt-% : Weight Percentage

Table 1 Resistance spot welders Specifications

Specifications Values Specifications Values
Controller TE-180, 16 Functions Max. welding Power 810 kVA
Supply Voltage 380 V Nominal power at 50% 250 kVA
Frequency 50 Hz Phases 1
Max. welding current 68 KA Supply pressure 6.5 bar
Max. welding force 18.85 kN Electrode force per 1 bar 3.14 kN
Throat depth 250 mm Net weight 1000 kg
Water cooling 12 £ / min

Table 2 Strip material specifications

Trade name Thickness Tensile Hardness Nominal composition (wt-%)
(mm) (MPa) (HV) .
Fe Si Mn | Others | Al
AA1050 0.6 105 30 0.255 | 0.173 | 0.021 | 0.051 | 99.5
AA1050 1.0 105 30 0.378 | 0.100 | 0.018 | 0.004 | 99.5
AA1050 15 127 45 0.350 | 0.070 | 0.010 | 0.070 | 99.5
Table 3 Experiments setup (factors and their associated values)
Sheet Welding Energy input
(mm) Low Medium High
Cycles | Current (kA) | Cycles | Current (kA) Cycles | Current (kA)
0.6 2 20 5 23 26
1.0 2 23 5 26 29
15 2 26 5 29 32
Electrode Force 1.85-2.45 kN
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Table 4 Surface roughness values

Sheet As-Received Pickling in NaOH Glass-Blast

(mm) Ra (um) std. Ra (um) std. Ra (um) std.
0.6 0.287 0.046 0.339 0.011 2.650 0.115
1.0 0.300 0.051 0.385 0.037 4.703 0.987
1.5 0.238 0.039 0.411 0.028 3.230 0.453

Table 5 WSS of weld planning optimization SORPAS®

Sheet As-Received (mm) Pretreatment (mm)
0.6 1.0 1.5 0.6 1.0 1.5
Welding Current (kA) 23.9 26.27 | 31.64 | 22.87 | 2458 | 27.26
Welding Time (cycles) 2 4 5 2 4 4
Electrode Force (kN) 1.16 1.44 1.78 1.04 1.44 1.49
A0 T T T T T T T T T T T T g 250
a8 l;
36 580°C
3a
32 20.0
30 8
417
N; gg 117.5 E
E e 17° ¢
i 20 s
— 18 E
516 10.0 3
=14 i
12 LE

L1 L 1 v % 1 1 31 \ 1 % 1.
.51 2 3 45 6 7 8 910111213141516
Time. hrs.

Fig. 1 Growth of oxide film for different temperatures [Pederson, 2010]
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Processing option : All elaments analysed (Normalisal)

Spectrum | In 0O Al Tota
stats. 1

1l Yes 36 964 1000
2 Yes 46 9554 1000
3 Yes 1.9 971 1000
Mean 3.7 863 1000
S, 0.8 08
deriation
Max, 46 971
Min. 2.9 954

All results in weisht%

X 20pm ' Electron Image 1

Fig. 2 SEM image and EDS analyzer for as-received spot-welded

(a) | | (b)
Fig. 3 SEM images the sheets exposure to NaOH solution agent; (a) 1.0 mm within 5 minutes, (b) 1.5 mm
sheet within 2 minutes
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Fig. 4 SEM image RSW 1.0 mm glass blast sheet 29 kA, 5 cycles
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Fig. 5 LOM images, surface roughness of various type strips 200x
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Fig. 6 Maximum fracture load versus the welding input energy in the tensile-shear tests
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Fig. 7 Microhardness profiles of 1.5 mm sheet, welding parameters (32 kA, 5 cycles)
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Fig. 8 Macro-Micrographs of RSW of 1.5 mm sheet, welding parameters (32 kA, 5 cycles)
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Fig. 9 SEM images RSW
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Fig 10 Comparison between SORPAS® simulation and a metallographic experimental result
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ABSTRACT

The limitations of wireless sensor nodes are power, computational capabilities, and
memory. This paper suggests a method to reduce the power consumption by a sensor node
.This work is based on the analogy of the routing problem to distribute an electrical field in
a physical media with a given density of charges. From this analogy a set of partial
differential equations (Poisson's equation) is obtained. A finite difference method is utilized
to solve this set numerically. Then a parallel implementation is presented. The parallel
implementation is based on domain decomposition, where the original calculation domain
is decomposed into several blocks, each of which given to a processing element. All nodes
then execute computations in parallel, each node on its associated sub-domain. With this
method power consumption by the central node which is responsible to compute routing in
the network is reduced.

Keywords- sensor network; electrostatic theory; finite difference method; successive over
relaxation; domain decomposition;
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INTRODUCTION

A wireless sensor network (WSN) is a wireless
network consisting of spatially distributed
autonomous devices (several hundred to several
thousand devices) that use sensors to monitor
physical or environmental conditions. These
autonomous devices, or nodes, combine with
routers and a gateway to create a typical WSN
system. The distributed measurement nodes
communicate wirelessly to a central gateway,
which provides a connection to the wired world
where data measurement can be collected,
processed, analyzed, and presented. To extend
distance and reliability in a wireless sensor
network, routers can be used to gain an additional
communication link between end nodes and the
gateway. The primary areas in which these
networks are environmental observations, military
monitoring, building monitoring and health care
[Vijay 2007].

In many applications the sensors perform
measurements of specific metrics such as
temperature, pressure, movements or other
physical values, and it is desired to collect the data
of sensors in a specific station for processing,
archiving and other purposes. This station is a
data sink, and it has enough processing power,
storage space, and capability of communicating
with the sensors. For the purpose of
communication to the sink, the sensors relay the
packets of each other in a multi-hop way.

A novel approach for the routing problem in
wireless ad hoc networks was introduced
[Kalantari 2004]. This approach is based on the
analogy of the routing problem to the distribution
of electric field in a physical media with a given
density of charges. Then this approach is used in
wireless sensor network [Kalantari 2006]. The
mathematical model is explained in the following
section briefly with some assumptions and
consideration. Mathematical details formulation
is given by Kalantari [2006] . The work presented
in this paper is based on this approach. A
Poisson's equations are obtained from this
approach. These equations are solved
numerically using the finite difference method.
This method is parallelized. Because the energy is
very important, partitioning the computations
between more than one node in the sensor
network will achieve better performance. One
node needs more time for calculations and
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distributions the results to the other nodes. So, to
reduce this time more nodes are utilized.

MATHMATICAL MODEL

Consider a network with N wireless nodes that
can communicate with each other through radio
links. The

nodes are randomly placed in a region A in the
plane. Assume there are M source-destination

pairs, denoteds, ... s,,. Source-destination pair
S; has a bandwidth demand which we refer to as
its weight and denote by W, . Suppose that one or

more paths in the plane are chosen for eachs;.

Each path starts at the source node and ends at
the destination node ofs,. The weight W, is

partitioned into amounts that are assigned to the
paths. The weight assigned to a particular path
indicates the amount of demand that is desired to
follow that path. It should be noted that the
chosen paths are not constrained by the location
of intermediate nodes. Instead, the paths are
‘abstract’ paths in the plane that represent desired
paths for the transit of packets. For
communication to occur, each abstract path must
be approximated by an actual path consisting of a
piecewise linear multihop path connecting the
source and destination through a sequence of
intermediate nodes. Given a set of weighted
(abstract) paths for each source-destination pair,
define a vector field on A which refers to as the

load density vector field and denote byf).

ﬁrepresents the flux density of the weighted
paths for the source-destination pairs. Given a

point (x, y) € A, asmall area element at (x, y) is

chosen. For each path that intersects S, we take
the tangent vector to the path and scale it so it has
magnitude equal to the weight of the path.
Adding up these scaled tangent vectors, dividing
by the area of S, and letting the area element go

to zero gives the value of D at (%, ). A problem
with this definition is that since there are only
finitely many source-destination pairs, and hence
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only finitely many paths D will be 0 except on a
set of measure zero.

For optimal D" aset of partial equations can be
written

.5*:p VxD" =0 (1)

p represents the density of sources in the

network and V is defined as:

()

The above equations are similar to Maxwell’s
equations in the electrostatic theory. It is proved
that the vector field D can be expressed as the
gradient of a scalar field. In other wards:

D=VU ©)

in which U is a scalar function known as the
potential function. Then the set of equations
defined by (1) reduces to:

VU=p (4)
in which the operator V2 is defined as:
2 2
V2= 6—2 + 8—2 (5)
ox° oy

The partial differential equation defined by (4) is
known as the Poisson equation. The potential
function gives a rough idea of how much effort
by the network is needed to send data from a
source to the destination. This effort is
proportional to the potential difference of the
source and the destination. In addition, the
potential function gives insight into the routing.
Based on (3), the routing is done in the direction
of the gradient of the potential function.
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FINITE DIFFERENCE METHOD

The finite differenc method is a numerical
analysis technique for obtaining approximate
solutions to a wide variety of engineering
problems. In many engineering problems, it
is difficult to find the analytical solution. So
several approximate numerical analysis
methods have evolved over the years such as
the finite difference method which is a
powerful and a versatile numerical technique
for handling problems involving complex
solution regions. It involves three steps:

(1) Dividing the solution region into a grid of
nodes (Fig.1).

(2) Approximating the given differential
equation by finite difference equivalent
that relates the dependent variable at a
point in the solution region to its values
at the neighboring points.

(3) Solving the difference equations subject
to the prescribed boundary conditions
and/or initial conditions.

More information on finite difference method can
be found in [Sadiku 2001]. As explained in

section II, it is desired to solve the following
equation:
2 2
vzuzag#“:: (6)
OX oy

The function U(x,y) in a 2-D domain, x in [0,1]
and y in [0,1] is solved. The boundary conditions
(U (0, y), U (1, y), Ui 0), and U(x, 1)) are
given. In addition, the function U(x,y) can also be
specified on specific points in the interior
domain. The source p (x,y) is taken to be a

simple Gaussian in what follows for simplicity.

The domain is discretized on a 2-D numerical
. . 1
lattice, with x. =i*h Y= j*h and hzﬁ.

N is the number of grid points in both directions
and h is the mesh size. In this work different size
of grids is utilized. The Poisson equation is re-
written in finite difference form (five stencil
form):
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1 *| —
2 :(Ui+lj +Ui_lj +Ui,j+l+Ui,j—1 4 Ui,j)—p,J
()

U, ; is the value of U at node (i,j) in the mesh

for Poisson's equation (Fig.1).

This leads to a large set of linear equations to

solve for the field values U, ; on the grid within

the domain, keeping U, ; fixed at the boundary.

This set of equations can be solved by an iterative
method, whereby

K K K K 2
P41, +Ui—1,j +Ui,j+l+Ui,j—l_h pi,j)

(8)

is iterated until the changes inU, ; become less

Uilfj+1 = % u

than some predefined tolerance criteria. An
arbitrary guess for U; ; is assumed to start with.

We choose U% =0, or can be the average of
U at the fixed node. The old and new values of
Ui' ; are mixed to accelerate the convergence,

leading to the "Successive Over Relaxation"
scheme [Azali 2009]. It may define residual R, ;

as.
k K K k
R = (Ui+1,j +UL UL

1 +Uilfj—l _4Ui‘fj - hZ/Oiyi)
)

k k|, Wk
Ui,j+1=Ui,j +ZRi,j (10)
The relaxation factor w is selected such that 1< w
< 2. The choice of a proper value of w is problem
dependent and is often determined by trial and
error. In this paper, w=1.5.

The value of the potential function U at each
node in the mesh is computed as shown in Fig.2.
Let us assume that the source of packets in the

middle of the network (nodeg, «, ) and it (source)

want to broadcast its packets (assuming all the
other nodes destinations). The number of nodes
in the network=14400 (120x120). In this
simulation, the time is recorded for different
number of nodes as shown in Fig.3 with different
values of tolerance. As shown, the time is
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increased when the number of nodes in the
network is increased. More accurate results are
obtained due to the increases of nodes. Of course
increasing the number of nodes gives an accurate
results but the time increases. Requiring more
time in wireless sensor network make the sensor
nodes consume more power. So in this work the
original domain is divided into sub-domains in
order to distribute the computation between
nodes as described in the following section.

PARALLELIZATION STRATEGY

Parallelism in this system is to sub-divide the
data structures into sub-domains and assign each
sub-domain to one processor. In this case, the
same code runs on all processors with its own set
of data. By dividing the computational domain
into four sub-domains as shown in Fig.4, it is
possible to spread the workload between four
different processors. However, it is important to
note that, in order to compute the variables for
each nodal point, the variables at its neighboring
points are required. Thus, in order to calculate the
variables at the points close to the interface
between sub-domains, one processor will require
information stored in the memory of a
neighboring processor. This requires
communication at regular intervals, which may
slow down the computation. In general, the
computation procedure involves three steps (1)
partitioning of the solution domain; (2)
performing computations on each processor to
update its own data set; (3) communicating data
between processors. This technique is called
domain decomposition. The key for an efficient
computation is to maintain the communications
between processors to a minimum level, as well
as, to divide the workload equally between
processors.

In this work, domain decomposition coordinate
bisection is used [Andreas 2010]. This method
divides the number of points equally between
processors, but makes no attempt to obtain a
domain  division  that  minimizes  the
communication between processors, i.e., a
division with the smallest number of nodal points
in boundaries between sub-domains. Therefore,
coordinate bisection may produce sub-domains
with long interfaces that will lead to a large
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amount of communication. This can be partly
overcome by recursive application of alternate x,
y bisections. The grid is first divided into 2 grids
using bisection of the x-length of the calculation
domain. Then to each of the resulting domains, y
bisection is applied, resulting in four blocks (or
sub-domains).The procedure can be continued to
obtain eight blocks, sixteen blocks, thirty two
blocks, etc. Once a multi-block domain has been
established, calculations on each block can begin
in parallel if the boundary conditions of these
blocks are known. This may be either a physical
boundary condition or an internal boundary
condition generated as a consequence of the
domain decomposition. The physical boundary
data of each block, if any, are provided by the
user, while the internal boundary data must be
received from neighboring blocks, which may
reside on different processors. Internal boundary
data are hold by buffers on the boundary of each
block as shown in Fig. 4, which illustrates a
calculation sub-domain and the buffer cells used
to store the overlap data. Once the buffer data has
been received from all sides of a block, the
computation of this block can start, using the
sequential algorithm. On completion of the
solution for the block, the data at its boundaries is
sent to the neighboring blocks. Calculation in this
block then waits for the buffer update provided
by this block’s neighbors, after which the next
computation cycle can start. The information
exchange across sub-domains can be performed
using the message passing interface standard,
MPI (Message Passing Interface). The use of
MPI  ensures portability across different
computing platforms.

If the communication time is ignored for this
method, the time will be decreased with
increasing the number of processing elements as
shown in Table 1. If the suggested model is
divided into two sub-domains the time will
halved, and if the division into four sub-domains
the time will be quarter its origin value and so on
as shown in Fig. 5. This is true if the
communication time is ignored. In fact, with
increasing the number of processing elements, the
time will be decreased to some threshold value
then will be increased due to the overhead
appended for communication between the
processing elements.
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In this work the task is divided into n equal
subtasks, each of which can be executed by one
processing element. If ts is the time to perform a
task by a single processor, tm is the time taken by
each processor.

tm=ts/n (1)

Speedup = ts/tm=n (12)

This is true when the communication overhead is
ignored. With communication overhead:

tm=ts/n+tc (13)
where tc is the communication time, So :
Speed up =ts/tm= ts/(ts/n+tc)
= n/(l+n*tc/ts) (14)

For each block or subtask, calculations can begin
in parallel if the boundary conditions of these
blocks are known. Boundary conditions are sent
by the processor element using message passing

interface functions. The potential U, ; is updated

repeatedly (eg.(10)). In addition, to the potential,
the residual is also updated repeatedly (eq.(9)).
To compute the potential at node i,j, the potential
from the neighboring nodes are needed to be
transferred. As an example, to compute potential
at node i,j at k+1 step :

send U/ to all neighbors

(using MPI_Send function)
Ok Uik—l,j Uy U:H

i+1,j ! i,j+17 from

receive

neighbors
(using MPI_Rec function)

Compute R, ; using eq.(9)
Compute U " using eq.(10)

As shown from the above computations, for each
potential updated at a boundary node, an
additional time is added to the computation delay.
This time is increased with increasing the number
of blocks (processor element), increasing tolerant
and increasing the number of nodes in the
domain. So the division of the data domain into
sub blocks is limited by the communication time.
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CONCLUSIONS

Wireless sensor network have many
limitations. One of these important limitations is
the power consumption. This work suggested a
method to reduce this power. This work is based
on the analogy of the routing problem to the
distribution of electrical field in a physical media
with a given density of charges. From this
analogy a set of partial differential equation is
obtained. A finite difference method is utilized to
solve this set numerically. Then, a parallel
implementation is presented. The parallel
implementation is  based on  domain
decomposition, where the original calculation
domain is decomposed into several blocks, each
of which is given to a processing element. All
nodes then execute computations in parallel, each
node on its associated sub-domain. The time to
compute routing in the network is reduced with
increasing the number of the nodes
(communication time is ignored). Of course the
power consumption will decrease when the time
is decreased.

