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ABSTRACT

In the recent years, some of the newly constructed asphalt concrete pavements in Baghdad as well as other
cities across Iraq showed premature failures with consequential negative impact on both roadway safety and
economy. Frequently, load associated mode of failure (rutting and fatigue) as well as, occasionally, moisture
damage in some poorly drained sections are the main failure types found in those newly constructed road.

In this research, hydrated lime was introduced into asphalt concrete mixtures of wearing course in two
methods. The first one was the addition of dry lime on dry aggregate and the second one was the addition of
dry lime on saturated surface dry aggregate moisturized by 2.0 to 3.0 percent of water. For each type of
addition, five different percentages of lime as a partial replacement of ordinary limestone mineral filler were
used; these were; 1.0, 1.5, 2.0, 2.5, and 3 percent by weight of aggregate besides a control mixture that did
not contain lime. Marshall Mix design method was used and the performance properties of moisture damage,
resilient modulus, permanent deformation and fatigue characteristics were evaluated using indirect tensile
strength, uniaxial repeated loading and repeated flexural beam tests. Also, VESYS5W software was
implemented to evaluate the pavements performance in terms of rut depth and fatigue area for a typical
pavement structure. The main conclusion withdrawn from this research revealed that the use of 2.5 percent
hydrated lime in dry addition method and wet addition method showed an improved fatigue and permanent
deformation characteristics, lower moisture susceptibility and high resilient modulus.
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BACKGROUND

The related mechanisms and reactions involved in the change of the performance of lime-modified HMA
mixtures are not totally understood. Nevertheless, when hydrated lime is added to HMA, a portion of the
lime forms insoluble salts with the highly polar molecules of the asphalt, which could otherwise react in the
mixtures to form water-soluble soaps that promote stripping (National Lime Association 2003). Dispersion
of the tiny hydrated lime particles throughout the mixture makes it stiffer and tougher, reducing the
likelihood that the bond between the asphalt cement (AC) binder and the aggregate will be broken
mechanically. Furthermore, a portion of the hydrated lime can reduce the viscosity-building polar
components in the AC binder and thus improve the long-term oxidative aging characteristics of HMA
(Huang et al. 2002). The structure of hydrated lime consists of differently sized proportions. The smaller
fraction of lime increases binder film thickness, enhances binder viscosity, and improves binder cohesion
leading to increased adhesion between the aggregates and binder, which reduces mixture segregation
(Mohammad et al 2000). The larger fraction performs as a filler to increase the indirect tensile strength and
resilient modulus and improve (i.e., decrease) both the indirect tensile creep slope and the fatigue slope (with
higher number of cycles to failure of HMA) (Kennedy and Ping 1991, Mohammad et al 2000, Sebaaly 2006).
It has also been reported that the addition of lime to HMA improves its resistance to rutting (Little and
Epps2001, Al-Suhaibani 1992, Shahrour and Saloukeh 1992). Hydrated lime replacement with lime stone or
bag house fine dust or any other has gained a considerable recognition due to its efficient effect on both
pavement and cost manifest and it benefits into decreasing maintenance and respire in current and newly
constructed pavement section. The reasons why hydrated lime is so effective in asphalt mixtures lie in the
strong interactions between the major components, i.e. aggregate and bitumen, and the combination of 4
effects, two on the aggregate and two on the bitumen. Hydrated lime modifies the surface properties of
aggregate, allowing for the development of a surface composition (calcium ions) and roughness (precipitates)
more favorable to bitumen adhesion. Then, hydrated lime can treat the existing clay particles adhering to the
aggregate surface, inhibiting their detrimental effect on the mixture. Also, hydrated lime reacts chemically
with the acids of the bitumen, which in turns slows down the age hardening kinetics and neutralizes the effect
of the “bad” adhesion promoters originally present inside the bitumen, enhancing the moisture resistance of
the mixture. Finally, the high porosity of hydrated lime explains its stiffening effect above room temperature.
The temperature dependence and the kinetics of the stiffening effect might explain why hydrated lime is not
always observed to stiffen asphalt mixtures and why it is more efficient in the high temperature region where
rutting is the dominant distress (European Lime Association 2011). The various ways to add hydrated lime,
i.e., into the drum, as mixed filler, dry to the damp aggregate, as lime slurry, with or without marination are
described. No definitive evidence demonstrates that one method is more effective than the other, in general,
contractors and (or) transportation departments have adopted one or more of three popular techniques in dry,
wet, and slurry state. The three techniques along with a brief description of each and the major pros and cons
of each are listed in Table 1 (Button and Epps 1983).

OBJECTIVE

1. To evaluate and compare the addition of hydrated lime in both wet and dry method on the laboratory
performance-based properties of asphalt mixtures.
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2. To determine the optimum content of hydrated lime for use in both methods to improve the performance
of asphalt mixtures.

3. To compare the performance-based properties between hydrated lime modified asphalt mixture and
control mixture.

4. To study the effectiveness of hydrated lime based on the long-term performance analysis by employing
VESYS5W software.

MATERIAL CHARACTERIZATION

The materials used in this work, namely asphalt cement, aggregate, and fillers were characterized using
routine type of tests and results were compared with state corporation for roads and bridges specifications
(SCRB, R/9 2003).

ASPHALT CEMENT

The asphalt cement used in this work is of 40-50 penetration grades. It was obtained from the Dora refinery,
south-west of Baghdad. The asphalt properties are shown in Table 2.

AGGREGATE

The aggregate used in this work was crushed quartz obtained from Amanat Baghdad asphalt concrete mix
plant located in Taji, north of Baghdad, its source is Al-Nibaie quarry. This aggregate is widely used in
Baghdad city for asphaltic mixes. The coarse and fine aggregates used in this work were sieved and
recombined in the proper proportions to meet the wearing (W) course gradations as required by SCRB
specification (SCRB, R/9 2003). Routine tests were performed on the aggregate to evaluate their physical
properties. The results together with the specification limits as set by the SCRB are summarized in Table 3.
Tests results show that the chosen aggregate met the SCRB specifications; while, gradation curve for the
aggregate are shown in Figures 1 and Table 4.

MINERAL FILLER

The filler is a non-plastic material passing sieve No.200 (0.075mm). In this work, the control mixes were
prepared using limestone dust as mineral filler at a content of 7 percent; this content represented the mid-
range set by the SCRB specification for two types of mixes IlIA for wearing course. Hydrated lime has been
known to be a promising potential material for pavements due to its unique physical/chemical/mechanical
characteristic. The use of hydrated lime has been recommended by SRCB with a rate of 1.5% by weight of
aggregates, as an anti-stripping additive for HMA pavements. This study used hydrated lime in two different
forms (dry lime added to dry aggregates and dry lime added to wet aggregate) prior to asphalt mixing in five
different content (1.0% , 1.5%, 2.0% 2.5% and 3.0%) by weight of aggregate as a limestone dust
replacement. The limestone dust and hydrated lime were obtained from lime factory in Karbala governorate,
south east of Baghdad. Tables 5 and 6 illustrate the basic physical and chemical properties of hydrated lime
and limestone dust used for this study.
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LIME ADDITION TECHNIQUES AND SPECIMEN FABRICATION

One of the main objectives of this research is to study the effect of lime addition method on a mixture’s
mechanical properties, noticing that hydrated lime was added by the weight of aggregate as a mineral filler
replacement. For the lime modified mixes, two methods were performed in terms of introducing lime into
the aggregate. For the first method, called “dry method”, dry hydrated lime by total aggregate weight is
added following the normal procedure for adding mineral filler into the mixture. The second method, “wet
method”, introduces the hydrated lime to wet aggregate at a moisture content of 2-3% over SSD condition.
Five different content of hydrated lime (1, 1.5, 2.0, 2.5 and 3.0) % was added with both methods by weight
of aggregate as the amount of filler reduced; 20 of the 22 mix designs were modified using hydrated lime
aggregates treatment method. Each mix was designed with the same blend of aggregates to avoid variability
due to physical and mineralogical characteristics of the aggregates. The dry method follows the normal
procedure for preparing the general mix after consideration of the variability in hydrated lime and mineral
filler content. Wet hydrated lime method involves spreading hydrated lime onto the aggregate that has been
wet to approximately 2 to 3% over its SSD. Dry aggregate blends were moisturized with an addition of 3.0%
water by weight of total aggregates. Dry hydrated lime at a different rate (from 1.0% to 3.0%) by the total
dry weight of aggregate was then mixed with the wet aggregates for 10 minutes to produce evenly distributed
lime-water films on the aggregate surfaces. The lime-treated aggregates were then oven dried for four hours
to eliminate all water before the addition of the asphalt binder. The mixtures replaced with hydrated lime in
the form of wet method were not marinated for 48hours. This procedure was elaborated based on a study by
McCann and Sebaaly (2003). They evaluated behavior of different lime application methods such as with
and without 48 hours marinating process of lime-aggregate mixtures and found no statistical difference
behind the marination process. In fact, a 48 hour marination time was used to allow for any pozzolanic
reaction that might occur between the aggregates and lime. The steps for wet hydrated lime addition method
are shown in Figures (2, 3,4and 5).