240

Parallel Routing in Wireless Sensor Network

REFRENCES

Andreas Adelmannl, Peter Arbenz, and Yves
Ineichenl;"Improvements of a_ Fast Parallel
Poisson Solver on Irregular Domains ".July 2010.

Azali Saudil and Jumat Sulaiman"Path Planning
for Mobile Robot with Half-Sweep Successive
Over Relaxation Iterative Method".Symposium
on Progress in Information & Communication
Technology 2009.

Mathew N.O Sadiku,"Numarical Techniques in
Electromagnatics", second eddition, 2001.

M. Kalantari and M. Shayman, "Routing in
Multi-Commodity Sensor Networks Based on
Partial Differential Equations” IEEE ,2006,
pp.402-406.

M. Kalantari and M. Shayman, "Routing in
Wireless Ad_Hoc Networks by Analo% to
Electrostatic Theory" IEEE, 2004,pp. 4028-4033.

Vijay K, Garg2 "Wireless Communictions and
Networking"©2007 by Elsevier.

http://www.mhpcc.edu/training/workshop/mpi/M
ain.html™_parallel Programming  Workshop_
Message Passing Interface.




Number 2 Volume 19 February 2013 Journal of Engineering

Y

Figure 1 Finite difference mesh for two independent variables X and Y
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Figure 5.Execution time for different meshes size (50x50, 60x60, 70x70, 100x100, 120x120) with different
number of processing element.

Table 1. Execution time for different meshes size (N number of nodes in one axis) with different number of
processing element neglegting the communication time.

No of

Processing
elements

16
32
64

0.5
0.24
0.12
0.06
0.03

0.015

2
1
0.5
0.25
0.125
0.0625
0.03125
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2
1
0.5
0.25
0.125
0.0625

0.03125

0.5
0.25
0.125

0.0625

6
3
1.5
0.75
0.375
0.1875

0.09375
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ABSTRACT

The problem of internal sulfate attack in concrete is widespread in Iraq and neighboring countries.
This is because of the high sulfate content usually present in sand and gravel used in it. In the present
study the total effective sulfate in concrete was used to calculate the optimum SOj; content. Regression
models were developed based on linear regression analysis to predict the optimum SO; content usually
referred as (O.G.C) in concrete.
The data is separated to 155 for the development of the models and 37 for checking the models. Eight
models were built for 28-days age. Then a late age (greater than 28-days) model was developed based
on the predicted optimum SOj; content of 28-days and late age. Eight developed models were built for
all ages. The important results obtained from the developed models are the positive effect of CsS, C3A
and C4AF on optimum SOj; content. The effect of C;A on optimum SOj; content is about twice that of
C4AF. The study also showed a trend of positive and important effect of the fineness of cement except
in some models and this is due to statistical overlap.

Key wards: Optimum SOj; content (O.G.C), total effective SO; content, 28-day age model, late age
model, all age model
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1. DETERMINATION OF THE
STATISTICAL MODEL VARIABLES
1.1 Collecting Data

In order to build a regression predictive
model, there should be sets of data that cover a
wide range of variation of the independent
variable. A survey was carried out to obtain the
required data has been chosen to cover locally
published literature from (1977 to 2002) as
presented in Table 1.
1.2 The Independent Variables

The Followings are the selected data of the
independent variables; the data were processed
to obtain the information listed below and as
presented in Table 2.
1. Total alkalis as equivalent Na,O.
2. Main compounds of cement.
3. Cement surface area (Blaine fineness).
1.3 The Dependent Variables

The value of optimum SO; content has to be
predicted from the relationship between
compressive strength and different SO; content
as detailed in the presented research items as
shown in Table 3. The decision was based on
the observed variation of SO; content with
maximum compressive strength and the change
of SO; content with age of the same mix.

1.4 Preliminary Statistical Analysis

The analysis focused on the calculation of the
following measures of central tendency and
dispersion of data and the number of data equal
to 178.

1. Mean,
tendency)
2. Minimum and maximum, range and
standard deviation (dispersion).

The calculated measures of central tendency and
dispersion are presented in Table 4.

median and mode (central

1.5 Correlation Analysis

Two types of correlation coefficient obtained
which were Person and Spearman [SPSS
manual] between dependent and independent
variables are presented in Table 5 and 6
respectively. First one is used for linear
relationship while the second coefficient for non

User Page 244 1/13/2013linear
relationships. This is achieved by comparison
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between calculated (r,) and the critical
correlation coefficient (r.) at a specified level of

significance [Bland (1985)] and can be
calculated using the equation given below.
o= = ta/z

ta /2 +n- 2

Where: r.= the critical correlation coefficient
a = the level of significance, t = the standard t
variable, n = number of sample data pairs.

2. DEVELOPED REGRESSION MODELS
FOR CONCRETE
2.1 28-days model

Developments of predictive models for
concrete are made in two stages based on age of
the product. The first stage focused on data for
the age of (28- days) and the second stage for
late ages higher than 28-days. First descriptive
statistic analysis presented in Table 7. The
calculated coefficient for Person and Spearman
correlation are presented in Tables 8 and 9
respectively.

Comparison between the values in the two
Tables (8) and (9) and indicates that there is a
high correlation between the independent
variables. From the partial correlation presented
in Table 10, it could be concluded in general
that the coefficients of correlation of the linear
relationship are higher than the critical
coefficient of correlation except for the relation
with total alk. , C4AF and fineness Blaine,
which is lower than the critical value and it is
higher than the nonlinear relationship so the
multiple linear regression analysis is used for
model development.

Eight models were built for 28-days age
presented in Table 11 and the number of data is
equal to 33 when ignoring Abdul-Latif * data
(1997-2001) and this means no missing value
for total alkalies for model (1-A,2-A,3-A) and
42 when used for models (1-B,2-B,3-B,4 and 5).
The missing values for total alkalies were
replaced by the average value for all other data.



Number 2

Table 12 presents the ANOVA, Rz, root mean

square

of error, Durbin-Watson and

> residual x predicted SO3% for all models.
From Tables 11 and 12 the followings can be
concluded:

1.

The best statistical model is (1-A) since,
it has the highest -coefficient of
determination, R* (0,992), lowest root
mean square of error (0.3424) and the
Durbin- Watson value within the
accepted range of (1.5-2.5) although the
T- value is not the best but it is still low
despite that some independent variables
not on the line of concrete technology.
For model 2-A, 2-B, the effect of L.O.1
is removed because it is less effective in
concrete, the following can be
concluded:

-  Some independent variables not

in the line of concrete
technology.
- High coefficient of

determination, R? of (0,985 and
0.974), low root mean square of
error (0.458 and 0.5816), and the
Durbin- Watson is not within the
ranges (1.36 and 0.952) and T-
value is low value (-0.24 and
0.22).
For model 3-A and 3-B the effect of
L.O.I and MgO are removed. The reason
is that the collected data below the
values mentioned in the ASTM
specification (6%). Furthermore,
examinations of the model suggest the
following:
- Some of the independent variables
effect is not consistent with the current
knowledge of concrete technology.
- Low coefficient of determination R* of
(0.954 and 0,952) in comparison with
the other developed models. This is in
addition to the high root mean square of
error  (0.7851 and 0.7753),and the
Durbin-Watson statistic is not within the
ranges(1.331 and 0.788) and T- value is
low value (-0. 81 and 0.01).
4. For model 4 , The effect of total
alkalies is removed in order to include
Abdul- Latf's data (1997 -2001) , so the
model become with no missing values
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From this model the following can be
observed :

- High coefficient of determination R’
of (0.987), low root mean square of error
(0.417), and the Durbin- Watson is not
in within the rang but it is closest to the
rang and T- value is the lowest value
(0.01).

5. For model 5 in general the
independent effect is consistent with the
current  knowledge  of  concrete
technology, but the shortcoming is on
the statistical concept, it has low
coefficient of determination R? of
(0.952) compared with other model, the
low root mean square of error (0.7686),
and the Durbin- Watson is not within the
range (0.726) despite the low T- value (-
0.01).

From the presented as above analysis it
can be concluded that it is so difficult to
choose the best acceptable model which
satisfies the conditions of concrete
science and  regression  analysis.
Therefore, the decision was selected of
1-A, 3-B and 4 for more examination.

Examination of the scatter plots for C;A
and optimum predicted SO; versus the
residuals are presented in Figs. 1 and 2
for model 1-A, Figs. 3 and 4 for model
3-B and Figs 5 and 6, indicates that
model 3-B does not adequately represent
the obtained data. Therefore this model
is ignored in the following analysis.

Further statistical analysis is made to
find the best model among those
described as above. The relationship
between the observed and predicted SO;
are presented in Fig. 7 and Fig. 9 for
models 1-A and 4 respectively. The
conclusion is that the developed models
result in minimal random error. By
contrast, Fig. 8 for model 3-B is less
articulate.

Moreover, the distribution of residuals
presented in Figs 10 ,11 and 12 for
model 1-A , 3-B and 4 respectively
provide further evidence to support the
conclusion that model 3-B is not a
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reliable model. To conclude this section,
it was decided that the data presented in
Fig 12 provide the best fit between
observed and predicted SO; values. The
implication is that model 4 is the best to
describe the obtained data.

2.2 Late Ages models (Greater Than 28-
Days)

Following the development of 28-days models,
a late age (greater than 28-days) model was
developed based on the predicted optimum SO;
content of 28-days and late age. The number of
data is equal to 77.

Descriptive statistical analysis is presented in
Table 13. The predicted models for late ages are
presented in Table 14.

Optimum SO; +( Late ages)-model 4=
0.976xS0s3 (predicted for 28-days) +1.251E-
03 x Time (late ages) eq. (1)

Table 15 shows that the standard error of
estimate (R?) is (0.97). This has the implication
that 97.0% of the observed scatter in the data is
explained by the adopted model. This
conclusion is consistent with result of
comparison of the calculated F (1206.493) with
the tabulated critical F value of (3.127) at the
95% level of confidence.

Moreover, the calculated Durbin-Watson value
is (1.939) which is within the range (1.5-2.5)
and hence, a minimal random error would be
expected. The value of T-statistics equal to (T=
0.08).

A prove to the conclusion that the developed
model result is in a minimal random error can
found by examination of Fig. 13.

Examination of Figs.14 and 15 which shows
scatter plots of predicted optimum SOs; and
MgO, variables versus the residual. The
presented data suggest the existence of random
variation between variable values and its
residual values.

Finally the distribution of the residuals is shown
in Fig. 16, from this figure it is clear that the
residuals are almost normally distributed.

From all statistical analysis presented above, it
is also difficult to select model 4 as the best
model for 28-days model since it contain some
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independent variables not in the line of concrete
technology. So all age model may be the
alternative model.
2.3 All- Age Concrete Models
Eight development models were built for all
ages, and the number of data is equal to 132
when Abdul-Latif ‘s data (1997-2001) were
ignored and 155 when entering them. The
results of the preliminary descriptive statistical
analysis are presented in Table 16.
Results of linear and non linear (Pearson and
Spearman) correlation analysis are presented in
the form of a matrix in Tables 17 and 18
respectively.
The data presented suggest that in general the
linear model provides better fit for the data
between the compounds and there are highly
correlated with each other.
From the partial correlation presented in Table
19, in general the coefficients of correlation of
the linear relationship are higher than the critical
coefficient of correlation except for MgO and
CsA. For nonlinear relationship all independent
variables are less than the critical value. Based
on this result it was decided to use linear
multiple regression technique for the developed
required statistical model.
The regression equation coefficient obtained, t-
value and the decision are presented in Table
20.
From Tables 20 and 21 we can conclude:
1. The best statistical model is (1-A) since
,it has the highest R? , lowest root mean
square of error and the Durbin- Watson
value within the range although the T-
value is not the best but it is still a low
value despite that some independent
variables not on the line of concrete
technology .
2. The model (1-B) may be selected as the
best model for the following reasons:
- In general the regression coefficient is in
the line of concrete technology except for
total alkalies and this is because that we
replace the value of Latif's data (1997 and
2001) by mean value and this effect the final
result.
- High coefficient of determination R* of
(0.98) , low root mean square of error
(0.4821) and the Durbin — Watson is not
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within the range , but it is still near the range
and with low T- value (-0.49).
- The model includes all
variables.

3. For model 2-A, 2-B ,3-A and 3-B it is
clear from the Table presented above there
is a shortcoming either in the statistical
concept or that some independent variables
contains all expected positive and negative
factors and values .

- High coefficient of determination, R’
(0.98), low root mean square of error
(0.417), and the Durbin- Watson is not
within the ranges but it is closest to the
ranges and T- value is the lowest value
(-0.08).

- The model including all independent
variables except total alkalies.

5. For model 5 despite all independent
variables are in the line of concrete
technology ,but the shortcoming is on the
statistical concept, it has low coefficient of
determination , R’ (0.962)compared with
other model , the highest root mean square
of error , and the Durbin- Watson is not
within the rang despite the low T- value
(0.08) .

Examination of Figs. 17 and 18 for model 4
and Figs.19 and 20 for model 5 which shows
scatter plots for C;S, C;A, Blaine and age
versus the residuals of each variable. The
data presented suggest the existence of
random variation between variable values
and its residual values. The data presented
provides further confirmation to the
conclusion that the developed model 4 can
be considered as the best selected model.

A proof to the conclusion that the developed
model results in minimal random error can
found by examination of Fig. 21 for model
4. The distribution of the residuals is shown
in Fig 22 from this figure it is clear that the
residuals are almost normally distributed.

independent

3. CONCLUSIONS

3.1 Development of Models for (28 Days —
Late Age And All Age Model) of
Concrete:

1. The examination of the data presented
for all wvariables indicates that the
coefficients of correlation for linear
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not in the line of concrete technology and

this due to high correlated between the

independent variables .

4. Model 4 is the best model for the

following reasons:

- All independent variables is on the line

with concrete technology understanding , as

it
relationship are substantially higher than
that for nonlinear relationship.

2. In general, statistically, it was also
found that the MgO content of cement
positively affects the optimum SO3
content.

3. Increasing the SO; content in sand
affects the optimum SO; content of
concrete and this effect is more
significant than that due to increasing the
SOs content in coarse aggregate, so total
effective SO; in concrete is preferred.

3.2 28 Days — Late Age Models:

In the 28-days model the relationship

between the independent  variables

themselves and the optimum SOs content is
overlapped resulting in the high correlation
between them. From the presented
regression analysis it is difficult to choose
the best model because the regression
models are either in the line of concrete
technology or best statistical analysis.

According to the results obtained from the

models of 28-days, the following could be

concluded:
1. In general, the trend for both C;S and C,S are
positive and this is due to the positive influence
effect for both C3;S and C,S on 28-days strength.
2. For more confidence for the above
conclusion, the value of regression coefficient
C,S is less than for C;S in all positive effect
models (1-b, 2-B, 3-B, 4, and 5).
3. It was proved statistically that the effect of
C;A is positive.
4. In general, the effect of C4AF is positive.
5. In general the effect of C;A is about double
that of C4AF except for 1-A, 2-A and 3-A and
this due to the combined effect between Abdul —
Latif 's data and other authors data.
5. The trend of Blaine fineness is not clear, so it
needs more study.
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6. It is proved statistically that the optimum SO;
content increases with increase of age in late age
model.

3.3 All Age Models

For our best models 4 and 5, the following
could be concluded:

1. The effect of CsS is positive and of C,S is
negative.

2. The effects of C;A and C4AF are positive.
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Table 1: The collected data from published literature

Author No. of | Type of cement
data
Al-Rawi (1977) 3 Appr0x1mately the same chemical composition and different in
Blaine.
Ali (1980) 5 I'S(;rzlf chemical composition with 1:2:4 mix and different SO,
. 6 (3-OPC with 1:2:4,1:3:6 and1:4:8 mix) and (3-SRPC with
Yousif (1981) 1:2:4,1:3:6 and1:4:8 mix)
. 16 (8-OPC with 1:2, 1:3, 1:4, 1:5 mix) and (8-SRPC with 1:1:2,
Zari (1981) 1:1.33:2.68. 1:2:4 and 1:3:6 mix).
Abood (1988) 2 rSnaigle chemical composition with (1:2.75:3.18 and 1:1.84:2.46 )
Al-Qissi (1989) 1 Chemical composition
Al-Salihi (1994) 7 Different chemical composition with schedule mixes
Abdul-latif (1997) 7 Different chemical composition
Abdul-latif (2002) 5 Different chemical composition

Selected independent variables, total alkalis, main cement compounds and surface

published literatures.

Author Serial|Calculated
Sell‘;'tgj Total Alk. | C;S G, CA C,AF Surface
data st (%) (%) (%) (%) (%) area(cm’/gm)

Ali (1980) 1-5 094 [41.10] 348 8.8 8.5 3000
Yousit (1981) 1-3 0.86  |34.00 38 10 9 3103
4-6 0.65 [49.00 26 2 16 2533

Zari (1981) 14 053 4953 20.12 8.76 10.16 3278
5-8 035 |6196] 137 1.1 15.1 3124

1 034  [62.00 13 12 11 2500

Al-Rawi (1977) 2 034  [62.00 13 12 11 3500
3 034  [62.00 13 12 11 4500

Al-Qissi (1989) 1 074 |4780] 242 9.7 9.12 3125
Abood (1988) 1-2 058 [58.44] 1583 522 9.39 3471
Al-Salihi (1994) 1-7 080 [34.48] 36.07 8.87 9.12 3420
1 - 36.03| 3675 2.55 15.2 3660

2 - 3628 338 12.91 8.32 3840

3 - 5485  19.09 771 8.48 3600

Abdul-Latif (1997) | 4 ] 60.63| 13.87 2.65 16.29 4000
5 - 3822 3464 2.57 15.2 3540

6 ] 21.15| 5138 14.79 2.18 3660

7 - 30.1 | 39.04 9.52 10.33 3350

1 ] 4385 3228 1.61 14.85 2620

2 - 4359 319 23 13.98 2750

Abdul-Latif (2002) | 3 - 4845 2651 8.53 7.54 2600
4 - 37.74| 3691 7.66 9.48 2570

5 - 5202 2155 8.02 9.6 2470
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Table 3: Optimum SO3;% of concrete at different ages (by weight of cement) from published

literature.
Author o Optimum SO; content (%)
8 Time in days
= 7-days | 14-days | 28-days | 56-days | 90-days | 120-days | 181-days | 365-days
2.00 . . . 2.00
Al-Rawi (1977) 2.00 . . . 2.00
. . 2.00 . . . 5.70 .
1.50 . 1.5 2.5 2.00 . . 1.50
2.00 . 2.00 3.00 2.00 . . 2.50
Ali (1981) 2.50 . 2.50 2.20 2.50 . . 3.00
2.45 . 2.45 2.45 2.45 . . 2.45
2.70 . 2.70 2.70 2.70 . . 2.70
2.833 . 2.83 . 2.83 . . 2.83
3.1 . 3.1 . 3.1 . . 3.1
Yousif (1981) 3.37 . 3.37 . 3.37 . . 4.44
2.53 . 2.53 . 2.53 . . 3.07
2.30 . 2.80 . 2.80 . . 2.80
3.07 3.07 3.07 . . 4.14

4.22 422 4.22 4.22
4.22 4.22 4.22 3.72
3.47 422 4.22 3.74

Zari (1981)

4.2 4.22 4.22 4.22
3.72 422 3.72 4.22
4.22 4.22 4.22 4.22
3.72 3.72 3.72 3.72

4.22 422 4.22 4.22
3.22 3.22 3.47 3.22

Ol |Q|n|n|Bh|lLWIN|[—|AN|[n]|R|WIND|R[ON]ER|[W[N|=]|W]IN|—

10 3.22 3.22 3.22 3.22
11 3.2 3.22 372 4.22
12 3.22 3.22 3.22 3.22
13 3.22 3.22 3.47 3.22
14 3.22 3.22 3.22 3.22
15 3.22 3.47 3.22 3.47
16 3.22 3.22 3.22 3.22
1 3.35 3.35
Abood (1988)
2 . 3.20 3.20 . . .
Al-Qissi (1989) | 1 | 3.39 . 3.94 . . 3.94 .
1| 296 . 2.33 2.96 2.96 . 2.96
2| 254 . 2.54 3.09 3.09 . 3.09
o 3| 289 . 23.24 3.41 3.41 . 3.41
Al-salihi (1994)
4| 324 . 3.24 3.24 3.24 . 3.73
5| 356 . 3.56 3.56 3.56 . 3.56
6| 388 . 3.88 3.88 3.88 . 3.88
7| 417 . 4.17 4.17 4.17 . 4.17
1 3.4 . 3.4 . . 3.4
Abdul-Latif 2| 381 . 3.81 . . 3.81
(1997) 3| 447 . 4.47 . . 4.47
4| 458 . 4.58 . . 3.34
5| 324 . 3.24 . . 3.24

250



Number 2

Volume 19 February 2013

Journal of Engineering

6 4.96 4.39 4.96

7 4.12 4.52 4.12 .

1 3.52 3.87*

2 3.23 3.90%*
Abdul-Latif(2001)| 3 4.00 4.00*

4 3.55 3.90%*

5 3.30 3.97*

* For 300 — days

Table 4: Descriptive statistics analysis for cement mortar (all data)

Central tendency Dispersion
Compound Mean Median Mode defi?[’ion Range Mirrlrilmu Maximum
MgO0% 3.3153 3.400 4.110 0.831 3.300 0.9 4.20
Total Alk."% 1.158 1.160 1.160 0.271 0.690 0.86 1.55
C3S% 45.053 41.100 34.480 11.148 40.8 21.15 62.00
C,S% 27.732 34.640 36.070 10.221 38.30 13.0 51.38
C3;A% 7.407 8.800 8.870 3.528 13.60 1.1 14.79
CsAF% 10.551 9.120 9.120 2.768 14.10 2.18 16.29
L.O.I% 1.399 1.610 1.620 0.614 2.500 .20 2.70
Blaine gm/cm’ 3235.7 3201.0 3420.0 297.23 2030 2470 4500
Total eff. SO;% 3.375 3.240 3.220 0.708 4.20 1.5 5.70

Table S: Correlation matrix for dependent and independent variables (Person correlation)

Variable | MgO i(l)lial CsS C,S CA C.,AF L.O.I Blaine | Ages SO3%
MgO 1.00 239%% | —194%* | 066 255%*% | -389%* | 150 074 115 379%*
Total Alk. | 239%* | 1.00 “901%* | 057%* | 593%* | _733%** | -430 ~078 236%% | -.334%*
CsS 194%% | -901** | 1.00 974%% | 624 | 657*% | -.048 157% ~159% | .101
C.S 1066 057%% | -.974%* | 1.00 S41%% | —.608%* | -.084 S161% | 101%% | -240%*
CA 255%% | 593%% | _624%* | s541%* | 1.00 ~919%* | ~.105 119 084 048
C,AF “389%% | -733%% | 657%% | -.608%* | -919%* | 1.00 1098 197%% | -.080 ~040
LOI 150 ~430 ~048 ~084 ~105 1098 1.000 201 115 539
Blaine 074 078 157% “161% | -119 197%% | 201 1.00 ~050 ~048
Ages “115 236%*% | -.159% | .191%* | .084 ~080 115 ~050 1.00 040
S0% 379%% | -334%* | 101 ~240%% | .048 -040 539 ~048 040 1.00
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Table 6: Correlation matrix for dependent and independent variables (Spearman correlation)

Variable | MgO f\‘l’lt(al C;S C,S CA C.AF L.OlI Blaine | Ages S0:%
MgO 1.00 .090 -.093 .060 133 -.265%* 317 364%* -.055 AT1%*
Total Alk. | 090 1.00 -868%*F | 867** | 595%% | -874** | -359 -207%F | 077 -380%*
(&N -.093 -.868** 1.00 -.987** -.709%** 595%* -.050 -.148%* -.058 122
(&N .060 BOT** -.987** 1.00 .666** -.583%* .024 .079 .068 -.143*
CA 133 595%* -.709%* .666** 1.00 - 703%* -.060 208%* .067 -.085
C,AF -.265%* -.874%* 595%* -.583%%* - 703%** 1.00 113 -.055 -.049 129
L.O.I 317 -.359 -.050 .024 -.060 113 1.000 524 -.052 521
Blaine 364%* -207** -.148%* .079 208%* -.055 524 1.00 -.104 .190%**
Ages -.055 .077 -.058 .068 .067 -.049 -.052 -.104 1.00 .070
S0;% AT71%* -.380%** 122 -.143%* -.085 129 521 .190%* .070 1.00
** Correlation is significant at the 0.01 level (2-tailed)*, Correlation is significant at the 0.05 level (2-tailed)
r.=0.118 for N=192 for all variable except for total Alk. r,=0.1875 for N=113
Table 7: Descriptive statistics analysis for concrete (28-days)
Variables Mean Stan. deviation Minimum Maximum
Mg0% 3.106 0.959 0.900 4.200
Total Alk. % 0.617 0.215 0.340 0.940
C3S% 46.956 11.326 21.150 62.000
C,S% 26.101 10.375 13.000 51.380
C3;A% 7.022 3.857 1.100 14.790
C,AF% 10.931 3.115 2.180 16.290
L.0.1% 1.424 0.623 0.200 2.700
Blaine gm/cm’ 3193.47 408.900 2470.00 4500.00
Total eff. SO;% 3.209 0.684 1.500 4.220
No. of data = 42 for all variables except for total Alk. No. of data = 33
Table 8: Person correlation values for 28-days for concrete
Variables MgO Tot. AIK. | C;5S C,S CA C,AF L.O.I Blaine S03%
MgO
1.000 0.114 -0.054 -0.015 -0.004 -0.172 0.194 0.343* 0.527%*
Tot. AIK. 0.114 1.000 -0.913** | 0.912%%* 0.508** -0.854** | -0.279 -0.174 -0.222
CsS -0.054 -0.913** 1.000 -0.985%* [ -0.615%* [ 0.642%* -0.136 -0.093 0.048
C,S -0.015 0.912%%* -0.985%* 1.000 0.555%%* -0.613** 0.138 0.006 -0.074
GA -0.004 0.508** -0.615%* | 0.555%%* 1.000 -0.698** | -0.047 0.242 -0.156
C4AF -0.172 -0.854** | 0.642%* -0.613** | -0.698%** 1.000 0.032 -0.021 0.031
L.OI 0.194 -0.279 -0.136 0.138 -0.047 0.032 1.000 0.328 0.559
Blaine 0.343* -0.174 -0.093 0.006 0.242 -0.021 0.328 1.000 0.095
SO;% 0.527%* -0.222 0.048 -0.074 -0.156 0.031 0.559 0.095 1.000

** Correlation is significant at the 0.01 level (2-tailed): *, Correlation is significant at the 0.05 level (2-tailed)
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Table 9: Spearman correlation values for 28-days for concrete

V)
Variables MgO Tot. AIK. | C5S (ON CA C4AF LOI Blaine SO;%
MgO 1.000 0.257 -0.124 0.006 0.057 -0.223 0.133 0.174 0.493**
Tot. AIK. 0.257 1.000 -0.907** | 0.951** 0.532%* -0.712*%* | -0.332 -0.116 -0.262
(O -0.124 -0.907** | 1.000 -0.977%*% | -0.598** | 0.646** -0.16 -0.062 0.078
C,S 0.006 0.951** -0.977** | 1.000 0.520%* -0.601** | 0.061 -0.017 -0.208
GA 0.057 0.532%* -0.598** | 0.520%* 1.000 -0.891*%* | -0.051 0.242 -0.044
C,AF -0.223 -0.712*%*% | 0.646** -0.601** | -0.891** | 1.000 -0.142 -0.142 -0.039
L.OI 0.133 -0.332 -0.16 0.061 -0.051 0.0021 1.000 0.108 0.626*
Blaine 0.174 -0.116 -0.062 -0.017 0.242 -0.142 0.108 1.000 -0.063
SO;% 0.493** -0.262 0.078 -0.208 -0.044 -0.039 0.626* -0.063 1.000

**_ Correlation is significant at the 0.01 level (2-tailed): *, Correlation is significant at the 0.05 level (2-tailed)

r. = 0.304 for N=42 for all variables except for total Alk. r.=0.3442 for N=33

Table 10: Partial correlation for concrete model (28-days) between optimum SO3% and other

compounds

Variables Person correlation Spearman correlation
MgO 0.4829 0.0508

Total alkalies 0.1719 0.0000

CsS 0.6765 0.0220

C,S -0.6841 -0.0150

C:A -0.3044 -0.0805

C,AF -0.0155 0.0000

L.0.1 0.4554 0.0000

Blaine -0.078 -0.0768

No.of data = 42 for all variables except for total Alk. No. of data = 33

Table 11: Regression equation coefficients and other statistical measures for concrete (28-

days).
Model 1-A 1-B
Independent Regression t- vale Decision Regression t- vale Decision
variable coefficient (5%) coefficient (5%)
MgO% -0.150 -0.718 Accept 0.380 4.644 Reject
Total Alk% 4.417 2.773 Reject -0.167 -0.22 Accept
C3S% 3.307E-02 0.914 Accept 3.008E-02 2.562 Reject
C,S% -7.458E-02 -1.400 Accept 1.003E-02 0.570 Accept
C3A% 3.344E-02 0.616 Accept 6.843E-02 1.691 Accept
C4AF% -7.394E-02 -0.529 Accept 2.964E-02 0.614 Accept
L.0.I% 1.649 4.64 Reject 0.730 5.739 Reject
Blaine gm/cm’ -8.779E-05 -0.379 Accept -4.344E-04 -2.434 Reject
Model 2-A 2-B
Independent Regression t- vale Decision Regression t- vale Decision
variable coefficient (5%) coefficient (5%)
MgO0% 0.751 07.302 Reject 0.557 5.321 Reject
Total Alk% 3.728 1.757 Reject -2.390 -2.695 Reject
C5S% -8.954E-02 -2.706 Reject 3.266E-02 2.013 Reject
C,S% -0.171 -2.613 Reject 5.322E-02 2416 Reject
C;A% 0.210 4.064 Reject 7.724E-02 1.545 Accept
CsAF% 0.445 3.978 Reject 6.222E-02 0.938 Accept
L.0.1% - - - - - -
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Blaine gm/cm’ 1.787E-04 | 0596 |  Accept -3.705E-04 | -1.504 |  Accept
Model 3-A 3-B
Independent Regression t- vale Decision Regression t- vale Decision
variable coefficient (5%) coefficient (5%)
Mg0% - - - - - -
Total Alk% 3.067 0.844 Accept -0.663 -606 Accept
C3S% -5.880E-02 -1.045 Accept 4.284E-02 2.005 Reject
C,S% -0.109 -0.979 Accept 3.901E-02 1.345 Accept
C3A% 8.392E-02 1.004 Accept 2.429E-02 0.374 Accept
C4AF% 0.258 1.379 Reject -8.292E-03 -0.096 Accept
L.0.1% - - - - - -
Blaine gm/cm2 1.065E-03 2.266 Accept 1.563E-04 0.523 Accept
Model 4 5
Independent Regression t- vale Decision Regression t- vale Decision
variable coefficient (5%) coefficient (5%)
MgO% 0.371 5.26 Reject - -
Total Alk% - - - -
C3S% 2.942E-02 1.425 Accept 3.845E-02 1.530 Accept
C,S% 6.903E-03 0.658 Accept 2.57E-02 1.37 Accept
C;A% 6.786E-02 1.206 Accept 2.496E-02 0.388 Accept
C4AF% 2.945E-02 0.69 Accept -1.204E-03 -0.014 Accept
L.0.1% 0.745 2.934 Reject - - -
Blaine gm/cm’ -4.277E-04 -1.465 Accept 1.745E-04 0.592 Accept
Table 12: General statistical concept for concrete (28-days)
Root mean . Re. X
Model ANOVA R’ square of airtts)g; Eredicted
Source D.F. Sum of | Mean F value error S05%
squares square
Model(Reg.) | 8 355491 | 44.436
1-A Error(Res.) 25 2.931 0.117 379.004 0.992 0.3424 1.549 0.07
Total 33 358.422
Model(Reg.) | 8 445716 | 55.714
1-B Error(Res.) 34 6.077 0.179 311.736 0.987 0.4228 1.313 0.12
Total 42 451.792
Model(Reg.) | 7 352.967 | 50.424
2-A Error(Res.) 26 5.455 0.210 240.334 0.985 0.4580 1.360 -0.24
Total 33 358.422
Model(Reg.) 7 439.830 62.833
2-B Error(Res.) 35 11.962 0.342 183.839 0.974 0.5846 0.952 0.22
Total 42 451.792
Model(Reg.) | 6 341.781 | 56.963 07851
3-A Error(Res.) 27 16.642 0.616 92.420 0.954 ’ 1.331 -0.81
Total 33 358.422
Model(Reg) | 6 430.154 | 71.692
3-B Error(Res.) 36 21.638 0.601 119.278 0.952 0.7753 0.788 0.01
Total 42 451.792
Model(Reg.) | 7 445707 | 63.672
4 Error(Res.) 35 6.085 0.174 366.205 0.987 0.417 1.327 0.01
Total 42 451.792
Model(Reg.) | 5 429.934 | 85.987
5 Error(Res.) 37 21.858 0.591 145.551 0.952 0.7686 0.726 -0.01
Total 42 451.792
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Table 13: Descriptive statistics analysis for concrete (Late age) for model 4