Consequential, in order to determine the optimum percent of bitumen in asphaltic specimens a triplicate
number of specimens for each asphalt content by Marshall design method (ASTM D6926-2010a) were
prepared for 10 mix of 11 treated with hydrated lime by aggregate treatment. The specimen prepared for this
study, have the diameter of 100mm and height of 63 mm for Marshall and tensile strength ratio (ASTM- D-
4867-96), Table 7 list Marshall for lime modified and control mixes. Specimens were compacted using
Marshall standard compaction with 75 blows per each face, only for tensile strength the blows was less in
order to produce HMA with targeted air voids between 6-8% to accelerate the potential damage of moisture
in specimen and simulate the actual filed. Superpave Gyratory Compactor (AASHTO 2004) was used to
fabricate HMA specimens with 50 gyrations of sample 101.1 mm diameter and 203.3mm height to quantify
the effect of hydrated lime on rutting potential. Also compacted rectangular prismatic beams 76 mm (3 in) x
76 mm (3 in) x 381 mm (15 in) were produced by means of static compaction using a "double plunger"
arrangement, using compressive machine device, and pressed in compressive machine under the gradual
application of a static load for 2 minutes according to (ASTM-D1074-96), to promote homogeneity, the
mixture is generally "rodded" or "spaded" prior to compaction, and the mold is made "free floating" by
using a "double plunger" arrangement.

INDIRECT TENSILE TEST

The moisture susceptibility of the asphalt concrete mixtures was evaluated according to (ASTM- D-4867-
96). The result of this test is the indirect tensile strength (ITS) and tensile strength ratio (TSR). In this test, a
set of specimens were prepared for each mix according to Marshall procedure and compacted to 7+1 % air
voids using different numbers of blows per face that varies from (34 to 49) according to the hydrated lime
replacement rate. The set consisted of six specimens and divided into two subsets, one set (control) was
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tested at 25°C and the other set (conditioned) was subjected to one cycle of freezing and thawing then tested
at 25°C. The test is shown below in figure 6. Involved loading the specimens with compressive load at a rate
of (50.8mm/min) was acting parallel to and along the vertical diametrical plane through 0.5 in. wide steel
strips which are curved at the interface with specimens. These specimens failed by splitting along the vertical
diameter. The indirect tensile strength which is calculated according to (Eg.1) of the conditioned specimens
(ITS;) is divided by the control specimens (ITSy), which gives the tensile strength ratio (TSR) as the
following (Eq.2).

ITs — 2P (1)
tD

TSR = ITS, 2
ITS,

where

ITS= Indirect tensile strength

P = Ultimate applied load

t = Thickness of specimen

D = Diameter of specimen other parameters are defined previously

UNIAXAIL REPEATED LOADING TEST

The uniaxial repeated loading tests were conducted for cylindrical specimens, 101.6 mm (4 inch) in diameter
and 203.2 mm (8 inch) in height, using the pneumatic repeated load system (Albayati 2006), shown below in
fig. (7). In this test, repetitive compressive loading with a stress level of 20 psi was applied in the form of
rectangular wave with a constant loading frequency of 1 Hz (0.1 sec. load duration and 0.9 sec. rest period)
and the axial permanent deformation was measured under the different loading repetitions. All the uniaxial
repeated loading tests were conducted at 20°C, 40°C and 60°C as shown in figure (8). The permanent strain
(gp) is calculated by applying the following equation:

_ pd ><106

. ®)

where

ep= axial permanent microstrain, pd= axial permanent deformation

h= specimen height

Also, throughout this test the resilient deflection is measured at the load repetition of 50 to 100, and the
resilient strain (er) and resilient modulus (Mr) are calculated as follows (Huang 2004):

6
h
My _9 ®)
&r
where

er= axial resilient microstrain
rd= axial resilient deflection
h= specimen height

Mr= Resilient modulus

o = repeated axial stress

er= axial resilient strain
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The permanent deformation test results for this study are represented by the linear log-log relationship
between the number of load repetitions and the permanent microstrain with the form shown in Eq.6 below
which is originally suggested by Monismith et. al., (1975) and Barksdale (1971).

ep=aNP ©)

where

€p= permanent strain
N=number of stress applications
a= intercept coefficient

b= slope coefficient

FLEXURAL BEAM FATIGUE TEST

Within this study, third-point flexural fatigue bending test was adopted to evaluate the fatigue performance
of asphalt concrete mixtures using the pneumatic repeated load system, this test was performed in stress
controlled mode with flexural stress level varying from 5 to 30 percent of ultimate indirect tensile strength
applied at the frequency of 2 Hz with 0.1 s loading and 0.4 s unloading times and in rectangular waveform
shape. All tests were conducted as specified in SHRP standards at 20°C (68°F) on beam specimens 76 mm (3
in) X 76 mm (3 in) x 381 mm (15 in) as shown in figure (9) prepared according to the (ASTM-D1074-96). In
the fatigue test, the initial tensile strain of each test has been determined at the 50th repetition by using (Eq.7)
shown below and the initial strain was plotted versus the number of repetition to failure on log scales,
collapse of the beam was defined as failure, the plot can be approximated by a straight line and has the form
shown below in (Eg. 8).

. _ o _ 12hA ,
" Es 312-4a2 0
N, =k(g)™ ®)

where

& = Initial tensile strain

o =Extreme flexural stress

Es =Stiffness modulus based on center deflection.
h =Height of the beam

A =Dynamic deflection at the center of the beam.
L = Length of span between supports.

a =Distance from support to the load point (L/3)
N ¢ = Number of repetitions to failure

k1 = fatigue constant, value of Nfwhen =1
k, = inverse slope of the straight line in the logarithmic relationship

TEST RESULTS AND DISCUSSION

EFFECTS OF HYDRATED LIME ON MOISTURE SUSCEPTIBILITY

Based on the data shown in Figure 10, it appears that the examined hydrated lime contents and
addition method have influence on the moisture susceptibility of the asphalt concrete mixes. The
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figure clearly demonstrates that both hydrated lime addition methods contributed to an increase in
TSR and the general observation shows that wet method seems to be more effective than dry
methods. TSR has gained a considerable increasing by 4.2%, 5.9%, 10.9%, 12% and 9% by dry
method with respect to ascending amount of lime replacement as compared to the control mix.
While, it took a similar manner by acquiring a gain in TSR of wet method by 3.4%, 6%, 18.8%,
20.8% and 19.8%. These results indicated the affirmative data that confirm the role of hydrated
lime as a superior anti striping agent. The improvement in increasing in TSR can be attributed to
improve in the adhesion between aggregate and asphalt cement due to the presence of hydrated lime
by interacting with carboxylic acids in the asphalt and forming insoluble salts that are readily
adsorbed at the aggregate surface (Plancher et al. 1977; and Hicks 1991). Implementing of these
phenomena on local Iragi paving materials can be discussed as follow: the aggregate used in this
study was brought form Al-Nibaie quarry, which is Quartzite and classified as acidic aggregate and
the improvement showed by altering the surface chemistry of acidic aggregate, causes a basic
coating, and develops a strong bond between aggregate and acidic asphalt binder. Such bonding
developed between asphalt binder and aggregate results in mitigate moisture damage in the asphalt
mixtures. The effect of wet method of hydrated lime replacement was significant and even more
impressive when the mixes replaced with dry hydrated lime to wet aggregate, this could be
explained by fact that wet replacement of hydrated lime on 3% SSD provides better coverage and
allows for proper application as compared to that add dry hydrated lime to dry aggregate. These
advantages are possible because moisture ionizes lime and helps distribute it on the surface of the
aggregate. Also visual inspection for tested specimens show more broken aggregates on the split
faces which reflect higher bonding strength of the binder.