Compound Mean Standard Minimum Maximum
deviation

Time (Late age)-days 148.64 119.96 56 365

Total eff. SO;% 3.3487 0.6952 1.5 5.7

Opt. SO;% predicted(28- 3.2155 0.5656 1.61 4.08

days)

No. of data for model 4= 77

Table 14: Regression equation with standard error for each compound

Independent variable Regression Standard
coefficient error

Time (late ages)-days 1.251E-03 0.031

Opt.SOs(predicted for 28-days)% 0.976 0.001

Table 15: General statistical concept for concrete models (late age) for model 4

ANOVA ) Root mean
R square of
Source D.F. Sum of Mean F value error
squares square
Model(Reg.) 2 873.058 436.529 1206.493 0.97 0.6015
Error(Res.) 75 27.136 0.362
Total 77 900.195

Table 16: Result of descriptive statistical analysis for concrete (All ages)

Variables Mean Stan. deviation Minimum Maximum
MgO0% 3.259 | 0.872 0.900 4.200
Total Alk.% 0.643 0.216 0.340 0.940
C3S% 46.113 11.047 21.150 62.00
C,S% 26.811 10.124 13.000 51.380
C3A% 7.011 3.731 1.100 14.790
C4AF% 10.904 3.044 2.180 16.290
L.0.1% 1.396 0.606 0.200 2.700
Blaine gm/cm2 3197.194 345.864 2470.000 4500.000
All ages-days 82.000 103.964 7.000 365.00
Total eff. SO;% 3.273 0.671 1.500 5.700

No. of data = 155 for all variables except for total Alk. No. of data =132
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Variables | MgO 1‘1’12311 C:S C,S CA C.AF Lol Blaine | Allages | SO:%
MgO 1.000 | .051 -036 | -.013 048 - 163% | 318% | 383*%* | _053 A46%*
Tot AIK' | .051 1.000 S8TTRF | 876%* | 646%* | 67** 018 076 068 - 189*%
CsS -.036 - 877** 1.000 | -.987** | -756%* | .67** -.026 -142 -.059 167*
C,S -013 876%* -987** | 1.000 J02%% | -.639%* | 018 076 068 -189%
CA 048 646+ -756%% | 702** | 1.000 -738% [ -.04 256%* | .060 -114
C4AF -163% | -.89%* 67%% | -639%*% | -738*%* | 1.000 148 011 -.060 162%
L.O.I 318%% | _401%x -026 | .018 -.04 148 1.000 537%% | -.044 565%*
Blaine 383%% | _218% -142 | .076 256% | 011 537+ | 1.000 -117 263+
Allages | -.053 079 -059 | .068 .06 -.06 -.044 -117 1.000 085
SO3% A46%* | -.405%* 167% [ -189% [ -.114 162% S565%* | 263** | .085 1.000
Table 18: Spearman correlation values for all ages concrete data
Variables MgO TotalAlk CsS C,S CA C4AF L.O.I Blaine | Allages [ SO;%
MgO 1.000 .195% -.152 .026 .19%* -.297** 129 24%* -.124 324
Tot. AIK.! .195% 1.000 -904** | 957** 632%*% | - 755%% | - 473** -.086 250%% | -394%**
(O -.152 -.904#* 1.000 -9T74%* | -.69%* JT15%* -.035 -.131 -.163* .158*
C,S .026 O57H% | -.974** 1.000 -.600%* | -.67** -.098 .037 .195%* -.204#*
GA .190%* .632%* -.69%% [ - 609%* 1.000 -.922%* -.052 276%* .099 .036
C4AF -297%*% | -755%* | 715%* -67*%F | -.922%* 1.000 .076 -.198* -.097 -.004
L.O.I 129 - 473%* -.035 -.098 -.052 .076 1.000 272%* -.12 552%*
Blaine 240%** -.086 -.131 .037 276%* -.198* 272%* 1.000 -177* .146
All ages -.124 25%* -.163* .195% .099 -.097 -.120 - 177* 1.000 .032
S0O5% 324%% | - 394%* 158* -.2094#* .036 -.004 552%* .146 .032 1.000

No. of data = 155;

! means number of data =132
r. = 0.1565 for No. of data =155 , r. =0.1694 for No. of data =132 .

**Correlation is significant at the 0.01 level (2-tailed): *, Correlation is significant at the 0.05 level (2-tailed)

Table 19: Partial correlation for concrete model (all ages) between optimum SO3;% and other

compounds
Variables Person correlation Spearman correlation
MgO 0.0678 -
Total alkalies' 0.2685 0.0000
C;S 0.4806 0.0421
C,S -0.4979 0.0250
C;A -0.0194 0.0639
C,AF 0.1598 0.000
L.O.I 0.1995 0.0000
Blaine 0.3144 -
Ages 0.2173 0.1556

No. of data =155

, "'means No. of data = 132
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Table 20: Regression equation coefficients and other statistical measures for concrete (all

age).

Model 1-A 1-B
Independent variable | Regression | t- vale Decision Regression t- vale Decision

coefficient (5%) coefficient (5%)
MgO0% -0.112 -0.81 Accept 0.275 5.096 Reject
Total Alk% 4.32 3.952 Reject -0.568 3.28 Reject
Cs8% -3.071E-02 | -1.188 Accept 2.580E-02 0.51 Accept
CoS% -0.126 -3.519 Reject 5.910E-03 1.605 Accept
C3A% 8.164E-02 1.177 Accept 9.341E-02 1.29 Accept
C4AF% 0.116 1.202 Accept 4.275E-02 6.607 Reject
L.0.1% 1.001 4.187 Reject 0.581 -1.523 Accept
Blaine gm/cm’ 7.603E-04 1.657 Accept 1.982E-04 0.959 Accept
Time(All ages)-days [ 9.014E-04 2.433 Reject 1.164E-03 -1.127 Accept
Model 2-A 2-B
Independent variable | Regression t- vale Decision Regression t- vale Decision

coefficient (5%) coefficient (5%)
MgO% 0.416 6.841 Reject 0.404 2.225 Reject
Total Alk% 3.585 1.235 Accept -2.601 2.759 Reject
C58% -0.111 -6.091 Reject 1.912E-02 1.534 Accept
CoS% -0.183 -5.175 Reject 3.341E-02 2.361 Reject
C3A% 0.198 7.363 Reject 0.112 0.517 Accept
C,AF% 0.451 1.65 Accept 8.528E-02 2.976 Reject
L.0.1% - - - - - -
Blaine gm/cm’ 9.936E-04 3.24 Reject 4.995E-06 -5.523 Reject
Time(All ages)-days | 9.307E-04 1.021 Accept 1.349E-03 1.641 Accept
Model 3-A 3-B
Independent Regression | t- vale Decision Regression t- vale Decision
variable coefficient (5%) coefficient (5%)
Mg0% - -
Total Alk% 3.594 2.677 Reject -1.568 3.263 Reject
C3S% -0.107 -5.027 Reject 3.257E-02 1.608 Accept
C,S% -0.174 -4.196 Reject 2.754E-02 4.914 Reject
C5A% 0.156 5.732 Reject 0.144 1.113 Accept
C4AF% 0.381 5.113 Reject 9.049E-02 -0.523 Accept
L.O.I% - - - - - -
Blaine gm/cm’ 1.639E-03 | 0.796 Accept -5.930E-06 1.435 Accept
Time(All ages)-days | 5.599E-04 | 1.226 Accept 7.448E-04 -2.926 Reject
Model 4 5
Independent Regression | t- vale Decision Regression t- vale Decision
variable coefficient (5%) coefficient (5%)
Mg0% 0.245 5.2 Reject - - -
Total Alk% - - - - - -
C3S% 2.432E-02 | 3.133 Reject 1.377E-02 1.396 Accept
C,S% -4.311E-03 | -0.598 Accept -1.311E-02 -1.399 Accept
C3A% 8911E-02 | 1.631 Accept 9.77E-02 2.951 Reject
C4AF% 3.909E-02 | 1.184 Accept 6.824E-02 1.6 Accept
L.O0.1% 0.641 9.099 Reject - - -
Blaine gm/cm’ 1.78E-04 1.379 Accept 4.628E-04 1.043 Accept
Time(All ages)-days | 1.11E-03 1.365 Accept 8.815E-04 1.672 Accept
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Table 21: General statistical concept for concrete (All ages)

Root TRe.>
ANOVA | _, mean Durbin- .
Model S R square of | Watson predicte
Source DF. um of -} Mean F value error d 805%
squares | square
1-A Model(Reg.) 9 1475 163.907
Error(Res.) 123 21.45 0.174 939.65 | 0.986 0.4177 1.725 -4.45
Total 132 1496.6
1-B Model(Reg.) 9 1696.7 188.472
Error(Res.) 146 33.874 | 0.232 812.33 [ 0.98 0.4817 1.223 -0.49
Total 155 1730
2-A Model(Reg.) 8 1472.1 184.013
Error(Res.) 124 24.514 | 0.198 930.81 0.984 0.4446 1.474 -15.05
Total 132 1496.6
2-B Model(Reg.) 8 1686.0 | 210.759
Error(Res.) 147 44.04 0.3 703.36 | 0.975 0.5474 0.912 2.59
Total 155 1730
3-A Model(Reg.) 7 1462.8 | 208.979
Error(Res.) 125 33.766 | 0.270 773.63 | 0.977 0.5197 1.216 -2.05
Total 132 1496.6
3-B Model(Reg.) 7 1667.7 | 238.251
Error(Res.) 148 62.361 0.421 565.44 | 0.962 0.6491 0.66 -0.69
Total 155 1730.1
4 Model(Reg.) 8 1695.95 | 211.994
Error(Res.) 147 34.169 | 0.232 912.035 | 0.98 0.4821 1.246 -0.08
Total 155 1730.12
5 Model(Reg.) 6 1666.8 | 277.809
Error(Res.) 149 63.267 | 0.425 654.26 | 0.962 0.6516 1.021 0.08
Total 155 1730.1
Model 1-A
1.2 1.2
14 L 2 14 L 2
0.8 + 0.8 -
0.6 . 0.6 - L 2
g 0.4 L 2 S 0.4 * L 4
g 021 ¢ o § 027 o ee ¢
® o : —y T o e . * o ‘
0.2 0 1 @ ” 4’ 5 0.2 0 ’. 5 330 15 2
-0.4 V'S -0.4 'S
06 * 06 - *
-0.8 -0.8
C3A%

Optimum SO3 predeicted %

Fig. 1:Relationship between optimum SO3-
predicted and resituals

Fig. 2 :Relationship between C3A and resituals
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ABSTRACT:

The differential protection of power transformers appears to be more difficult than any type of
protection for any other part or element in a power system. Such difficulties arise from the
existence of the magnetizing inrush phenomenon. Therefore, it is necessary to recognize between
inrush current and the current arise from internal faults. In this paper, two approaches based on
wavelet packet transform (WPT) and S-transform (ST) are applied to recognize different types of
currents following in the transformer. In WPT approach, the selection of optimal mother wavelet
and the optimal number of resolution is carried out using minimum description length (MDL)
criteria before taking the decision for the extraction features from the WPT tree. In ST approach,
the spectral energy index and the standard deviation (STD) are calculated from the S-matrix
obtained by discrete S-transform. The two approaches are tested for generating a trip signal and
disconnecting the transformer supply experimentally using 1KVA, 220/110V, 50Hz, A/Y three-
phase transformer. The experimental results show that the trip signal is initiated faster in WPT
approach while the transformer is disconnected from the supply after a delay of 10-15msec in the
two approaches due to computer interface and the relay circuit used.

Keywords: differential protection, wavelet packet transform, S-transform, inrush and fault
Currents recognition
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1- INTRODUCTION:

The protection of power transformer has
been always in a challenge due to the problem
of rapid discriminating between the inrush and
internal fault currents. A possibility for false
tripping of differential relay may be caused by
the magnetizing inrush current during
energization. Such  wrong-operation  of
differential relays can affect both reliability
and stability of the whole power system [S. A.
Saleh, et. al., 2005].

The conventional methods use the second
harmonic components to restrain operation of
the differential relay during magnetizing
inrush conditions. The main idea of the
harmonic restraint differential relays is to
extract the fundamental, the second and
sometimes the fifth harmonics and to compare
the ratio of the second and fifth harmonics
with the fundamental to predefined threshold
value. However, sometimes, the magnitude of
second harmonic components in the internal
fault current can be close to or greater than the
magnitude of inrush currents. This may be due
to saturation and the new low-loss amorphous
core material in modern power transformer [B.
A. Sykes, et., al., 1972 and M. R. Zaman,

1996].

The previous methods on power
transformer  protection  include  other
approaches, among these approaches;

calculation of transformer inductance during
saturation, artificial neural network (ANN),
flux and voltage restraints and fuzzy logic [L.
D. Periz, et., al., 1994, A. Wiszniewski, et., al.,
1995, M. R. Zaman, 1996, A. L. Oville, et., al.,
2001, M. C. Shin, et, al, 2003, H.
Khorashadi, 2006 ].

Recently, signal processing has been
reported on use of time frequency localization
for current signal recognition. Wavelet (WL)
decomposition is ideal for studying transient
signals and obtaining a much better current
characterization and a more reliable
recognition. It allows the decomposition of the
signal into different levels of resolution. The
mother wavelet function is dilated at low

Application of Wavelet Packet and S Transforms for
Differential Protection of Power Transformer

Frequencies and compressed at high
frequencies so that large windows are used to
obtain the low frequency components of the
signal, while small windows reflect
discontinuities. = Therefore, from  small
windows, a certain features can be extracted to
recognize between inrush and internal fault
currents [S. A. Saleh, et. al., 2005, A. Rahmati,
2010, S. A. Saleh, et. al.,, 2010]. In WL
analysis, a proper mother wavelet function and
a level of decomposition should be chosen
which are sometimes difficult, thereby the
computation time may increase. These
limitation can be overcome using the modified
WL transform named S-transform (ST). The
S-transform is an invertible time frequency
spectral localization technique that combines
element of WL transform and short time
Fourier transform (STFT) [P. K. Dash, et., al.,
2003, S. R. Samantaray, et., al., 2007, Q.
Zhang, et., al., 2009, S. Jiao., et., al., 2010, G.
Mokryani, et., al., 2010 and A. A. Obed, et.,
al., 2011].