EFFECTS OF HYDRATATED LIME ON PERMANANET DEFORMATION

Permanent deformation manifests itself as primary distress due to the hot climate of Iraqgi hot
summer season. In this study the effect of hydrated lime has been quantified at a range of three
temperatures 20°C, 40°C and 60°C representing the actual climate variation during the year in Irag.
The analysis of permanent deformation potential affected by the addition of hydrated lime are
shown in figure 11 to 16 which are based on the data presented in tables 8 and 9. Examinations of
the presented data suggest that the permanent deformation parameters intercept and slope generally
improved with the use of hydrated lime. At lower temperature 20°C, the trend line of permanent
deformation shows a narrow corridor between control and lime treated mixture with different rates
for both dry and wet hydrated lime method. In other words , hydrated lime seems insignificant in
reducing slope and intercept values as shown in tables 8 and 9 This can be attributed to the fact
that, hydrated lime had minor effect at lower temperature in reducing the permanent deformation
parameter slope and intercept and this was expected and indicated throughout the study of (Little
and Petersen 2005). At intermediate and higher temperatures, hydrated lime showed a significant
effect in improving rutting resistance by decreasing slope value, using dry method the slope value
decreased as the amount of hydrated increased at 40°C and 60°C, mixes replaced with dry method
at 2.5% at 40°C and 60°C exhibits a lower slope value by 18.4 % and 8.1% respectively. The
addition of more hydrated lime beyond this percent may not represent best scenario as the time to
failure for the 3.0% case was not different, while the same scenario using wet method, mixture with
2.5% exhibited lower slope value with 21.3% and 11.5% respectively at 40°C and 60°C compared
to the control mix. As a summery from the test result it also appears that the addition of more than
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2.5% for dry and wet hydrated lime did not improve the performance, as the time to failure for the
3.0% case was very similar to the time to failure of the 2.5% case, expect at lower temperature 20°C
where hydrated lime acts as inert filler and less chemically active. The addition-reduction trend in
permanent deformations of specimens of asphalt by percentage reduction of hydrated lime content
was more impressive. So, additional hydrated lime content will have less negative effect on
permanent deformation parameter of asphalt specimens. On the other hand, wet method seems to be
more effective in reducing the slope value. In general, hydrated lime show a significant effect when
using with both method in HMA mixture as limestone dust replacement in increasing the resistance
to permanent deformation potential. Therefore in dry and hot environments similar to that of Iraq,
where rutting failure controls the selection of asphalt concrete mixture, the use of wet hydrated lime
replacement confirms that the rutting mode of failure in asphalt concrete pavement which is
enhanced at hot summer temperature can be reduced to large extent with the introduction of
hydrated lime to asphalt concrete mixtures.

RESILIENT MODULUS

Table 10 as well as figure 17 exhibits the variation of the resilient modulus values with both
hydrated lime addition methods. Higher values of Mr are found with 1%, 1.5%, 2.0%, and 2.5%
with dry and wet hydrated lime replacement as compared to control mix at 20°C, 40°C and 60°C
respectively. It is observed that as the percentage of dry hydrated lime is increased the moduli
increase for both hydrated lime methods at all three temperatures, indicating the mix is becoming
stiffer. Also the Mr values for wet method show decrease in their values with 3.0% at 40°C and
60°C respectively. Comparison of Mr between dry and wet hydrated indicated that, in case of wet
method, up to 2.0% can increase the modulus value and above percentage it will decrease the
modulus tremendously at 40°C and 60°C. While mixes with dry hydrated lime replacement show a
trend of increase due to hydrated lime replacement increase in the mix at all three temperatures,
may be attributed to production of dry mixes. Also, it should be noted that at lower temperature
using both method the Mr value increases as hydrated lime replacement increases and this easily
explained the mixture to become stiffer at lower temperature.

EFFECT OF HYDRATED LIME ON FATIGUE PERFORMANCE
The fatigue characteristic curves for all mixtures are presented in Figures 18 and 19. The fatigue

parameters k; and k, are shown in Table 11 and 12. Values of k; and k, can be used as indicators
of the effects of hydrated lime on the fatigue characteristics of a paving mixture. The flatter the
slope of the fatigue curve, the larger the value ofk, . If two materials have the same k; value, then a

large value of k, indicates a potential for longer fatigue life. On the other hand, a lower k; value

represents a shorter fatigue life when the fatigue curves are parallel, that is, k, is constant.

From the figures listed previously, it is clearly shown that the dry method of replacement mixture
with 2.5% show higher fatigue resistance accompanied by increasing in number of repetition and
this clearly show by increasing in K2 than control mix value by 29% with respect to control mix.
While a drastic reduction happened when the doze increase beyond threshold limits of 2.5% and
result in decreasing k, value by 7% for 3.0%. This is due to the fact that the higher stiffness caused

by increasing lime in the mix and supported by gradual increase in stiffness modulus effect. There is
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an indication that the k, value increases highly, and the k; values change correspondingly. It is
worth noting here that all of the k; values ranging between 1.083303xE-8 to 7.7459xE-11is by

using dry method. For wet method, the general trend was observed form figures and tables’ results
show synergistic effect to dry method by increasing the fatigue life to a point and then the extra
amount will deteriorate the fatigue resistance. Mixture with 2.5% show longer fatigue resistance
firstly by increasing in number of repetition and extending lower slope with flatter power trends and
k, value for this mixture was increased by 31.4%. In comparing the effect of the two addition

methods wet method extend the fatigue life better than dry methods, for the same percentage of lime
content, the overall result for fatigue test showed that increasing trend in resistance to number of
repetition as more hydrated lime was used, even if the better performance to fatigue damage was
observed from the mixture with 2.5% for both dry and wet method. However, with more than 2.5%
additional hydrated lime, no additional improvement in performance was observed.

PERFORMANCE ANALYSIS USING VESYS 5W SOFTWARE

Using vEsyssw software for analyzing pavement section consisted of a 150 mm asphalt concrete
layer over a 400 mm base course layer with 10 million ESALSs application during 20 years’ service
life, the present serviceability index trend line is abstracted from the output results of the software
and the results are shown in figures 20 and 21. The figures clearly show that the pavement section
which consists of asphalt concrete layer modified with 2.5 percent lime (wet application method)
provide better performance as compared to the mixes with 2.5 percent lime (dry application
method) or mix with O lime. The PSI values at the end of 20 years’ service life are 11.8, 13.0and 6.6
for the pavement section with asphalt concrete layers containing 2.5 percent lime (wet), 2.5 percent
lime (dry) and O lime, respectively. The PSI values in VESYS5W software reflect the effect of
rutting and cracking for a pavement section during the design life.

CONCLUSIONS
The following conclusions and recommendations are based on the results of the laboratory tests and

analysis presented in this study:

e The use of both hydrated addition methods exhibited a good resistance against the moisture
damage, an increase in TSR is achieved by 4.2%, 5.3%, 5.9% 10.9%, 12% and 9.0% for dry
hydrated lime replacement method and 3.4% , 6% , 18.8%, 20.8 and 19.8% for wet hydrated
lime replacement method corresponding to 1.0, 1.5, 2.0 and 3.0 lime contents, respectively.
This indicates that the wet addition method was more effective than the dry method in
improving the resistance to moisture induced damage of asphalt concrete pavement modified
with hydrated lime

e The permanent deformation parameters, slope and intercept, was significantly effected using dry
and wet hydrated lime addition methods employing different percentages of hydrated lime and
this effects is more pronounced at high testing temperatures. The lime modified mixed with 2.5
percent in dry method wet method result in a decrease in permanent deformation slope higher
temperature of 40°C and 60C as compared to control mixture with no lime.

e The dry addition method of hydrated lime as a filler substitute results in better elastic modulus
as characterized by resilient modulus test in comparison with the wet addition method. The use
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of 3 percent lime, respectively at 20°C, 40°C and 60°C test temperature improve the resilient
modulus by 40.2, 35.2 and 21.9 percent in dry addition method whereas for wet addition method
the corresponding values are 29.1, 29.8 and 22.4 percent as compared to control mixes with no
lime.

For both addition methods, the use of 2.5 percent hydrated lime as a filler substitute has
improved the fatigue property of the asphalt concrete mixes as determined by flexural test, the

kz value (inverse slope of fatigue line) for mixes with 2.5 percent hydrated in dry and wet
addition methods was more than that of O percent hydrated lime by 29 and 31.4 percent,
respectively.

The use of 2.5 percent hydrated lime in wet addition method as replacement for limestone dust
mineral filler has shown a significant improvement of asphalt concrete behavior and has added
to the local knowledge the possibility of producing more durable mixtures with higher resistance
to distresses.

Specimens Nomenclature

The mix designation or nomenclature is the layer and the amount of hydrated lime that were
substitute to filler and addition method. The mix nomenclature is the first letter that refers to the
layer wearing followed by the actual amount of hydrated lime and the last letter that refers to the
method of adding hydrated lime to mix
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Table 1. Lime addition techniques with major positive and negative (Button and Epps 1983).