The main objective of this paper is to
develop and implement two approaches to
recognize inrush current from faults based on
wavelet packet transform (WPT) and S-
transform. The MDL criterion is used to select
both the mother wavelet and the level of
decomposition for the WPT algorithm used. A
signatures which represent the values and the
time locations of the coefficients depend on

the second level details ad’and dd’are
considered in this algorithm. In the second
approach, the spectral energy index and the
STD are calculated from the S-matrix and used
as an extraction features for signal recognition.
The two  approaches are examined
experimentally on 1KVA, 220/110V, 50Hz,
A /Y three-phase transformer and the results
revel fast, accurate and reliable methods to
recognize different current following in the
transformer.
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2- APPLICATION OF SIGNAL PROCESSING
IN DIFFERENTIAL ROTECTION OF POWER
TRANSFORMER

The application of signal processing in
power system transient has become
increasingly popular in recent years due to its
effectiveness in  capturing short term
transients. Basically, STFT transform, wavelet
transform and S-transform are a means of
obtaining a representation of both time and
frequency contents of a differential current
signal used in differential protection of power
transformer. In this work, a short brief for
WPT and ST are given.

2.1 Wavelet Packet Transform

Wavelet packet transform is a type of
wavelet-based signal processing in a way that
each level of resolution (octave) j consists of
27 boxes generated by a tree of low pass filter
(LPF) and high pass filter (HPF) operations.
The frequency bandwidth of a box decreases
with growing octave number i.e. with
increasing octave number, the frequency
resolution becomes higher while the time
resolution is reduced. Starting with a discrete
signal f[n] with length N, the first level, j=1,

decomposition produces two subbands discrete
signals a'[N/2] and d'[N/2] as follows [G.

Stang , et., al., 1996 and M. A. S. K. Khan, et.,
al., 2007]

N-1

a'[n]= ), &(k) f(n k) (1)
dTM=ZMHﬂn4O @)

where a'[n] and d'[n] are the first level

approximations and details respectively, k is
an integer and g(n), h(n) are the LPF and HPF
associated with a selected mother wavelet
function respectively. The output of both LPF
and HPF are downsampled by two at the end
of each filtering stage in order to increase the
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frequency resolution and to ensure the time
localization of each frequency subband. The
second level of decomposition will produce
four subbands due to the decomposition of

both a'[N/2] and d'[N/2] using the same

set of filters. These subbands are
aa’[N/4] ad’[N/4], da’[N/4] and
dd’[N /4] as follows

aa’[n]= ) g(k) a'(n—k) 3)
ad’[n]= 3" h(k) a' (n—1) @
da’[n]=) g(k) d'(n-k) (%)
dd’[n]= 2Z:h(k) d'(n-k) (6)

A higher level of decomposition can be
produced in the same procedure above.

The main advantage of WPT over
continuous and discrete wavelet transform is
better, more accurate and more detailed
representation of the decomposed signals [G.
Stang, et., al., 1996]. Also, wavelet packet
basis functions are localized in time offering
better signal approximation and
decomposition. These basis functions are
generated from one base function at scale s,
dilation 3 and translation }, as follows

W, ap(0)=2"2 W, (27 (n- b)) (7

where W_(n) 1is the wavelet function

coefficient matrix. In WPT, a discrete signal
f[n] is represented as a sum of orthogonal
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Wavelet  basis  functions w_, (n) as

follows:

fn]=2.2, > W[ W, [n] (8)
s a b

The implementation procedure of the
WPT for two levels is shown in the
decomposition tree of Fig.1.

2.2 The Extended Wavelet Transform:
S-Transform

The S-transform, is an extension to the
ideas of wavelet transform, and is based on a
moving and scalable localizing Gaussian
window. From the S-matrix, an important
information in terms of magnitude, phase and
frequency can be extracted. Further, feature
extraction is done by applying standard
statistical techniques onto the S-matrix.

Many features such as amplitude,
variance, mean, standard deviation and energy
of the transformed signal are widely used for
proper classification. The S-transform is fully
convertible from the time domain to two-
dimensional (2-D) frequency translation
domain and to then familiar Fourier frequency
domain. The amplitude frequency- time
spectrum and the phase-frequency- time
spectrum are both useful in defining local
spectral characteristics.

The S- transform produces a time
frequency representation of a time varying
signal by uniquely combining the frequency
depended resolution with simultaneously
localizing the real and imaginary spectra. The
S-transform is similar to the wavelet transform
but with a phase correction and here both the
amplitude and phase spectrum of the signal are
obtained. Since the S-transform provide the
local spectrum of a signal, the time averaging
of the local spectrum gives the Fourier
transform [P. K. Dash, et., al., 2003 and M. V.
Chilukuri, et., al., 2004].

Application of Wavelet Packet and S Transforms for
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CONTINUOUS S- TRANSFORM

It is well known that information is
contained in the phase of the spectrum, as well
as in the amplitude. In order to utilize the
information contained in the phase of the
continuous wavelet transform (CWT), it is
necessary to modify of the mother wavelet.
The CWT W(r, a) of a function f(t) is given as

W(ta)= [ h(t) W(t-7,a)dt (10)

where W(t,a) is a scaled replica of the
fundamental mother wavelet, the dilation a
determines the width of the wavelet and this
controls the resolution. The S-transform is
obtained by multiplying the CWT with a phase
factor as [S. Sendilkumar, et., al., 2009, P. K.
Dash, et., al., 2003 and M. V. Chilukuri, et.,
al., 2004].

S(t,f) =exp (i2xnfr). W(r, a) (11)
where f is the frequency, and the quantity T is
a parameter which controls the position of
Gaussian window on the t-axis and a is the
dilation factor. The mother wavelet for this
particular case is defined as

1
o

In the equation above, the dilation factor “a” is
the inverse of the frequency f. Thus, the final
form of the continuous S-transform is obtained
as-

w(t,f)=

) expEi2ntt) (12)

2 2
)= j h(t) p(i) expEi2ntit
(13)
and the width of the Gaussian window c (f) is
1
c(f)=T= H (14)
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DISCRETE S-TRANSFORM

The signal h(t) can be expressed in a
discrete from as h(kT), k=0,1, ..N-land T
is the sampling time interval. The discrete
Fourier transform of h(kT) is obtained as [P.
K. Dash, et., al., 2003 and M. V. Chilukuri, et.,
al., 2004]

(e

where n=0, 1 N-1. Using eq. (13),
the S-Transform of a discrete time series h(kT)
is obtained by making f=n/NT and 1 =T as

[JT — } Z }G(m n)exp{2mmy/ N)
(16)
and

n —127mnk

NT

Z h(kT).ex

kO

xp ( ) 315)

............

G(m,n)=exp(-2n° m* /n?) (17)

where j, m =0, 1, 2,......., N-1, and n= 1,
2,...c.e., N-1. For n=0

S(JT,0) = Z h( (18)

Equation 18 gives the constant average of the
time series into zero frequency, so that the
amplitude of the S-matrix over the time results
in Fourier spectrum. The amplitude and phase
of the S-transform are obtained as

n n n
S| iT— |, tari'{ImagS| jT— )/Reak S| jT—
o i mas )

The multiresolution S-transform output is
a complex matrix, the row of which is the
frequency and the columns are the time values.
Each column thus represents the “local
spectrum” for that point in time. Also,
frequency-time contours which have the same
amplitude spectrum are obtained to detect, and
localize signal disturbance events. A mesh
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three-dimensional (3-D) of the S-transform
output yields frequency-time, amplitude-time,
and frequency-amplitude plots.

3. EXPERIMENTAL SETUP AND DATA
COLLECTION

The initial and important step in this work
is to setup the protected transformer with all
necessary equipments to accurately collect the
needed data for analytical purpose and then to
protect the transformer from internal faults.
Figure 2 shows the schematic diagram for the
implemented protection system given in Fig.3.
The system is applied to 1KVA, 220/110V,
S50Hz, A/Y three-phase transformer. Three
identical current transformer (CTs) are
connected in Y on the A connected primary
side while another three identical CTs are
connected in A on the Y connected secondary
side. The ratios of the primary side CTs and
the secondary side CTs are chosen in a manner
that guarantees a negligible value of the
differential current under steady state
operation conditions. The differential current
signal of the three phases passes through 1Q
resistor combination. Theses signals are sent
into personal computer (PC) through analogue
to digital circuit (LabJack-U3-HV), shown in
Fig.4. The LabJack can operate also as digital
to analogue converter.

The collected data consists of the
differential current of different magnetizing
inrush current, different external fault currents
and different internal current under load and
noload conditions. For the case of collecting
data, a conductor, timer and switch (switching
circuit), as shown in Fig.5, is used to isolate
the transformer after ten cycles from the
running instant to avoid damage in the
transformer and the equipments used.

When the decision features are extracted
and the algorithm of WPT and ST are ready to
use, the tripping signal, if initiated, is used to
isolate the supply by a relay circuit connected
instead of the switching circuit. The schematic
and the implemented relay circuits are shown
in Figs. 6 and 7. The digital trip signal
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Generated from the recognition algorithms is
converted to analogue by the LabJack and sent

to the relay circuit to use it for the complete
system protection.

The data for different operating conditions
is sampled at 6.4kHz, 128 samples per cycle
and stored to be processed for constructing the
features in the two mentioned algorithms.

4. DECISIONS FOR EXTRACTION
FEATURES

In order to detect any fault following a
disturbance, it is necessary to build an
extraction features. A successful feature
involves the identification of abnormal
conditions by the mathematical modeling of
the complete system or the analysis of the fault
current signature resulting from different
transient disturbances. A signature analysis
method is used in the two approaches used in
this work.

4.1. WPT Approach

Three various conditions from the
collected data are used for the analysis of
selecting the optimal mother wavelet filter and
the number of level of decomposition. These
various conditions are; unloaded magnetizing
inrush current, primary double line to ground
internal fault loaded and single line to ground
external fault loaded.

The optimal mother wavelet filter can be
selected by calculating the MDL index using
the following formula [N. Saito, 1994 and S.
A. Saleh, et. al., 2005]

T — 2
k
Gm-be)H }

(19)
Where 0<k<N which represents the length of
the signal f[n], 1<j<M the total number of
wavelet filter (level of resolution) used for the
decomposition of the signal  f[n],

MDL(k, j) =min§klogN+g log

axj = W, f[n] denotes to the vector of
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decomposition coefficients of f[n] up to level

s o™ =9(k)ijf[n] denotes to the vector

that contains k non-zero elements and 8 is
the hard threshold operation that keeps the k

largest elements of ol in absolute value intact

and set all other elements to zero. The first
term of the MDL criteria index represents the
penalty function that is increasing linearly with
the number of the retained wavelet coefficients
k, while the second term describes the

logarithmic energy residual between ax,j and

&x,j(k). It should be noted that the residual

energy decreases as k increases. The number
of coefficients k for which the MDL function
reaches the minimum value, is considered as
an optimal one.

The MDL index is calculated up to the
second level of decomposition for five types of
orthogonal and bi-orthogonal mother wavelet
functions. The results for the three conditions
are given in Tables 1, 2 and 3. From the these
tables, it can be noted that Daubechies (db4)
has the smallest value of MDL index in the
first level. Therefore it can be considered the
optimal mother wavelet function. These low
values of MDL(1) may be due to the jumps of
the data at the switching instant and some
missing data. Thus, MDL(1) may not provide
accurate indication and the higher levels of
resolution will include more detailed
representation of the signal. The optimal level
of decomposition j is reached when MDL( j)

Table 4

presents four levels of MDL index using db4
mother wavelet. The second level has the
lowest values of MDL index. Therefore, the
second level is selected as the optimal level of
decomposition.

To extract features for the WPT algorithm,
the signals of the different differential currents
are decomposed up to the second level of
resolution by WPT using the selected mother
wavelet function (db4). [S. A. Saleh, et. al.,
2005] proposes an algorithm for the same
features depends on the second level high

is less than levels of higher j.
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frequency details (dd?). This approach looks at
the second level high and low frequency
details (dd*> and ad®) for different current
signals. These details are given in Fig. 8.

The values of these coefficients and their
time locations represent the needed signatures
to recognize the type of the investigated
current. It is clear that the normal (inrush)
current and the external fault current do not
have any high frequency details components in
the second level dd” and a threshold value for
low frequency details in the second level.
When an internal fault occurred, the details dd®
and ad® show a threshold value frequency
components, which can be used as a features
extraction recognition. Therefore, the WPT
algorithm is depended on the identification of
dd” and ad® components or coefficients in the
second level.

4.2 S-Transform Approach
The computation of the discrete S-
transform can be outlined as follows.

1. Denote n/NT, m/NT, kT, and jT as n, m,
k, and j respectively, for all of the
computations.

Obtain discrete Fourier transform H[n] of

the original time-varying signal h[k],

with N points and sample interval T,

using DFT routine from eq. (15).

. Compute the localizing Gaussian G[n,m]

for the required frequency n using eq.

(17).

Shift the spectrum H[n] to H[m+n] for

the frequency n by using convolution

theorem.

. Obtain the product of H(m+n) and
G(m+tn) and take inverse Fourier
transform of the product to get S
transform as eq. (16).

The multiresolution S-transform output is
a complex matrix, the row of which is the
frequency and the columns are the time values.
Each column thus represents the “local
spectrum” for that point in time. Also,
frequency-time contours which have the same
amplitude spectrum are obtained to detect, and
localize signal disturbance events. A mesh
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three-dimensional (3-D) of the S-transform
output yields frequency-time, amplitude-time,
and frequency- amplitude plots.

To illustrate the use of multiresolution S-
transform for nonstationary signal analysis, a
sample of inrush current waveform in a data
window of eight cycles (using a sampling rate
of 128 samples/ cycle) is considered. The
three-dimensional (3-D) mesh for the signal
shown in Fig. 9(a) is shown in Fig. 9(b). From
the 3-D plot, one can find the magnitude,
frequency, and time information’s to detect,
localize, and visually classify the event. Also,
it is observed that the increase or decrease of
the signal magnitude can be deduced from the
innermost (or the lowest level) contour.
Similar plots are shown for a sample of
internal fault current waveform in Fig. 10. It is
mentioned here that the time axis is replaced
by the number of samples.

After the signal is retrieved, S-transform
is used to process the signal samples to
provide the relevant features for identifying
the type of fault. The energy of inrush current
and fault current are computed through
Parseval’s theorem [M. O. Oliveira, et., Al.,
2008] from S-matrix output. On the other
hand, the standard deviation is directly applied
to the S-matrix output to derive the Standard
Deviation (STD) values for the corresponding
phase, for example, the feature extraction of
energy and standard deviation of S-transform
contour are obtained from Matlab functions as
[S. Sendilkumar, et., al., 2009]

Energy a = (S-matrix a) " 2 (20)
S-matrix a = S-matrix of phase a and
STD a = std (abs (S-matrix a)) (21

Table 5 shows the spectral energy and the
STD for different inrush, internal and external
fault current for different connections of the
three-phase transformer. It can be seen from
this table that the values of energy vector and
STD are able to be differentiable effectively
between them or as pattern recognition to
discriminate between inrush, external and
internal fault current. This pattern is used to
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Implement the S-transform algorithm used in
this work.

5. ALGORITHMS IMPLEMENTATION
AND EXPERIMENTAL RESULTS

The two algorithms are implemented
experimentally to examine the ability of
recognition between the internal fault currents
and the current of inrush and external faults.
Figure 11 shows the flowcharts for the
software  implementation of the two
algorithms. In WPT algorithm, the three-phase
differential current is read through the CTs and
root summed squared together into one value
before being passed to low and high pass
filters to construct the first level d' and a'. The
output is downloaded by two and then passed
through another low and high pass filter to
construct dd”* and ad”. If the absolute value of
dd® and ad” are higher than threshold, then it
generates a trip signal in order to disconnect
the transformer from the supply.