Method Description Major Positives Major Negatives
Dry - Simplest method - Least expensive method - Dusting and lime loss
- Lime and mineral filler - Direct contact between aggregates - Minimal mixing and
introduced and hydrated lime coating of aggregates
immediately after introduction | - Lime and mineral filler introduced
of immediately after introduction of
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asphalt

asphalt

Wet - Lime metered into aggregate | - Proper coverage and application - Expensive due to extra
ata - Portion not mixing with aggregate fuel needed to dry
moisture content of 2-3% will mix with asphalt, thus still aiding | aggregates before mix
higher as anti-stripping agent production
than SSD condition
- Mixture processed in pug mill
to ensure thorough mixing
- Aggregates kept in moist - Moisture content slowly reduces - Aggregate handling
condition and marinated for up | over stockpiling period effort is increased
to 48 hours - Stockpiling can be separated from - Storage space needed for
production, thus providing an aggregate stockpiling
economic advantage - Concerns over
carbonation of stockpiles
with long stockpiling
times
Slurry -Slurry of lime and water -Improved coverage of aggregates -Increased water and fuel

applied to aggregates
-Marinating optional

-Reduced dispersion and loss of lime
-Improved stripping protection

costs

-Expensive, specialized
equipment
requirements

Table 2. Properties of asphalt cement

Property ASTM Penetration grade
designation 40-50
Test SCRB
results specification
1-Penetration at 25C,100 gm,5 sec. (0.1mm) D-5 45 40-50
2- Rotational viscosity at 135°C (cP.s) D4402 523 | ...
2- Softening Point. ('C) D-36 49 | .
3-Ductility at 25 C, 5cm/min,( cm) D-113 >100 >100
4-Flash Point, ('C) D-92 290 Min.232
5-Specific Gravity D-70 1.041 | ...
6- Residue from thin film oven test D-1754
- Retained penetration,% of original D-5 59.5 >55
- Ductility at 25 C, 5cm/min,( cm) D-113 80 >25
Table 3. Physical properties for Alnibaie aggregate
Property Alnibaie aggregate
Coarse Fine SCRB
Aggregate | Aggregate
Bulk Specific gravity (g/cm®) (ASTMC127 2.646 263 | -
and C128)
Apparent Specific gravity (g/cm®) (ASTM 2.656 2667 | -
C127 and C128)
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Percent water absorption (ASTM C127 and 0.14 0523 | -
C128)
Percent wear (Los-Angeles Abrasion) 19.69 30 Max
(ASTM C131)
Fractured pieces, % 98 90 Min
Sand Equivalent( ASTM D 2419) 55 45 Min*. Superpave
(SP-2),
Soundness loss by sodium sulfate solution,% 34 | - 12 Max
(C-88)
Table 4. Selected gradation for wearing and binder course
sieve size Wearing course
Inch mm
Selected gradation Specification limit
(SCRB 2003/R9)
3/4 19.0mm 100 100
1/2 12.5mm 95 100-90
3/8 9.5mm 83 76-90
No.4 4.75mm 59 44-74
No.8 2.36mm 37 28-58
No.50 0.3 mm 13 5-21
No0.200 0.075mm 7 4-10

Table 5. Physical properties of hydrated lime and limestone

Material property Hydrated lime Limestone dust
Specific gravity 241 2.78
Specific surface (m“/Kg) * 398 244
-100 Mesh (150 pm) passing 100 100
-200 Mesh (75 um) passing 90 85

*Tested by Blaine Air Permeability at material laboratory of civil engineering department according to ASTM C204
Table 6. Chemical composition and physical properties hydrated lime and limestone

Chemical composition

Hydrated lime

Limestone dust

% CaO 56.1 68.3
% Si02 1.38 2.23
% AI203 0.72 -
% Fe203 0.12 -
% MgO 0.13 0.32
% SO3 0.21 1.2
%L.O. I 40.65 27.3
Table 7. Marshall Design properties for wearing using dry and wet hydrated lime addition method
Mixture OAC Density Stability Flow Air VMA VFA
% gm./cm? kN mm voids % %
%
SCRB Min. 8.0 Kn 2-4 35 14 Min. 65-75
requirement
Control 4.9 2.338 11.67 4 4.018 14.07 70.4
W1H-d 4.9 2.337 12.12 3.75 4.01 13.93 70.2
W1.5H-d 5 2.331 12.47 3.5 4.08 14.08 72.4
W2H-d 5.2 2.328 14.37 35 4.14 14.33 72.1
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W2.5H-d 5.2 2.316 13.77 3 4.30 1441 71.1
W3H-d 5.3 2.309 12.01 2.75 4.09 14.57 71.2
WI1H-w 4.9 2.328 12 3.75 4.17 14.06 74.6
W1.5H-w 4.9 2.326 13.79 3.75 412 14.09 72.4
W2H-w 5 2.317 12.02 4 4.21 14.17 73.5
W2.5H-w 5.2 2.311 1151 4.25 412 1431 70.6
W3H-w 5.2 2.296 10.22 4.75 4.32 14.34 70.7

Table 8. Effect of dry hydrated lime addition method on Intercept and slope Coefficient of permanent

deformation

Mixture 20C° 40C° 60C°
a b a b a b

Control 41.659 0.2761 115.3 0.3787 335.1 0.5675

W1H-d 39.717 0.2758 106.9 0.3576 3116 0.5626
W1.5H-d 38.365 0.2682 98.8 0.3407 276.28 0.5332

W2H-d 34.225 0.2632 80.2 0.3203 240.5 0.5285
W2.5H-d 33.226 0.2628 71.9 0.3127 213.1 0.5225

W3H-d 31.389 0.2619 69.2 0.3005 200.83 0.511

Table 9. Effect of wet hydrated lime addition method on Intercept and slope Coefficient of permanent

deformation

Mixture 20 C° 40C° 60C°
a b a b a b
W1H-w 41.004 0.2722 89.8 0.3551 289.8 0.5505
W1.5H-w 38.226 0.2681 78.9 0.3279 270.0 0.5359
W2H-w 37.412 0.267 61.1 0.3089 211.93 0.5169
W2.5H-w 35.129 0.259 60.0 0.3022 200.5 0.5082
W3H-w 33.356 0.2566 61.1 0.3372 205.48 0.5296

Table 10. Effect of dry and wet hydrated lime addition method on resilient modulus, Psi

Mixture 20C° Gains% 40C° Gains% 60C? Gains%
Control 179076 0 114814 0 79987 0
W1H-d 223220 19.7 127754 10.1 88059 9.16
W1.5H-d 247922 27.7 149119 23.0 93008 13.9
W2H-d 255959 30 157591 271 97943 18.3
W2.5H-d 278217 35.6 164636 30.2 100507 20.41
W3H-d 299952 40.2 177258 35.22 102547 21.9
WI1H-w 199968 10.4 137754 16.65 85700 6.6
W1.5H-w 213299 16.04 159119 27.84 90126 11.24
W2H-w 234109 23.5 161210 28.77 117772 32.0
W2.5H-w 239962 25.3 164301 30.11 126629 36.8
W3H-w 252591 29.1 163350 29.71 103209 22.49
Mixture Fatigue Equation Number of repetition to fracture (Ny)
Stress level(N)
222 489 311 400

Control N; = 1.32484E-07¢t >0 11285 7556 2332 1802
W1H-d N; =1.08303E-08€t >* 13542 8260 5427 2105
W21.5H-d N; =1.48877E-09¢t =77 14531 9650 6321 3189
W2H-d N; =2.0395E-10€t *®° 15780 13341 7443 4210
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W2.5H-d N; = 7.74597E-11€t *%7 16780 13123 8502 3277
W3H-d N; =7.47221E-10€t =7 13140 8420 5434 3780
Table 12. Fatigue life equation- wet hydrated lime.
Mixture Fatigue Equation Number of repetition to fracture (Ny)
Stress level(N)
222 489 311 400
W1H-w N; =2.7558E-08€t>% 14537 10921 6258 3865
W1.5H-w N; =7.7565E-09¢t =8 16482 11051 7320 5582
W2H-w N; =1.759E-10€t *18 22421 15237 | 11592 8872
W2.5H-w N; =3.745E-11€t ¥ 22532 17542 | 13542 6210
W3H-w N; =4.3598E-10€t *% 18218 13279 | 8421 5103
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Figure 4. Adding, Mixing hydrated lime to the wet Aggregate.
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ABSTRACT

Roller-Compacted Concrete is a no-slump concrete, with no reinforcing steel, no forms, no
finishing and wet enough to support compaction by vibratory rollers. Due to the effect of curing on
properties and durability of concrete, the main purpose of this research is to study the effect of
various curing methods (air curing, 7 days water curing, and permanent water curing) and
porcelanite (local material used as an Internal Curing agent) with different replacement percentages
of fine aggregate (volumetric replacement) on some properties of Roller-Compacted Concrete and
to explore the possibility of introducing practical Roller-Compacted Concrete for road pavement
with minimum requirement of curing. Specimens were sawed from slabs of (380*380*100) mm for
determination of Ultrasonic Pulse Velocity (UPV) and Voids volume. Results show that using (5) %
porcelanite improved the results of UPV and Voids volume of Roller-Compacted Concrete (with
air curing) as compared with reference Roller-Compacted Concrete (with permanent water curing)
by percentages ranging from(3.6 to 28.9)% and (-8 to -15.5)% respectively.

Key words: Porcelanite, UPV, Voids volume, internal curing, roller compacted concrete, curing methods.
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1. INTRODUCTION

The American Concrete Institute (ACI) committees 211.3R, 2009, and 116R, 2010,
define Roller Compacted Concrete (RCC) as “concrete compacted by roller compaction; concrete
that, in its unhardened state, will support a roller while being compacted”. RCC is a zero-slump
material that has to be compacted by roller to achieve the required density. RCC can be exposed
directly to traffic, European Ready Mixed Concrete Organization (ERMCO), 2012.

Keifer, 1986 refers to that RCC having no reinforcements, no finishing, and is cast using
vibratory and roller compaction. The application of RCC is mainly in the construction of dams,
rapid placement of paving for highways and runways and for multi-layer placement of foundation.

At the 1930s, a form of RCC paving was reported in Sweden, Anderson, 1986. In North
America, the first RCC pavement was identified by Seattle Office of U.S. Army Corps of
Engineers (USACE) constructed about 1942, ACI 325.10R, 2001.

RCC compared with conventional slump concrete has less water to achieve a zero-slump
concrete; consequently, less cement is required to produce an equivalent water to cement ratio.
Reducing water in the mixture leads to less shrinkage and no bleed water, and less cement is one
means of reducing thermal induced cracking. Roller Compacted Concrete Pavements mixes
compared with conventional Portland Cement Concrete (PCC) contain larger volume of fine
aggregate to ensure a uniform concrete mix with less surface voids, Hansen, 1996.

Three common ideas in roads construction were used in design of RCC; using rigid pavement
concrete, using pavers and rollers (asphalt) and using proctor and density test (soil), as shown in Fig. 1.

2. MATERIALS CHARACTERISTICS
2.1 Cement

Sulphate Resisting Portland Cement (SRPC) (Type V) under commercial name of (Al-jeser)
was used for RCC mixes throughout work. The physical properties, chemical analysis of the cement
used and the compounds of cement calculated according to Bogue's equations, ASTM C 150, 2005,
are given in Tables 1 and 2. The results conform to, Iragi specifications (1QS) (N0.5:1984).

2.2 Coarse Aggregate

Aggregate predominately retained on the No.4 (4.75mm) sieve, in this work crushed coarse
aggregate with a nominal size of (19 mm) was used and it was obtained from Al-Nibaai region. The
gravel was sieved through sieve size of (25 mm) and washed with water, air dried, separated into
different sizes, and stored in containers. Some properties of coarse aggregate are illustrated in Table
3 according to (1QS, No0.45:1980). The design overall gradation of aggregate is selected by using,
ACI 211.3R, 2009, ACI 325.10R, 2001, and State Commission of Roads and Bridges (SCRB) ,
2003, (type Il binder course) dense gradation which is usually used for asphalt concrete pavement in
Iraq and using the centerline of them. Table 4 and Fig. 2 illustrate the combined gradation used
throughout the investigation.

2.3 Fine Aggregate

Al-ekhaider natural sand of 4.75 mm maximum size was used as fine aggregate in RCC
mixes. The fine aggregate was sieved through sieve size (9.5 mm) to separate the aggregate
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particles of diameter greater than (9.5mm). The fine aggregate was then cleaned with water on sieve
size 0.075mm (No0.200 BS.) and after that it was air dried and separated into different sizes to be
ready for use. Some properties of natural fine aggregate are illustrated in Table 3 according to
(1QS, N0.45:1980).The grading of fine aggregates is shown in Table 4.

2.4 Porcelanite Aggregate

Porcelanite stone was used in this research in all mixes (except for reference mix). It was
brought from Al-Rutba town in Al-Anbar Governorate and tested by Iraqi Geological Survey
Board (IGSB). It has a white color and is characterized by high permeability and low
density. The large lumps were firstly crushed into smaller size manually with a hammer in
order to use it as a partial replacement of fine aggregate with maximum size 4.75 mm, by
screening on electrical sieve shaker. The replacement was (5, 8, 12, 16 and 20) % as a volumetric
partial replacement percentages of the same sieve analysis and grading curve of fine aggregate.
The required quantity of the porcelanite aggregate was washed with water in order to
remove dust associated with crushing process of porcelanite stone. The porcelanite
aggregate was soaked in water in the laboratory temperature for a suitable time period to bring
the aggregate particles to saturation, which is recommended by, ACI 211.2, 2004.Tables 5 and 6
show some physical and chemical analysis of fine porcelanite aggregate respectively.

2.5 Water
The water used in RCC mixes was potable water for both casting and curing of specimens.

3. PREPARATION OF RCC SLAB SAMPLES
3.1 Roller Compactor and Mould

The slab specimens used in this research were cast in steel mould having internal
dimensions (380x380 mm) and depth of (100 mm). This mould consists of a steel plate base of
(650x600x10 mm) surrounded by four steel angles with sections of (100x100x10 mm) and weight
of (51 kg), as shown in Fig. 3.

The roller compactor apparatus, manufactured in a local workshop, is designed to simulate
steel roller which is usually used in the field for compaction. It consists of steel skeleton as shown
in Fig. 4 and a solid cylinder (150 mm) in diameter, (330 mm) in length and (15 kg) in weight. The
total weight of this apparatus is (36 kg). It is supplied with a container to carry the additional steel
weights up to design load.

3.2 Mix design and proportions of RCC

RCC specimens are designed by modified proctor test according to, ASTM D1557, 2002
(method C). This proportioning method involves establishing a relationship between the dry density
and moisture content of the mix by compacting the mix in cylinder steel mould of (152.4mm)
diameter and (116.4mm) height. A moisture-density test is used to determine the optimum moisture
content which gives maximum dry density of RCC mixtures for each mix. The optimum moisture
content is defined as the amount of water present in the mixture design that allows for maximum
compaction.

In addition to reference RCC mixture, different percentages of saturated porcelanite content
are used (5, 8, 12, 16, and 20) % by volumetric replacement of oven dried fine aggregate and
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different percentages of moisture content are used to determine the dry density-moisture content
relationships and (14%) of cement content by weight of air dry aggregate, according to, Shamil,
2011 results.

After determination the proportions of the mixes, the specimens are prepared. The total
weight of aggregate which filled the above mould is approximately (3.5kg), for safety it is taken
equal to be (4.5kq); this weight is separated by 7 sieves which are used in this work according to the
retained percentage of these sieves multiplying the total weight of aggregate (4.5kg) by the retained
percentage of each sieve.

The mixture is placed into the cylinder in five layers and each layer is compacted with (56)
blows of a modified Proctor hammer of (4.5 kg) falling from (450 mm) height. When compaction is
finished, the extension collar is removed and the surface of concrete is leveled with the mould, first
weighting the mould with concrete, second the wet weighting of mixture is determined.

The above procedure is repeated with other percentages of moisture content. The specimen
is withdrawn from mould by using loading jack and the wet specimen of mixture in the mould is
weighed, the wet density can be calculated by using Eqg. (1) as shown below:

ywet = Wm / Vol. 1)

The dry density can be found from Eq. (2):
yd=ywet/ (1+ w) (2)

After that, the relationship between dry density and moisture content is plotted to find the
optimum moisture content then the maximum dry density is calculated for every percentage of
porcelanite as shown in Fig. 5. A total of 24 cylinder specimens were prepared for this research.

3.3 Casting of RCC slab specimens

3.3.1 Mixing

The same materials, gradation of aggregate and mix proportions which used in hammer
compacted method; was used in casting RCC slabs. The retained percentage of aggregate on each
sieve stayed the same, but the total aggregate content in this method was calculated to conform to
the new volume of slab according to, ACI 211.3R, 2009. After mixing, the concrete was poured
into the steel mould to construct slab specimen which was prepared for compaction.

3.3.2 Compaction

The mixture was placed in the slab mould and subjected to initial compaction on a vibrating
table for 3 cycles of 30 seconds time interval. Such procedure is in agreement with that of, Shamil,
2011.The influence of this compaction is to create some initial compactive effort to the freshly laid
surface, which is usually the case when using paving machine.

After initial compacting, the concrete mix is compacted using the roller apparatus. The
mould was fixed in front of the roller compactor and subjected to three stages of rolling based on
the work done by, Sarsam, 2002, to each stagel5 passes were applied. This number of passes is
suitable to achieve the good rolling with little effort, and the rolling action is taken in x-x direction,
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then the same sequence has been repeated in the y- y direction to insure the compaction of the slab
sides as shown in Fig. 6. This process is used in three stages on slab specimen to obtain the
designed dry density.

First stage: A total load of (1.1 kg/cm width) (using roller compactor weight) is
implemented with 15 passes of the roller in each direction. The concrete is settled in a level position
and completely fills the slab mould. This can represent the initial compaction in the field.

Second stage: The total load is increased to (3.2 kg/cm width) (using 69kg standard loads +
roller compactor weight) with 15 passes in each direction. This may simulate the intermediate field
compaction.

Third stage: The total load is increased to (5.3 kg/cm width) (by using 138kg standard
loads + roller compactor weight) with 15 passes of the roller in each direction. At this stage, the slab
surface is smooth and level. This represents the finishing compaction in the field.