In ST algorithm, the S-matrix is calculated
for each phase current. The energy and the
standard deviation are also calculated. If E and
STD are greater than the threshold, then a trip
signal is initiated. Otherwise, a restrain signal
is appear.

Several magnetizing inrush currents,
external and internal fault currents both in load
and noload cases are used to test the two
algorithm with the hardware of the complete
protection system. Three cases differ from that
used in MDL calculation. Figure 12 shows the
three-phase differential current and the trip
signal generated by WPT algorithm (Fig. 12 a)
and by ST algorithm (Fig. 12 b) for the case of
magnetizing inrush current with a balanced Y-
connected full load unity power factor. The
two algorithms used do not generate any trip
signal. Figure13 shows the same results for the
case of loaded external three-phase to ground
fault current after energization. The trip signal
status is also not changed.

Two cases of different internal faults are
considered to show the ability of disconnecting
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the transformer from the supply. Figures 14
and 15 show the results unloaded secondary
three-phase to ground fault and unloaded
secondary internal two-phase to ground fault
respectively. In the two cases, the trip signal is
generated

6. CONCULSIONS

This paper presents and applies two
approaches for differential protection of power
transformer based on WPT and S transforms. The
main function of these approaches is how to
recognize between (internal faults) and (inrush and
external faults). The two approaches do not need
any kind of training or harmonic analysis. The
WPT method must select the optimal for both the
mother wavelet filter and the number level of
resolution. This limitation is overcome using S-
transform but WPT is fast for recognition of
current type. The two methods are quite simple to
implement and easy to be coded with a small
amount memory for storage and compilation. The
two methods are applied with hardware
implementation of the overall system and the
experimental results are accurate, prompt and can
be used for differential protection of power
transformer.
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Fig.3 Implemented system for differential protection of the three- phase power transformer
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Table 1, MDL index for inrush current

Mother MDL(1) | MDL(2)
Wavelet
db4 1.5399 0.9865
coifl 5.68 4.7957
sym2 20.8061 | 1.8741
biorl.1 112.7782 | 11.1746
db10 10.1095 | 7.5879

Table 3, MDL index for external fault

Mother MDL(1) MDL(2)
Wavelet
db4 3.1112 0.6934
coifl 6.0301 4.4436
sym2 15.4894 0.2691
biorl.1 | 184.4074 2.0319
db10 6.345 3.465

Application of Wavelet Packet and S Transforms for

Differential Protection of Power Transformer

Table 2. MDL index for internal fault

Mother MDL(1) | MDL(2)
Wavelet
db4 3.3744 1.0476
coifl 70.7034 | 7.8594
sym2 62.5534 | 0.1653
biorl.1 174.3035 | 38.151
db10 4.592 3.3369

Table 4, Four levels MDL index

Current MDL(1) | MDL(2) | MDL@3) | MDL®4)
data
Unloaded
inrush 1.5399 0.9865 | 2.3746 | 1.8191
Primary
DLG fault | 3.3744 1.0476 | 1.7611 | 1.8733
External
SLG fault | 3.1112 0.6934 | 2.5005 | 1.7593

Table 5 Energy and standard deviation for inrush and fault currents

INRUSH /FAULT | ENERGY STD
Inrush loaded

Inrush-a-(A-Y) 0.0091 0.0203
Inrush-b-(A-Y) 0.0024 0.0055
Inrush-c-(A-Y) 0.0025 0.0056
Internal Fault

Fault A-Y bc-g(b) 0.8197 1.7759
Fault A-Y be-g(c) 0.8608 1.92333
Fault A-Y abc-g(a) 1.0967 2.3607
Fault A-Y abc-g(b) 1.1464 2.4688
Fault A-Y abc-g(c) | 0.8596 1.8503
External Fault

Fault A-Y abc (a) 2.9049*10™ 6.5615*%10™
Fault A-Y abc (b) 8.5276%10 1.8751*10~
Fault A-Y abc (c) 2.9049*10™ 6.5615%10™
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ABSTRACT

Heat transfer around a flat plate fin integrated with piezoelectric actuator used as oscillated fin in
laminar flow has been studied experimentally utilizing thermal image camera. This study is performed
for fixed and oscillated single and triple fins. Different substrate-fin models have been tested, using fins
of (35mm and 50mm) height, two sets of triple fins of (3mm and 6mm) spacing and three frequencies
applied to piezoelectric actuator (5, 30 and 50HZ). All tests are carried out for (0.5 m/s and 3m/s) in
subsonic open type wind tunnel to evaluate temperature distribution, local and average Nusselt number
(Nu) along the fin. It is observed, that the heat transfer enhancement with oscillation is significant
compared to without oscillation for low air inlet velocity. Higher thermal performance of triple fins is
obtained compared to the single rectangular fin, also triple fins with (height=50mm and fin
spacing=3mm) gives better enhancement as compared to other cases. This work shows that the
piezoelectric actuator when mounted on the rectangular fins shows great promise for enhancing the
heat transfer rate.

KEYWORDS: laminar flow; forced convection; thermal image; enhancement of heat transfer; oscillating
fins.
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Experimental Investigation Utilizing Thermal Image Technique
to the Heat Transfer Enhancement Using Oscillated Fins

50= )

(Piezoelectric Actuator)

INTRODUCTION

Heat transfer enhancement has become a target
in the miniaturization of electronic components.
Enhanced heat transfer surfaces can be designed
through a combination of factors that include
increasing fluid turbulence, generating secondary
fluid flow patterns, reducing the thermal boundary
layer thickness and increasing heat transfer surface
area (David 2010). One of the most difficult
challenges in modern power electronics is obtaining
sufficient cooling for the components. The
operating temperature of the components is an
extremely important factor affecting their reliability.
The heat sink typically consists of a base plate and a
stack of fins. In addition, as the dissipated heat of
the components grows, a fan or a pump is needed to
obtain higher rates of heat transfer by forced
convection. The design process of a heat sink for a
given set of electronic components is a very
complicated task involving many contradicting
optimization criteria (Antti  2005). Numerous
methods have been proposed to enhance heat
transfer rate of a heat body. These methods can be
classified into the passive and active methods.
Examples of the former one are treated surfaces and
swirl flow devices, while examples of the active
methods are surface vibration, fluid vibration,
injection and suction (Wu-Shung 2007).Active
methods require external power to enhance heat
transfer on the contract to passive methods.
Extended surfaces or fins are example of passive
methods that are commonly used in variety of
industrial applications to enhance the rate of heat
transfer between primary surface (heat sink) and
ambient fluid (M.R.Shaeri 2009). In addition to
numerous methods have been proposed to enhance
heat transfer rate by using block moving back and
forth on a heated surface in a channel flow, this
phenomena causes the heat transfer rate of the heat
surface to be enhanced because it destroys and
suppresses the velocity and thermal boundary layers
on the heat surface periodically, studied by (Wu-
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Shung 2000, 2001, 2007, 2010). (Tae 2008)
introduced a novel heat sink with moving fins
inserted between cooling fins for electronics cooling
application. In this heat sink, they replace the fan
module by moving fins inserted in the intervals of
fixed fins (cooling fins) for generating fluid flow.
The relative motion of the moving fins to the
cooling fins, causes a heat dissipation from the
cooling fins to the coolant and discharge of the
heated coolant. Experimental results show that
measured flow rates of the coolant are almost
linearly proportional to the rotating speed of the
moving fins. The thermal performance of the scroll
heat sink is compared to that of an equivalent plate-
fin heat sink under the same Reynolds number. The
scroll heat sink has at least 14% lower thermal
resistance than that of the equivalent plate-fin heat
sink in the range 0.135m/s I VI 0.56m/s. (H.K. Ma
2009) proposed innovative vibrating fins and
successfully built three-dimensional transitional
models to investigate design performance. The basic
fins, with dimensions of 30mm in length, 1mm in
thickness, and 100mm in width, are designed on a
2mm thick finned base. The displacement ratio and
frequency of the vibrating fins are 0.9 and 10 HZ.
The results showed that the performance of the
vibrating fins is strongly affected by dimensions,
vibrating frequency, pitch, and amplitude of the
fins. As gravity parallels the surface of the finned
base, the vibrating fins can perform better than
traditional fins on heat dissipation due to the lower
convective obstacle. (Subhrajit 2009) carried out a
numerical investigation using finite volume method
for a 3D oscillating fin to disturb the thermal
boundary layer to enhance forced convection heat
transfer from conventional heat sink. The fin
dimensions were (0.5" *1"*0.01") and substrate was
(1"*1"). The power supplied to the substrate was
20W. It was found that such oscillations lead to tip-
leakage vortices from the fins. A local up wash is
presented on the fin lateral surfaces, hence
increasing the overall heat transfer rate. This
enhancement in heat transfer was demonstrated
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through an increase in the time-averaged Nusslet
number (Nu) on the fin surface. The objective of
this work is to design, manufacture and test a new
cooling system. This system is formed of
piezoactuated plate fins integrated with a hot
substrate subjected to forced convection. The
cooling of hot electronic devices integrated with
fixed fins may be failed for high heat generation
rate, so oscillating these fins will disturb the
development of boundary layer and enhances the
heat dissipation effectively and reliably from hot
substrate to the stream wise flowing fluid. The
dependence of temperature distribution, and local
Nusselt number of fixed or oscillated fin is
quantified on parameters like free stream velocity,
fin height, fin spacing and frequency of oscillation
of the fin. The impact of the presence of single or
triple fixed and oscillated fins has also been
highlighted.

EXPERIMENTAL TEST RIG

A designed manufactured experimental model
used in this study is consist of: square copper
substrate of (100mm, long, 100 mm wide and 11
mm thickness); copper flat plate fin of (0.075mm)
thickness and (100mm) long, and heating unit. A
schematic diagram of the experimental model is
shown in Fig.(1). The effect of single fin and triple
fins is investigated for: fins height (H=35mm and
50 mm), fins spacing (W=3mm and 6mm). The
piezoelectric actuators in the form of a rectangular
shape pair are mounted on each end of the fin
surfaces by a heat tape and supported from bottom.
The fin oscillation disrupts the growth of the
thermal boundary layer and serves to bring about
heat transfer enhancement between the fluid and the
fin surfaces. A four cartridge electrical heaters are
built in the substrate to obtain constant heat flux.
The input power to the heater is controlled by a
variac transformer and measured by an in-line
digital power and energy monitor. A PID controller
type WATLOW EZ-ZONE was used to adjust the
electrical current supplied to the cartridge heater.
The heater output power is 1200 W at (voltage of
250V and current of 4.8A). The substrate-fin
assembly is tested for different velocities in a
subsonic open type wind tunnel of rectangular cross
sectional test section. The test section walls are
made of 5mm thickness of plexi-glass and its’
dimensions are (340mm height, 340mm wide and
600mm long) is shown in fig. (2) . The wind tunnel
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used in this work consists of: filter, nozzle with
flow straightners, test section, damping chamber,
diffuser, and an AC fan. A thermal image camera
(H2600) series has the infrared detector of 640*480
pixels is used to view and record the temperature
distribution on both the fin and the substrate is
shown in figs. (3 and 4) for different frequencies.
Isofrax paper (1260°c k=0.073 W/m K) has been
used to thermally insulate the bottom surface of the
substrate followed by Insulfrax blanket (k = 0.07
W/m K) of 80 mm thickness. The experiments of
the fluid flow and heat transfer were carried out for
each tested model for seven values of Reynolds
number based on hydraulic diameter of test section
(1.0886*104 to 1.3*105 ). A hot-wire anemometer
is used to measure air velocity and temperature at
inlet of test section. Power supply is used to
generate and amplify signals sent to the
piezoelectric actuator to oscillate the plate fin. The
range of input signal frequency to the piezoelectric
actuator was (5HZ to 50HZ).

Piezoelectric Actuator .
Fin

Substrate

Cartridge Heater

Fig. (1): The structure of oscillating fin.

éy

£

L

Fig. (2): Geometry of the Problem
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30HZ 50HZ
Fig. (3): Thermal Image , I.P=50W and
u=0.5m/s
(h=50mm and dis.=3mm)

Fig. (4): Thermal Image , .P=50W and
u=0.5m/s
(h=50mm and dis.=6mm)

DATA REDUCTION

In order to investigate the convection heat
transfer in the test section, the heat transferred to the
air is required to be determined. Considering the
energy balance, the total heat flux g... generated
by the heated plate is dissipated into the convective
heat flux from the test section to the air g.,mne
conductive heat loss through the insulation
materials g.,,s and radiant heat loss from the test
section g..g, as shown below (Saad 2002):

Qtot=Yconv+ Yeonc+lrad, (1)
The essential quantities, which are obtained in

the study of heat transfer are; the convective heat

transfer (g.), the local Nusselt number over the
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tested fins (Nu.y), the Average Nusselt number
(Nug). The total heat generated from the heater (g.)
is distributed into the heat transferred by convection
to the flowing air (g.) and the heat losses through
the insulation surrounds and under the tested model
(gp) as follows:

@)
©)

Jc = 4 —du
qL=4: +qp+QI:r+qft+Qr

Where g., heat lost by conduction in the stream-
wise (X) direction (W); g, heat lost by conduction
in the spanwise (Z) direction, (W); g, heat lost by
conduction from the bottom surface of the base
plate, (W); g, heat lost from the fin tips surface
(W); g, heat lost by radiation (W). Then, the value
of losses is small compared with the heat input
value and it can be neglected. Consequently the
total heat transferred by convection to the flowing
air (g..) equals the heat generated by the heater (g.):

(4)

The heat transferred by convection to the air stream
is divided into two parts:

The convection heat transfer from fins (g.¢ )
which can be calculated as

Qe=0:

Oef = Qe Acef/ Ace (®)
where
A_.p total cross-sectional area of fins at the base
(sum of surface area of the fins tip) (m?)
Act, is the total cross-sectional area of the base plate
and fins (m?), and the convection heat transfer
through one fin (qgy) is given by

(6)

Qs = Qes/N

where N is Number of fins
The convection heat transfer from substrate area
which exposed to flowing air (without fins) (g.y)
which can be calculated as

Och = Qe A-:h,FJ"rAcr (7)

Where
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A_y  total free surface areas of the base plate
(without fins),(m?).

The local heat transfer coefficient over the tested
fins can be calculated by applying the Newton’s law
(F.B. Incropera 1985)

h.‘\c-f = s .-".'-";EE {TE - T} (8)

where

T;, Local fin temperature (°C); T,, air inlet
temperature (°C); gg , convection heat transfer
through one fin (W); A_¢, total surface area of the
tested fin (m?).

NUX’fth’f .X/ka (9)
where
h is local heat transfer coefficient over the tested

xfao
fins (W/m?.°C ); ka, is air thermal conductivity at T,
(W/m.°C).

The fin-average Nusselt number can be defined as
Nuy = hgl/K, (10)
where hy is fin average heat transfer coefficient
which is calculated as:

he=1/Ag [, hedAy (11)
Newton Raphson Method is used to calculate the
average heat transfer coefficient over the tested fins
such that:

Jhy +hy, (12)

=1 -1k

he = 2[hge + 4553, By + 255

where h is division size of the fin length = L/n

RESULTS AND DISCUSSION

The presented temperature distribution has
been extracted from thermal image taken for
substrate integrated with fixed and oscillated fins.
The following cases have been studied in this work:

Case 1: fixed triple fins (height =50mm and fin
spacing =3mm)Case 2: oscillated triple fins (height
=50mm and fin spacing =3mm)
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Case 3: fixed triple fins (height =35mm and fin
spacing =3mm)

Case 4: oscillated triple fins (height =35mm and fin
spacing =3mm)

Case 5: fixed triple fins (height =50mm and fin
spacing =6mm)

Case 6: oscillated triple fins (height =50mm and fin
spacing =6mm)

Case 7: fixed triple fins (height =35mm and fin
spacing =6mm)

Case 8: oscillated triple fins (height =35mm and fin
spacing =6mm)

Case 9: single fixed fin (height =50mm)
Case 10: single oscillated fin (height =50mm)
1- TEMPERATURE DISTRIBUTION

The front view of the fin is divided into four
rows and five columns as shown in Fig.s (5and 6).
The coordinate of each node has been transformed
from the thermal image to digital value of
temperature using thermal image camera software.