3.3.3 Curing

After compaction, the slab specimens are leveled by hand trawling, and covered with
polyethylene sheet and sealed with tape in the laboratory for about (24) hrs at laboratory
temperature to prevent evaporation of moisture from the fresh concrete. After that, the specimens
were cured with different curing methods according to, Abed, 2014, as followed:
= Water curing is for 1 day and then put in air until test.
= Water curing is for 7 days and then put in air until test.
= Permanent (continuous) water curing.

3.3.4 Obtaining Sawed Specimens
According to, ASTM C42, 2004, wet concrete diamond sawing process is used to cut the
slabs to obtain cubes of (100 x 100 x 100 mm) and beams of (100x100x380 mm).

4. TESTS OF RCC SPECIMENS
4.1 Determination the Ultrasonic Pulse Velocity (UPV) test of RCC specimens

Ultrasonic Pulse transit times are measured by direct transmission method. This test is carried
out according to, ASTM C597, 2002, on beam and cube specimens for the three different direction.
Portable ultrasonic concrete tester known as (PUNDIT) with frequency 55 KHz and accuracy of 0.1
1L sec, is used for this purpose. Specimens were kept under curing method conditions until testing.
The loading rate used in the test was 0.3 N/mm?2 per second. The test was conducted at ages of 7, 28,
56 and 90 days. The pulse transit path length is measured accurately and the time of its travelling
was recorded. The pulse velocity is calculated by using Eq. ( 3).

V=L/T 3)

4.2 Determination the Voids volume test of RCC specimens
Voids volumes are calculated according to, ASTM C642, 2006, in Eq. (4) as follows:-
1- The specimen is weighted and dried in an oven at a temperature of (100-110) °C for 24 hrs. .
After removing the specimen from the oven, it is allowed to cool and is weighed and designated
as (A).
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2- The specimen is placed in suitable receptacles, covered with tap water and boiled for 5 hrs. .
After that the specimen is allowed to cool for not less than 14 hrs. The specimen is surface dried
by removing surface moisture with a towel, and weighed. This weight is to be the soaked,
boiled, surface-dried mass (C).

3- The specimen is suspended by a wire and the apparent mass in water is determined. This weight
is considered to be the apparent mass (D).

Volume of permeable Voids, % = [(C-A)/(C-D)] x 100 4)

5. DISCUSSIONS

Fig. 7 and Fig. 8 show the relationship between the UPV and voids volume respectively
with age of the RCC specimens for all mixtures of reference and internally cured RCC with (5, 8,
12, 16 and 20) % porcelanite as lightweight aggregate (LWA) replacement of fine aggregate and
cured by different methods (air curing, 7 days water curing and permanent curing).

UPV (non-destructive) test is carried out in order to investigate the properties of concrete
and also investigates the homogeneity of concrete due to internal curing (IC) agent (porcelanite
aggregate) because of the sensitivity of the UPV as an indicator of changes in concrete properties.
UPV results can be relied upon. The idea is testing the range of filling pores of the cement paste
with cement hydration products thus causing them to get smaller and decreasing the interiors voids,
and then increasing the density of cement paste, Hoff, 2002.

Generally, high results of UPV were recorded for internally cured RCC with 5% porcelanite
replacement as compared with that of reference RCC and other percentages of porcelanite
replacement. This increasing in UPV can be attributed to improving the density and homogeneity of
RCC due to IC water which keeps on cement hydration. The micro cracks are inhibited and hence
the UPV will be improved, BS1881: part 203, 1986. The 5% porcelanite using 7 days and
permanent curing shows higher UPV than reference RCC due to the effect of IC.

Internal curing with porcelanite aggregate as partial fine aggregate replacement in
percentages of (8, 12, 16 and 20) % decreases UPV of concrete compared to 5% porcelanite
replacement. The decreasing in UPV can be attributed to; firstly, high moisture content due to high
percentage of saturated porcelanite aggregate. Secondly, porcelanite as porous material make UPV
decrease due to the high voids within RCC.

Leslie and Cheesman, 1949, and IS: 13311-Part I, 2002, listed UPV ranges to indicate the
homogeneity and quality of concrete as shown in Tables (2-9) and (4.12). All calculated UPV
results show that the internally cured and reference RCC specimens in all methods of curing and for
all ages are higher than that of (4.575 and 4.5 Km/sec) respectively. This means homogenous RCC
with high quality can be obtained by these proportions, compaction and curing methods.

Apparently, introduction of highly porous LWA into the dense cement matrix increases the
voids volume and thus permeability and diffusivity of concrete. The results demonstrated that the
voids volume of the RCC specimens that were cured in different curing methods decreases with the
progress of the age; this may be due to the fact of the continuous hydration process and the ability
of the paste to fill voids in the mixes.

Porcelanite may have a positive effect on RCC properties, as mentioned before, like
improving elastic compatibility with cement paste that will lower micro cracking, improving
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Interfacial Transition Zone (ITZ) between porcelanite and cement paste matrix which effect on
permeability, eliminate or reduce cracks due to autogenous shrinkage.

For all that, the replacement with 5% porcelanite gave the lowest voids volume that can be
achieved and which is better than that of reference RCC and other percentages of replacements. The
percentage of decrease in voids volume at 5% porcelanite percentage for 28 and 90 day ages using
air, and permanent curing methods compared to reference RCC is in the range of (9.7-34.4) % and
(13.7-31.6) % respectively.

Voids volume of RCC specimens having other percentages of replacement of porcelanite in
all methods of curing show higher percentages of variations than that of reference RCC, the range
of variations is in the range of (-0.9-135.3) %. This behavior may be due to increase in the quantity
of porcelanite aggregate with the increases in percentage of replacement which consequently
increase the IC water which forms large pores inside concrete and reduces the integrity of the ITZ.
This will increase the voids volume of RCC concrete. The other possible reason is the increase in
Porcelanite replacement percentage leads to increasing the voids volume of fine aggregate which
increases voids volume of the paste.

6. CONCLUSIONS
The following conclusions can be drawn from analysis of the results of experimental work
which has been done to assess the effect of using porcelanite on RCC:

1. Porcelanite aggregate (light weight cheap and local material) could be used as an internal curing
agent by a partial replacement material of fine aggregate.

2. Best percentage of porcelanite used is 5% as a percentage (volumetric) replacement of fine
aggregate. This percentage gave an improvement in UPV and Voids volume of RCC.

3. Three methods of curing (air, permanent and 7 day water curing) were used in this study.
Permanent water curing has great effect on UPV and Voids volume of RCC specimens than other
curing methods for the same RCC mixture.

4. The results of Voids volume and UPV of 5% porcelanite replacement RCC and using air are less
than that of the reference RCC using permanent water curing. This result could be very beneficial
in practical work in road application fields.

5. UPV of RCC is improved by internal curing with 5% porcelanite replacement and has the
highest value compared to the other mixes which ranges between (4.81-5.34 Km/s), (4.87-5.15
Km/s) for reference RCC and (4.6-5.13 Km/s) for others.

6. Voids volume of RCC samples with porcelanite percentage 5% cured with three methods of
curing is lower than that with reference RCC cured with permanent curing at all ages.
Reference RCC exhibits lower Voids volume than specimens cured with other curing methods
and at (8, 12, 16 and 20) % porcelanite replacement.
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NOMENCLATURE

A= mass of oven-dried specimen in air, gm

C= mass of surface-dry specimen in air after immersion and boiling, gm
D= apparent mass of specimen in water after immersion and boiling, gm
V= pulse velocity (m/sec).

L= distance between transducers, (m), and

T= transit time (sec).

Vol. = the volume of the cylinder mould, cm3.

Wm = the wet weighting of mixture, gm.

vd = the dry density, gm/cm?®.

ywet = the wet density, gm/cm?.

o = the moisture content, %.

CONCRETE
RIGID

RCC PAVEMENT

N

Figure 1. Multiple personalities, Adaska and Tull (PCA) (2011)
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Table 1. Physical properties of SRPC *

Journal of Engineering

Properties Physical Test Result 1QS (N0.5:1984) limits
Specific surface area, Blaine method, mzlkg
* 324 >250
Setting time , Vicat’s Method
Initial setting , hr. : min 1:30 > 45 minutes
Final setting , hr. : min 3:40 < 10 hours
Compressive Strength MPa
3-days 185 >15
7-days 23.2 >23

* Performed by the IGSB.

Table 2. Chemical composition and main compounds of SRPC *

Oxide composition % by weight 1QS (N0.5:1984) limits
Si02 21.58
CaO 62.2
MgO 2.75 < 5.0
Fe203 4,76
Al203 3.94
SO3 2.23 <25
Loss on ignition 2.5 < 4.0
Insoluble residue 0.71 < 1.5
Lime saturation factor 0.88 0.66-1.02
Main compounds ( Bogue’s equations ) **
C3S 49.57
C2S 24.47
C3A 2.38 <35
CAAF 14.48

* Performed by IGSB.
** According to, ASTM C 150, 2005.