L 4 L
¥
4 —
15
9 9 ! —
15
X1=10mm
> X2=30mm
—>] X3=50mm
»  X4=70mm
» X5=90mm
>l
L X6=100mm |

Fig. (5): Locations of temperature measured by
thermal image (fin height =50 mm)
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Fig.(6): Locations of temperature measured
by thermal image (fin height =35 mm)

Figures (7, and 8) show the temperature
distribution along the front fin height (when the
substrate integrated with triple fins) for air free
stream velocity of 3m/s and fins spacing =3mm.
It is clear that the temperature decreases toward
the tip of the fin. There is inconsiderable change
in temperature variation for oscillated fin
compared with that for fixed one except for
H=35mm. Increasing the fin spacing from 3mm
to 6mm has little Impact on the values of
temperature  distribution. The temperature
distribution along the fins is shown in Fig.s (9
and 10). The fin leading edge (near the tip) was
the coldest region while the fin root near the
trailing edge was the hottest. Figure (11) shows
the same trend of temperature distribution along
the single fin height with approximately constant
stream wise temperature variation.
Quantitatively colder temperatures are indicated
with increasing number of fins as shown in
Figures (9 a, b) (10 a, b) and (11 c, d).

2) NUSSELT NUMBER

The calculated local heat transfer coefficient is
increased toward the fin tip as shown in Fig. (12).
Fin oscillation enhances the heat transfer as shown
in this figure. Higher values of local Nusselt No. are
found near the fin trailing edge as presented in Fig.
(13). From this figure it is clear that stimulation the
fins to oscillate rises the value of hf,x. Increasing
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the inter-fin spacing causes an increase of mass
flow rate between fins and good washing for the
fins wall takes place, hence an increase of local
Nusselt No. was obtained consequently as indicated
in Fig.s (12 and 14). Fig.(15) shows the same trend
of local Nusselt No. on single fixed and oscillated
fin.

Figures (16 and 17) show a considerable
increase in average Nusselt number (Nu) on the
frontal fin is obtained with increasing inlet air
velocity from 0.5m/s to 3m/s. Nusselts number
increases at the tip of the fin much more than fins’
root. Also an enhancement in heat transfer is
obtained with increasing the frequency. For 0.5m/s,
the best performance for oscillation was at
frequency 50HZ, while for 3m/s it was at frequency
30HZ. The static fin develops convection driven
thermal boundary layer on either side of the fin. It
acts as a resistance to further heat dissipation. This
layer is expected to rupture under the influence of
local cross wise perturbation in the form of
sinusoidal motion imposed on the fin by the
piezoelectric actuator. As the fin starts to oscillate,
one of the lateral surfaces of the fin behaves as the
pressure side with the opposite surface being as the
suction side. This gets reversed every half time
period. As the fin is on its way to move, the fluid
close to the fins’ pressure surface is pushed by the
fin and flows transversely to the stream wise
direction. As a result, the heat transfer is enhanced.
Conversely, the fluid near the opposite surface of
the fin simultaneously replenishes the vacant space
induced by the movement of the fin. Most of the
fluid near the suction surface of the fin is difficult to
catch up to this surface of the fin simultaneously,
hence a small recirculation zone is developed, and a
re attachment flow is presented. As a result a heat
transfer enhancement is obtained. It is clear from
Fig.s (16,and 17) that for cases 3, 4, 6 and 7, no
significant effect of oscillation frequency on
average Nusselt number is found. For cases 1, 2, 5
and 6, the results show obviously an increase in
average Nusselt number exists with increasing the
frequency, especially with 50HZ. For case 9 and
case 10, the results show the increase of the average
Nusselt number with increasing the frequency is
very low for higher air velocity.
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CONCLUSION

According to the previous discussion the

following conclusions can be extracted:

1.

There is an effect for the height, Reynolds
number, frequency and distance between
the fin on heat transfer.

Triple fin (case 1) is the best case for
enhancing heat transfer and the triple fin
(case 2) gives minimum heat transfer with
respect to other height.

Heat transfer increases with increasing
frequency and stream wise air velocity.

Maximum heat transfer occurs at fins
leading edge near it tip i.e X/L=0, Y/H=1
for all investigated heights.

Average heat transfer through the middle
fin is enhanced by (4-25) % by oscillating
the fin with 50HZ.

More effective enhancement of heat transfer
utilizing fin oscillation is obtained for low
stream wise air velocity (0.5m/s to 2m/s).

Increasing stream wise air velocity
attenuates the enhancement in heat transfer
due to oscillation because the air works as a
damper to the oscillation.

295

8. The enhancement of heat transfer increases

significantly with increasing oscillation
frequency from 5HZ to 50HZ for all cases,
except for height 35mm, because this fin
height is not effective with oscillation,
while, this height is found an optimal height
with fixed fin only.

The effect of the inter-fin space obviously
appears in the thermal image, especially
with a distance of 6mm, the heat transfer
through the surface of the frontal fin is
improved due to the increase of flow rate
between fins.
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Nomenclature

A ct.f Total Cross-Sectional Area of Fins at the Base (mz)

Act Surface Area of the Base Plate (mz)

Acb-f Total Free Surface Areas of the Base Plate (mz)

A-‘?f Surface Area of the Tested Fin (mz)

dis. Distance Between the Fin (mm)

Distr. Distribution

h x.f The Local Heat Transfer Coefficient (W/m?.°C)

hrf X Local Heat Transfer Coefficient over the Tested Fins (W/m?.°C)
hf the Average Heat Transfer Coefficient over the Fin (W/m?.°C)
H Height of the Fin  (mm)

Ka Thermal Conducyivity of the Air (W/m.k)

Nu x.f Local Nusselt Number over the Tested Fins

Nuf The Fin-average Nusselt number

N Number of fins

Qtot the Total Heat Flux (W)

Qconv Convective Heat Flux (W)

Qcond Conductive Heat Loss (W)

Qrad Radiant Heat Loss (W)

4 the Convective Heat Transfer (W)

Q¢ The Total Heat Generated from the Heater (W)

qL the Heat Losses (W)

s Heat Lost by Conduction in the Stream-Wise (X) Direction (W)
Ap Heat Lost by Conduction in the Spanwise (Z) Direction (W)

Ay Heat Lost by Conduction From the Bottom Surface of the Base Plate (W)
Art Heat Lost From the Fin Tips Surface (W)

qr Heat Lost by Radiation (W)

Qct the Convection Heat Transfer Through the Fins (W)

qf the Convection Heat Transfer Through one Fin (W)

qcb the Convection Heat Transfer Through the Free Area (W)

t Thickness of the Fin  (mm)

Ts Temperature of the Fin at (x) (°C)
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Critical Evaluation of City Streets
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ABSTRACT

The diverse urban spaces of the streets is an important part of the city's physicist
configuration and a link between architectural and civilizational communication through
time starting from the historic towns down to the contemporary cities, within the
proposals of the future cities.

From general observations and literature review a research problem is crystallized as
some directions not arbitrary rational when expansion and the growth of cities, and
other measures wrong or the existence of some incorrect actions and processes related
to the cities planning as a categorizing the goals and priorities in city plan.The streets
were constitute a high proportion of the total area of cities, where up to over 30% in
major cities. These faults are primarily a result of considering city streets as mere path
for vehicular movement While pedestrian movement comes as a left over consideration.
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And a clear hypothesis search through the streets and designs which are formulated in
accordance with the basis of geometric and mathematical equations to achieve the
highest traffic density possible per hour (C.H.L).

The research paper exposes some international considerations and improvement
methods in converting vehicular streets to pedestrian streets which considers step to
revitalize the city street life as a social place that responds to the active and passive

human needs.
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" "The street is not only a means
of access, but also an arena for
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Load Distribution Factors For Horizontally Curved Composite
Concrete-Steel Girder Bridges
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ABSTRACT

This paper focuses on Load distribution factors for horizontally curved composite concrete-steel
girder bridges. The finite-element analysis software“SAP2000” is used to examine the key
parameters that can influence the distribution factors for horizontally curved composite steel
girders. A parametric study is conducted to study the load distribution characteristics of such bridge
system due to dead loading and AASHTO truck loading using finite elements method. The key
parameters considered in this study are: span-to-radius of curvature ratio, span length, number of
girders, girders spacing, number of lanes, and truck loading conditions.

The results have shown that the curvature is the most critical factor which plays an important role in
the design of curved girders in horizontally curved composite bridges. Span length, number of
girders and girder spacing generally affect the values of the moment distribution factors. Moreover,
present study reveals that AASHTO Guide criterion to treat curved bridges with limited curvature
as straight one is conservative. Based on the data generated from the parametric study, sets of
empirical equations are developed for the moment distribution factors for straight and curved steel
[-girder bridges when subjected to the AASHTO truck loading and due to dead loading.

KEYWORDS: Composite Bridges, AASHTO Loading, Load Distribution Factors, Horizontally
Curved Bridges, Finite Element Analysis, Curved I-Girders, Warping Stresses.
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INTRODUCTION

During recent years, there is a trend toward the
design and construction of horizontally curved
highway bridges to accommodate higher volumes
of traffic within geographical constrains. Due to its
geometry, simple presence of curvature in curved
bridges produces non uniform torsion and
consequently, lateral bending moment (warping or
bi-moment) in the girder flanges as shown in Fig.1.
The simple presence of curvature in curved steel
girders complicates, to a great extent, their
behavior and design considerations over those of
straight girders. Fig. 2 shows typical cross-section
of a four-girder bridge. It consists of a concrete
deck slab supported over steel I-girders. Cross-
bracings as well as top and bottom chords are used
at equal intervals between bridge support lines to
stabilize the girders during construction and
enhance its structural integrity.

In designing highway bridges, dead loading and
live loading are imposed on bridges and used in the
design of bridges. In the bridge design codes, the
live load is the standard truck loading with
concentrated wheel loads. Both longitudinal and
lateral position of truck wheel loads is of great
importance when calculating moment in the
girders. Therefore, the truck load must be
positioned longitudinally and transversely in a
certain manner to produce maximum positive and
negative bending moments, shear and deflection in
the girders. Bridge design codes define lateral
distribution factor that specify the fraction of each
wheel load that must be applied to each girder and
allows each girder to be designed as straight girder.
For this reason, load distribution factor is of
fundamental importance in bridge design.

swal) Jlaal s i) clalgal (Jlaa¥) g g
BACKGROUND

The first treatment of the analysis of curved beams
is presented in 1843 by Barré de Saint Venant as
referred by Zureik (1998, 1999). McManus et al.
(1969) present the first survey of the most
published works related to horizontally curved
bridges. His bibliography list contained 202
references.

Serious studies pertaining to the analysis and
design of horizontally curved bridges begun only
in 1969 when the Federal Highway Administration
(FHWA) in the United States formed the
Consortium of University Research Teams
(CURT). This team consists of Carnegie Mellon
University, University of Pennsylvania, University
of Rhode Island, and Syracuse University, whose
research efforts, along with those at University of
Maryland, resulted in the initial development of
working Stress Design (WSD) or Allowable Stress
Design (ASD) criteria and tentative design
specifications.

The American Society of Civil Engineers (ASCE)
and the AASHTO Task Committee on flexural
members (1977) compile the results of most of the
research efforts prior to 1976 and presented a set of
recommendations pertaining to the design of
curved [-girder bridges. The CURT research
activity is followed by the development of Load
Factor Design (LFD) criteria adopted by AASHTO
to go along with the ASD criteria. These
provisions appeared in the first Guide (1980) as
well as the Guide (1993). It is worthwhile to
mention that the AASHTO guide specification for
horizontally curved highway bridges (1993) is
primarily based upon research work conducted
prior to 1978.
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Fig. 2: Typical Cross Section of Concrete Deck I-Girder Bridge
OBJECTIVES Other bridge configurations are listed as below:

The objectives of this study are:

1. Identifying the key parameters that influence
the lateral distribution of loads in straight and
horizontally curved composite concrete-steel
bridges and calculating the load distribution
factors,

. Providing accurate database that can be used for
developing simplified design method for
horizontally curved composite concrete-steel
bridges, and

. Developing simplified formulas for moment
distribution factors for straight and horizontally
curved composite concrete-steel bridges when
subjected to AASHTO truck loading as well as
dead loading.

BRIDGE MODEL CONFIGURATIONS

102 simply supported straight and curved
composite concrete-steel girder bridge prototypes
are considered for finite-element analysis in this
study. Several major parameters are considered as
follows:

1. Span length (L): 15, 25, and 35 m,

2. Girder spacing (S): 2, 2.5, and 3 m,

3. Number of girders (N): 3, 4, and 5, and

4. Span-to-radius of curvature ratio (L/R): 0.0,
0.1, 0.2, & 0.3 for span L=15 m; 0.0, 0.1, 0.3,

e The deck slab thickness is taken as 225 mm,

e The deck slab width (Wc) is taken equal to the
total bridge width minus 1.0 m to consider the
parapet thickness,

The depth of the girder webs is taken (1/20) of
the centre line span,

e The girder web thickness is considered equal
to 16 mm,

e The over-hanging slab length is considered
equal to half the girders spacing, and

The bottom and top steel flanges width and
thickness are maintained 300 mm, and 20
mm, respectively.

Table 1 shown below summarizes the straight
bridge configurations considered in this study.

Table 1: Bridge Configurations Considered in
the Parametric Study

Bridge | Deck Number | Girder | Number
Width | Width,We | of Spacing | of

(m) (m) Girders | (m) Lanes
7.5 6.5 3 2.5 2-lanes
9 8 3 3 2-lanes
8 7 4 2 2-lanes
10 9 4 2.5 2-lanes
12 11 4 3 3-lanes
10 9 5 2 2-lanes
12.5 11.5 5 2.5 3-lanes
15 14 5 3 4-lanes
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X-type cross-bracings with top and bottom chords
are utilized in this study as shown in Fig. 2. These
bracings are spaced at equal intervals between the
support lines and are made of single steel angles
having dimensions (150x150x25) mm. The equal
intervals spacing between these cross-bracings are
based on equation A, which is developed by
Davidson et al. (1996) to reduce and limit the
warping-to-bending stress ratio.

Smax = L[~Ln(=-L) (A)

Where: (L) is span length, (R) radius of curvature,
(by) flange width.

The study is based on the following assumptions:

1. The reinforced concrete slab deck has
composite action with the top steel flange of
the girders (shear interaction);

2. The bridges are simply-supported;
3. All materials are elastic and homogenous;

4. The effect of road super elevation, and curbs
are ignored; and

5. Bridges have constant radii of curvature
between support lines.

Regarding the first assumption, Wassef (2004)
concludes that bridge composite action is
accurately achieved when the shear connector
studs are modeled in the finite element analysis
using shell element rather than frame elements.
Hence, the latter is ignored in this study and shell
elements are adopted to represent the shear
connectors in the finite element models.

The modulus of elasticity of concrete material is
taken 28 GPa with Poisson’s ratio of 0.20 while
they are 200 GPa and 0.30, respectively, for
structural steel material.

— Shell element

A

Load Distribution Factors For Horizontally Curved
Composite Concrete-Steel Girder Bridges

FINITE ELEMENTS MODELING

To analyze all the above mentioned composite
bridge models and to determine their structural
behavior, a three-dimensional finite-element model
is used.

The composite bridge is divided into concrete deck
slab, top steel flange, steel web, bottom steel
flange, and the cross-bracings. In this study, four-
node shell elements with six degrees of freedom at
each node are used to model the concrete deck
slab, the top and bottom girder flanges, and finally
the girder web. Whereas, frame elements, pinned at
both ends, are used to model the cross-bracings
with the top and bottom chords.

Based on previous work on finite-element
modeling, four vertical shell elements are used in
each web, and another four are used horizontally
for the deck slabs between the webs, whereas two
shell elements are used for the over hanged deck
slab, and for the upper and lower steel flanges.
Fig.3 shows a finite-element discretization of the
four-girder cross section.