Table 3. Properties of coarse and fine aggregate*

Type of aggregate Bulk Specific Gravity | Absorption | SOs; %
coarse aggregate 2.56 0.6 0.06
fine aggregate 2.76 1.2 0.3

* Performed in laboratory of Building Materials-University of Baghdad.
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Table 4. Grain size distributed used for RCC
Sieve Size | Finer by weight Grading SCRB 2003 Grading ACI 325.10R & ACI
(mm) % 211.3R
25.4 100 100 100
19.2 94 90-100 82-100
125 80 70-90 72-93
9.5 71 56-80 66-85
4.75 56 35-65 51-69
2.36 40 23-49 38-56
0.3 12 5-19 11-27
0.075 3 3-9 2-8
Aggregate grading (SCRB)&(ACI)
100
90
30
= 707 ——Minimum SCRB
°§ 60 Maximum SCRB
4 50 center
& 40 ] Minimum AC|
20 | Maximum ACI
20 A
10
0 . ‘ .
0.01 0.1 1 10 100
Sieve Size (mm)

Figure 2. Grading of aggregate according to SCRB (2003), ACI 325.10R (2001) and ACI 211.3R (2009).

Table 5. Some physical properties for porcelanite aggregate *

Property Test result
Specific gravity 1.68
Absorption, % 42
Dry rodded unit weight ,kg/m3 860**

* Physical properties testing were performed by IGSB.
** Within the limits of ASTM C330 (2005) (1120 kg/m3 max.) for fine aggregate.
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Table 6. Chemical properties for porcelanite aggregate *

Oxide composition % by weight

Si02 70

CaO 8.2

MgO 2.75

Fe203 0.98

Al203 3.33

SO3 0.1

Loss on ignition 9.5

* Chemical properties testing were performed by IGSB.

Table 7. Velocity criterion for concrete quality grading, 1S: 13311- Part | (2002)

Pulse velocity by cross-probing,Km/sec. Concrete quality grading
Above 4.5 Excellent
3.5t04.5 Good
3.0t03.5 Medium
Below 3.0 Doubtful

Table 8. Suggested UPV for concrete, Leslie and Chessman (1949).

General condition Ultrasonic pulse velocity (Km/sec)
Excellent > 4.575
Good 3.66 — 4.575
Questionable 3.05 - 3.66
Poor 2.135-3.05
Very poor <2.135

Figure 3. Mould of slab specimen

Figure 4. Roller compactor apparatus
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Figure 5. Dry density-moisture content relationships for different RCC mixtures
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ABSTRACT

Test results of nine reinforced concrete one way slab with and without lacing reinforcement are
reported. The tests were designed to study the effect of the lacing reinforcement on the flexural
response of one way slabs. The test parameters were considered is the lacing steel ratios of (0,
0.0025, 0.0045, and 0.0065), flexural steel ratios of (0.0025, 0.0045, and 0.0065) and span to the
effective depth ratios of (11, 13, and 16). Two specimens had no lacing reinforcement and the
remaining seven specimens had the lacing reinforcement. Four point bending test were carried
out, one of the specimens was tested under the static load applied gradually up to failure and the
other specimens were tested under repeated load (5 cycles) loading-unloading to 80% of the
ultimate load of the control specimen then loaded manually by the hydraulic jack up to failure.
The specimens showed an improving in ultimate load capacity ranged between (54.54% - 100%)
as a result of increasing the lacing steel ratio to (0.0065) and decreasing the span to effective
depth ratio by 31.25% respectively with respect to the control specimen. Additionally the using
of lacing steel reinforcement leads to reducing the residual deflection by about (57.24%) for the
specimen with the largest lacing reinforcement compared with the control specimen (without
lacing reinforcement).

Key words: laced one way slab, reinforced concrete, crack, residual deflection, repeated loading.
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1. INTRODUCTION

Traditional reinforced concrete (RC) is known to have limited ductility and concrete
confinement capabilities. The structural properties of RC can be improved by modifying the
concrete matrix and by suitably detailing the reinforcements. A laced element is reinforced
symmetrically, i.e., the compression reinforcement is the same as the tension reinforcement. The
straight flexural reinforcing bars on each face of the element and the intervening concrete are
tied together by the truss action of continuous bent diagonal bars as shown in Fig. 1. The dashed
lacing bar indicates the configuration of the lacing bar associated with the next principal steel
bar. In other words, the positions of the lacing bars alternated to encompass all temperature steel
bars. Laced reinforced concrete (LRC) enhances the ductility and provides better concrete
confinement, UFC 3-340-02, 2008.

The primary purpose of shear reinforcement is not to resist shear forces, but rather to improve
performance in the large-deflection region by tying the two principal reinforcement mats
together. In the design of conventional structures, the primary purpose of shear reinforcement is
to prevent the formation and propagation of diagonal tension cracks, Stanley Woodson, 1992.

A repeated load is a force which is applied many times to a member, causing stress in the
material that continually varies, usually through some defined range. If a stress is developed in a
member and then released, the member is said to have been subjected to a cycle of stresses.
Further, if a tensile stress has been developed, and released, and then a compressive stress is
developed, and this stress then is released, the member is said to have been subjected to a
reversed cycle of stresses or, briefly, to a reversal of stresses, the reversal of stresses is complete
if the opposite stresses are of equal magnitudes.

Investigations were carried out by Lakshmanan et al., 2008, to study the behavior of laced
reinforced concrete beams with and without steel fibers under shear loading. Reversed cyclic
shear loading tests were also carried out on the LRC beams with and without steel fibers.

Behaviour of LRC and its application for blast resistant design has been discussed in details by
Lakshmanan, 2008. Response of LRC beam under low shear, span to depth ratio is also
presented. It was also observed that cyclic ductility is significantly lower than static ductility for
these beams.

Behavior of the concrete one way slabs reinforced by the steel bars made of scrap metals and
subjected to cyclic load with different cycles loads were conducted by Adom-Asamoah and
Kankam, 2009, as a results of this study, the stiffness of slab, failure load, and the ultimate
deflection were reduced when comparing the behavior of the specimen tested under monotonic
load with that subjected to cyclic loading.

Sivagamasundari and Kumaran, 2011, investigated the behavior of the one-way slabs
reinforced with Glass Fiber Reinforced Polymer GFRP bars and compared with those of
traditionally reinforcement subjected to cyclic loading with variable and constant amplitude
fatigue loads. A nonlinear finite element analysis is also performed by considering the material
nonlinearity for the entire size of the specimens; a good agreement was evident on comparison
the analytical model results with the experimental test results.

Anandavlli, 2012, applied reversed cyclic load on two Laced Steel Composite Concrete (LSCC)
beams, one of them for 45° and another for 60° lacing angle. Reverse cyclic loading consists of
loading and unloading the beam in both the directions alternatively.
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2. RESEARCH SIGNIFICANCE

To know the effectiveness of the lacing reinforcement on the behavior of the one way slab. A
better understanding of the contributions of the shear reinforcement will allow the designer to
compare the benefits of using (or not using) shear reinforcement. The repeated response of laced
reinforced concrete one way slab under four point bending test was studied experimentally. The
tests focused on the influences of lacing steel ratio, flexural steel ratio and clear span to effective
depth ratio of slab.

3. TEST SPECIMENS

The slabs were designed to reflect the interaction of the lacing reinforcement with the other
primary parameters. All slabs were designed to be simply supported conditions, the dimensions,
and steel reinforcement ratios were selected according to ACI 318M-2014 code, and to satisfy
and meeting with UFC 3-340-02, 2008, requirements for the laced reinforced concrete
structures. Details of the test specimens, both with and without laced reinforced steel are
discussed hereafter. The dimensions of the tested slabs are (2000mm x 700mm) and different
thickness of (135mm, 160mm, and 185mm). Two of these slabs were without lacing
reinforcement (reference specimens), and seven specimens were having the lacing reinforcement
with 45° lacing angle, with various tension steel ratio (pt=0.0025, 0.0045, and 0.0065) lacing
steel ratio (ps=0.0025, 0.0045, and 0.0065), and clear span to effective depth ratio (L/d=11, 13,
16), as shown in Fig. 2. A total of nine specimens (SS45/0, RS45/0, RS45/25, RS45/45,
RS45/65, RS25/45, RS65/45, RM45/25 and RL45/25) were tested. The specimen designation
can be explained as follows. The first symbol indicates the type of load (S=static load and
R=repeated load) the second symbol indicates the thickness of slab (S=small thickness=135mm,
M=medium thickness=160mm, and L=large thickness=185mm), the third symbol before slash
indicates the flexural steel ratio (25=0.0025, 45=0.0045, and 65=0.0065), and the last symbol
denotes to the lacing steel ratio (0=no lacing reinforcement, 25=0.0025, 45=0.0045, and
65=0.0065). The entire characteristics and details of the tested specimens are listed in Table 1,
and Table 2 shows the details of each group.