BOUNDARY CONDITIONS

In modeling the bridge supports in this study, the
lower nodes of the web ends are restrained against
translation in such way to simulate temperature-
free bridge superstructure. The interior support at
the right end of the bridge is restrained against
movements in all direction. The middle supports
and the exterior support at the same right end of
the bridge are restrained against the vertical
movement and against the movement in y-
direction.

— Shell elements
for deck slab

/" *, Shell elements

[ ] /' for flanges

Shell elements
for web

'_ Truss elements for bracing

and top and bottom chords

Fig. 3: Finite Element Discretization of the Bridge Cross-section
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On the other end of the bridge (left end), all the
supports are restrained only against vertical
movement, except for the interior support which in
addition to the vertical restraining, it is restrained
in x-direction (towards the bridge transverse
direction).

BRIDGE LOADING

The loading conditions considered herein include
dead load and AASHTO truck loading case.

For the longitudinal position of truck loading, three
different AASHTO (HS-20) truck loading
configurations are employed, namely: Level 1,
Level 2, and Level 3 trucks. The Level 1 truck is
used for bridges with span of 15 m, Level 2 truck
is considered in case of 25m span bridges and
Level 3 truck is considered in case of 35m span
bridges. In these loading levels, the longitudinal
truck loading position on the bridge prototype is
applied in such a way to produce maximum
midspan longitudinal stresses.

For the transverse truck loading position across the
bridge deck, different bridge configurations are
considered in this study which includes two-lane,
three-lane and four-lane bridges. Three different
sets of loading cases are considered in this study
based on the number of design lanes. Fig. 4 shows
one set of schematic diagrams of the loading cases
considered in determining the structural response
of the exterior, middle, and interior girders for
three lane loading.

The exterior girder in this study is the one which is
far away from the centre of curvature in the bridge
and the internal girder is the closest girder to the
centre of bridge curvature.
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Fig. 4: AASHTO (HS20) Truck Live Loading Cases for Three-lanes
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MOMENT DISTRIBUTION FACTORS

To determine the moment distribution factor
(MDF) for curved girder, the maximum flexural
stresses, (O sraight)truck » (O smaight)pL are calculated for
a straight simply supported beam subjected to
AASHTO truck loading, and dead Iload,
respectively.

The span of the straight simply supported girder is
taken as the curved length of the bridge centerline.
From the finite-element modeling, the maximum
longitudinal moment stresses along the bottom
flange for dead load, fully loaded lanes, and
partially loaded lanes are calculated. Consequently,
the moment distribution factors (MDF) were
calculated as follows:

FOR EXTERIOR GIRDERS:

(MDF)pLexi=(OFE ext)pL/(Ostraight)pL (D)

(MDF )L ext=(OFE.cxt)FLXN/((Ostraight)truckX1) 2

(MDF)pL. ext = (6 pE.ext)pL X N X RL" / ((G straight)truck X

XRL) 3)

FOR MIDDLE GIRDERS:

(MDF)pL mia=(0FE.mia)pL/ (GStraight)DL “4)

(MDF)fL mia=(OFL mid)FLXN/((Ostraight)truck X 11) (5)

FOR INTERIOR GIRDERS:

(MDF)pL in=(OFE.int)DL/(C Straight)DL (6)

(MDF)gr ine=(OFE int) FLXN/((Ostraight) TruckX11) (7

(MDF)ppin= (6 rEin)pL X N X RL" / ((O straight)truck X
nxRL) (®)

Where (MDF)pr , (MDF)g , and (MDF)p, are the
moment distribution factors for dead load, fully
loaded lanes, and partially loaded Ilanes,
respectively. And the symbols ext, mid, and int.
refer to the exterior, middle, and interior girders,
respectively. (6 re. ext)pL 5 (O FE. ext)FL » and (O g,
o)pL are the maximum longitudinal stresses which
are the greater at bottom flange, found from the
finite-element analysis for the exterior girder due
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to dead load, fully loaded lanes, and partially
loaded lanes , respectively.

In the same criteria, (6 rEmid)oL » (O FEmid)rL > (O
FEm)DL > (O FEin)FL , and (G ppin)p.  are the
maximum stresses which are the greater of the
flange stresses for the middle and interior girders
under the same above types of loading. While RL,
RL’, n, and N are defined as:

n: number of design lanes, as listed in Table 2,

RL: multi-lane factor based on the number of the
design lanes; as shown in Table 3,

RL': multi-lane factor based on the number of the
loaded lanes; as shown in Table 3, and

N: number of girders.

Table 2: Number of Design Lanes

Deck Width, We Number of Design
Lanes, N
Over 6.0 m to 10.0 m incl. 2
Over 10.0 m to 13.5 m incl. 3
Over 13.5 mto 17.0 m incl. 4

Table 3: Modification Factors for Multilane

Loading
Wlets oilgzzged LD Modification Factor
lor2 1
3 0.90
4 or more 0.75




Number 2

PARAMETRIC STUDY

A parametric study is conducted to study the load
distribution characteristics of the curved composite
bridge system due to dead loading and AASHTO
truck loading and to examine the key parameters
that can influence the distribution factors for
horizontally curved composite steel girders.

The key parameters considered in this study are:

e Span-to-radius of curvature ratio,

Span length,
Number of girders,

Girders spacing,

e Number of lanes, and

e Truck loading conditions.

Results from the parametric study are presented
herein below

EFFECT OF CURVATURE

Fig. 5 shows the variation in the moment
distribution factors for the exterior, middle and
interior girders of the three-lane, four-girder bridge
with the increase in the span-to-radius of curvature
(L/R) ratio due to dead load. Whereas, Fig. 6
shows the moment distribution factors for the
exterior, middle and interior girders for the same
bridge with the increase in the span-to-radius of
curvature (L/R) ratio due to fully-loaded lanes with
AASHTO truck loading.

It can be observed that the moment distribution
factors for the exterior and middle girder increases
with the increase in span-to-radius of curvature
ratio. It can also be noticed that the rate of increase
of the moment distribution factor generally
increases with the increase in span length.
Whereas, the moment distribution factor for the
interior girder increases with increase of curvature
up to a certain value of L/R ratio, after which the
moment distribution factor decreases with the
increase in curvature.

These figures reveal that curvature of the bridge is
one of the most significant parameters affecting the
distribution of moments between the longitudinal
girders.

It should be noted AASHTO Guide, 2003 states
that curved bridges can be treated as straight ones
if the span-to-radius of curvature ratio is less than
0.06 radians. While, the AASHTO-LRFD, 2004
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specifications state that a curved bridge can be
treated as a straight one in structural design if the
central angle is less than 3° (= 0.05 radians) for
bridge cross-section made of three or four girders
and 4°(= 0.07 radians) if the number of girders is 5
or more.

It is evident from the results presented in Figs. 5
and 6 that the limitation specified by AASHTO
guide 2003 and AASHTO-LRFD, 2004 is in a
good agreement with the results from this
parametric study for simply supported composite
concrete bridges with small L/R ratio. It is evident
that AASHTO Guide criterion (Guide, 2003) to
treat curved bridges as straight one is conservative.
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distribution factors due to dead loading



Lecturer Dr. Rafa'a Mahmood Abbas
Zainab Saadi Qassem

Exterior Girder-Full Load,N=4,8=3m,n=3

Moment Distribution Factor(MDF)

——L=15m
—&—L=25m
L=35m

0.4
(L/R)Curvature

0.6 0.7 0.8

35

Moment Distribution Factor(MDF)

0.8

0.6

Load Distribution Factors For Horizontally Curved
Composite Concrete-Steel Girder Bridges

Interior Girder-Full Load,N=4,8=3m,n=3

——L=15m
—&—L=25m
L=35m

0.1 0.2 0.4

(L/R)Curvature

0.5 0.6 0.7 0.8

Middle Girder-Full Load,N=4,S=3m,n=3

3.0

25

2.0

——L=15m
—=—L=25m
Lm35M

Moment Distribution Factor(MDF)

g w >
in >

=

o
£

Moment Distribution Factor(MDF)

in

s

I
in

Exterior Girder-Partiall Load,N=4,5=3m,n=3

—+—L=15m
—#—L=25m
L=35m

0.4 0.6 0.7
(L/R)Curvature

0.3 0.8

e
n

e

0.1 0.2 0.4

(L/R)Curvature

Fig.6: Effect of Bridge Curvature on moment distribution factors
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EFFECT OF SPAN LENGTH

Fig. 7 shows result for the effect of bridge span
length on the moment distribution factors for the
external girders of two-lane five-girder bridges due
to dead load and fully-loaded lanes, respectively.

It can be observed that the effect of the span length
on the moment distribution factors is insignificant
for straight bridges with L/R=0. However, for
curved bridges, the moment distribution factor of
the exterior girder is observed to increase with the
increase in the span length as shown in this figure.

EFFECT OF NUMBER OF
LONGITUDINAL GIRDERS

To study the effect of number of girders on the
moment distribution factors, a bridge with 2.5m
girder spacing and 35m span length is considered.
Figs. 8 and 9 show the effect of number of
longitudinal girders on the moment distribution
factors due to dead load, fully-loaded lanes,
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respectively, for the exterior, middle and interior
girders

Generally, In case of dead load, there is
insignificant change in the moment distribution
factor for the exterior and interior girders with the
increase in number of girders for any investigated
curvature ratios. Whereas, moment distribution
factor for the middle girder increases with the
increase in the number of girders especially for
larger curvature ratios.

For the case of fully loaded lanes, it can be
observed that the moment distribution factor for
the exterior and interior girders increases with the
increase of number of girders. It can also be
noticed that the rate of increase of the moment
distribution factor generally higher for the interior
girder. Whereas, moment distribution factor for the
middle girder generally increases with the increase
in the number of girders especially for larger
curvature ratios.
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EFFECT OF SPACING OF GIRDERS

Figs. 10 and 11 show the effect of the spacing of
the longitudinal girders on moment distribution
factors for the exterior, middle and interior girders
of two-lane curved bridges of 15m span and having
4 girders due to dead load and fully-loaded lanes,
respectively.

Generally, it can be observed that the moment
distribution factors for all girders increases with
the increase in girder spacing for AASHTO truck
live loading (Fig. 11) especially for the exterior
and interior girders. While, the moment
distribution factors are almost unchanged with the
increase in girder spacing in the case of dead load
as shown in Fig. 10.
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Fig. 10: Effect of Girders Spacing on moment
distribution factors Due to Dead loading

EFFECT OF NUMBER OF LANES

Figs. 12 and 13 show the relationship between the
moment distribution factors and the number of
lanes for the exterior and interior girders of a
bridge with five girders, 2 m girder spacing and
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15m span length due to fully loaded lanes and
partially loaded lanes, respectively.

It is observed that in the full loading case as the
number of lanes increases, the moment distribution
factors decreases. Hence, for the exterior girder
shown in Fig. 12, as the number of lanes increases
from 2 to 4 lanes the moment distribution factor
decreases from 1.83 to 1.59 for L/R=0.3.

For partially loaded lanes no general trend is
observed as shown in Fig. 13. But, generally the
moment distribution factors increases for the
exterior girder as the number of bridge lanes is
increased.
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Fig. 13: Effect of Number of Lanes on moment
distribution factors Due to partially loaded

EFFECT OF LOADING CONDITION

It is important to examine the effect of number of

loaded lanes on the moment distribution factor to

establish the critical cases that produce extreme
values

of moment distribution

factors.

Accordingly, two loading cases are considered;

Journal of Engineering

are for all bridges of 35m and 15m spans
regardless of number of lanes, or number of girders
or girders spacing.

It can be observed from the above Figures that
sometimes with partially loaded lanes are almost
half of the live load of the fully loaded lanes, still
they can provide extreme design values especially
for the interior girder

Moment Distribution Factor of
35 Exterior Girders For Ful and Partial Load ,35m Bridges
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fully loaded lanes with truck loading and partially

loaded lanes with truck loading.

Figs. 14 and 15 show the relationship between

results obtained from the case of fully loaded lanes
and the case that provides the maximum moment

distribution factor of all the partially loaded cases
for the exterior and interior girders, respectively. It
is worthwhile to mention that these plotted values
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Fig. 14: Effect of loading condition on the
moment distribution factor for the 35m span
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PROPOSED MOMENT DISTRIBUTION
FACTOR EQUATIONS

The current parametric study provides a database
for the moment distribution factors for straight and
horizontally curved composite concrete-steel
bridges. This database can be used to develop
expressions for the moment distribution factors for
such bridges.

The general equations for load distribution factor
for exterior, middle and interior girders for straight
and curved I-girder bridges due truck loading and
dead loading are presented herein below.

Two equations are proposed for each girder.
Equations A includes the three major parameters
that affect load distribution factors, as indicated by
the correlation matrices. Whereas, equations B
includes the six parameters investigated in this
study.

Equation B is intended to represent simple relation
with the minimum number of variables that may
yield sufficiently accurate load distribution factor
results. Whereas, Equation B is intended to
represent the most general relation that may yield
the most accurate load distribution factor results to
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be used for final analysis and design of curved
bridge girders.

TRUCK LOADING

(MDF)gxy =1.11+.025L+3.862L/R-.116X  (9.A)

(MDF) c57=.124+.025L+.243N+.2975+3.925L/R
-.119X-.323n (9.B)

(MDE) 3;5=.969+.019L+3.071L/R-.088X (10.A)

(MDF) 5;5=.567+.018L+.087N+.0185+3.032L/R

-.088X-.003n (10.B)
(MDF)jpr = .7 % (MDF) gxr (11
DEAD LOAD

(MDF)gyy=.914+.025L+4.347L/IR-1X  (12.A)

(MDF ) gx7=.661+.025L+.03N+.0695+4.351L/R-

1X-.017n (12.B)

(MDF) y5=1.19+.015L+3.812L/R-.096n (13.A)

(MDF) py15=.595+.014L+.114N+.0535+3.764L/R

-.093X+.000n (13.B)

{}fDF):I\'? =075 f:."l"fD.F-}E_}l"lr' (14)

CONCLUTIONS

Based on the results from the parametric study, the
following conclusions are drawn:

1- Curvature is the most critical factor which plays
an important role in the design of curved
girders in composite bridges. Moment
distribution factors increase with the increase in
bridge curvature,

Span length, number of girders and girders
spacing generally affect the values of the
moment distribution factors .In general, the
increase in the number of girders, girders
spacing, and span length results in an increase
in the moment distribution factor,

3- The developed sets of empirical expressions for
moment distribution factors can be used to
obtain the MDF for such bridges.

4- Study reveals that fully loaded lane cases govern
the extreme values of the moment distribution
factors. Nevertheless, partially loaded lane
cases sometimes provide the design value.



5- Results from this study have shown that
AASHTO Guide and AASHTO-LRFD criterion
to treat curved bridges with small specified
amount of curvature as straight ones is safe and
conservative.
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NOTATION

L centre line span of a simply
supported bridge

n number of design lanes

N number of girders

R radius of curvature of the centre
span of the curved bridge

RL multi-lane factor

We width of design lane

(Gsimple)DL mid-span stress in bottom flange
fibres, for a straight simply
supported girder subjected to dead
load

(Osimple truck mid-span stress in bottom flange

fibres, for a straight simply
supported girder subjected to
AASHTO truck loading

(MDF)pL ext the moment distribution factor of

exterior girder for dead load case

(MDF)gL ext the moment distribution factor of

exterior girder for full load case

(MDF)pL ext the moment distribution factor of

exterior girder for partial load case

(MDF)pLmiq  the moment distribution factor of

middle girder for dead load case

(MDF)pp mia the moment distribution factor of

middle girder for full load case

(MDF)pLine  the moment distribution factor of

interior girder for dead load case

(MDF)gL int the moment distribution factor of

interior girder for full load case

(MDF)pr int the moment distribution factor of

interior girder for partial load case



	Copy of انكليزي 2عدد 3.pdf
	Copy of انكليزي 2عدد 3 _1_.pdf
	اسماء البحوث.pdf
	18-AE-1.pdf
	CE-635-2.pdf
	ce-656-3.pdf
	ee-380-4.pdf
	me-510-5.pdf
	EE-389-6.pdf
	ce-588[1]7.pdf
	EE-379-8.pdf
	final _No. 500_-9.pdf
	قائئمة المحتويات.pdf
	ae-109-2.pdf
	ce-590-Final-1.pdf