The properties of the steel used in the reinforcing mats of the slabs are listed in Table 3. The
specimens were constructed using a normal density concrete with a compressive strength of
approximately 30 MPa. A mechanical mixer was used to produce the concrete using normal
Portland cement, fine aggregate, and crushed coarse aggregate of 19 mm maximum nominal
size. The mixing processes were performed according to the procedure of ASTM C192-2002.
Table 4 lists the final strengths based on the average values from the tests performed on at least
three 150 x 300mm cylinders for each test specimen. The tensile strength of the concrete was
determined by performing the split cylinder tests.

4. INSTRUMENTATION

The instrumentation of the slab specimens was designed to register the maximum quantity and
most reliable data of local strains, deflections and crack widths, to achieve the behavior of the
laced reinforced concrete one way slab. Uniaxial electrical resistance (foil) strain gauge was the
adopted method to measure the strain in both concrete and steel. Two different sizes of pre-wired
strain gages of (120Q) resistance, made in Japan for TML, were used in the test, All the used
types of strain gauges were normally installed by the recommended adhesive (CN-E and CN-Y)
before which the contact surface was suitably prepared. In order to measure the vertical
deflection of the tested slabs LVDT (Linear variable deferential transformer) was adopted tool to
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measure the deflection at mid span and at the two thirds part of the tested slab, were fixed to
lower steel beams of the testing machine under the tension face of the specimens.

5. TEST PROCEDURE

All specimens were tested using the hydraulic testing frame. The specimens were a simply
supported condition on the shorter opposite sides, where the specimen was placed inside the
testing frame so that supports lines, points load, LVDT were fixed in their correct locations, as
shown in Fig. 3. The specimens were loaded by two equal lines load at third parts of the tested
slab (four point bending test). The static load was increased gradually by a step load of (3.63 kN)
up to failure. Repeated load was applied by incremental loads gradually up to (80%) of the
ultimate load level of the control specimen (SS45/0) and then release the load gradually to zero
with (5 cycles) loading-unloading. Then the slabs were loaded manually up to failure by using a
hydraulic jack of (500 kN) capacity.

At each loading stage, the test measurements included the magnitude of the applied load,
deflection of the slab at three locations, cracks width, strain in steel reinforcement (tension and
lacing steel bars), and strain in compressive face of slab were recorded. At the end of each test,
the cracks propagated were marked and the crack pattern and mode of failure for each specimen
were carefully examined.

6. TEST RESULTS AND DISCUSSION
6.1 General Behavior and Crack Patterns

For a simply supported one-way slab subjected to equal line loads at the third points, the middle
third of the span is subjected to pure bending (such that it is under zero shear and maximum
bending moment); whilst the remaining sections experience maximum shear force and varying
bending moment. The middle third experiences the largest strains and therefore the concrete
beneath undergoes cracking first. Then, the first crack growths slowly across the width of the
slab (i.e. parallel to the supports). Development and formed of flexural cracks occurred parallel
to that crack and slowly propagated throughout the thickness of the slab, on increasing the
application of static load. Fig. 4 shows the crack pattern of the static tested specimen at failure. It
is clear from this figure that the generated flexural cracks are approximately parallel and did not
show any cracking on either side of the specimen near the support regions. Also, the crack
patterns of the specimens tested under repeated load Fig. 5-a to 5-h are approximately same that
for the specimen under static load. Further development of cracks occurs and width of cracks, on
increasing the number of loading cycles for the specimen under repeated load. Generally it is
noticed that the cracks develops and growths throughout the slab thickness on increasing the
applied load are parallel and vertically up to failure for the specimen without lacing
reinforcement. While the cracks are curved and connected together through the slab thickness for
the specimens with lacing reinforcement, and this overlap increase as the lacing steel ratio
increased, as illustrated in Fig. 6-a and 6-b respectively. Finally, the modes of failure for
specimens occurred by excessive yielding of tension steel reinforcement and followed by
concrete crushing at the top surface of the slab at failure.

6.2 Cracking and Failure Loads

The experimental results for cracking and ultimate loads of all specimens are listed in Table 5.
The first cracks (flexural) occurred at a load range of about (18.18% to 24.07%) of the ultimate
load capacity of these specimens.
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Also, from the experimental testing results, it is demonstrated that the ultimate load increased as
the lacing steel ratio for the specimens RS45/25, RS45/45 and RS45/65 increased by about
(22.73%, 45.45%, and 54.54%) respectively with respect to the specimen RS45/0 (without lacing
reinforcement). For the specimens of the different flexural steel reinforcement ratio and the same
lacing steel ratio, it is observed that a slightly increase in the ultimate load capacity of the
specimen RS25/45 on that recorded for the specimens RS45/45 and RS65/45. This is because of
using the lacing reinforcement caused by decreasing the effect of the flexural reinforcement and
this may be explained as the de-bonding between the concrete and the steel reinforcement for the
specimen RS25/45 occurs at the load level higher than that for the other two specimens. As
expected, the ultimate load capacity increased by increasing the slab thickness, where the load
increase by about (51.85% and 100%) for the specimens RM45/25 and RL45/25 respectively
with respect to the specimen RS45/25.

6.3 Load-Deflection Response

The vertical deflection is measured at the middle of the slab and beneath the points load at each
load step; the behavior of the specimens is compared with the behavior of control specimen for
each group at the failure load stage. Generally, when a specimen is subjected to a gradually load
increase, the deflection increases linearly with the load in an elastic range. After the cracks start
developing, deflection of the slab increases at a faster rate. After cracks have developed in the
slab, the load-deflection curve is approximately linear up to the yielding of flexural
reinforcement after which the deflection continues to increase without an appreciable increment
in load. Load-displacement response of the slab tested under static load is shown that the failure
load is found to be (83.49 kN). Therefore, the amplitude of the repeated load is taken as 80% of
this load as shown in Fig. 7.

It is demonstrated that as the lacing steel ratio increase, the deflection for the specimens
RS45/25, RS45/45, and RS45/65 decrease by about (27.83%, 47.94%, and 50.22%) respectively
compare with that of the specimen RS45/0 at the failure load, as illustrated in Fig. 8. For the
specimens with the same ratio of the lacing steel reinforcement RS25/45, RS45/45, and RS65/45
and the different flexural steel ratios, it is noticed that the load-deflection behavior is
approximately identical, and there is a clear interaction between the curves as shown in Fig. 9.
Then, the deflections were reduced by about (74.42% and 79.93%) for the specimens RM45/25
and RL45/25 respectively compared with the deflection at the failure load of the specimen
RS45/25, this is due to the significant effect of increasing the slab thickness to increase the
stiffness of the specimens, as shown in Fig. 10.

6.4 Residual Deflection Response

The experimental test results showed that there is an increase in deflection at the same point and
the same increment of the load with an increase a number of cycles of loading for all the
specimens. That causes slab not to return to the original position when the load decreased to zero
level at the end of each cycle of loading. The lacing reinforced slab exhibited the lowest residual
deflection and greatest stiffness. Among the five load cycles at a level of (80%) of the control
specimen SS45/0, it is always the first cycle that is found to absorb more energy of the slab.
Energy absorbed in the other cycles is found to be lower than that absorbed in the first cycle for
the specimens.

It is noted that the increasing of the lacing steel ratio reduced the residual deflection for the
specimens RS45/25, RS45/45, and RS45/65 by about (9.6%, 45.55%, and 57.24%) respectively
with respect to the specimen RS45/0 as shown in Fig. 11. It’s observed that the increasing of
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flexural steel reinforcement ratio for the specimens, RS45/45 and RS65/45 causes increasing in
the residual deflection by about (52.94% and 73.53%) respectively with respect to the specimen
RS25/45. This is due to increase the stiffness of the specimens, and the reinforcement in the
slabs were not able to return to dissipate energy without permanent deformation, as illustrated in
Fig. 12. Also, as the depth of the slab increases, the stiffness will be increased. As a result, the
deflection at the peak load of the first cycle will be decreased, then the residual deflection for the
specimens RM45/25 and RL45/25 are reduced by about (59.46 % and 77.22%) respectively with
respect to the specimen RS45/25 as shown in Fig. 13.

6.5 Load-Strain Relations

The load-strain relations of steel reinforcement and the compression concrete surface were
measured to get a better understanding for the response and behavior of the laced one way
reinforced concrete slab. Strain gauges of (60 mm) length were installed on the top concrete
surface to measure the compressive strain of concrete. Generally, it is so clear that the effect of
lacing reinforcement to restrain the flexural reinforcement through its plastic region for all
specimens with lacing reinforcement compared with the specimen without lacing reinforcement
SS45/0.

Figs. 14-a to 14-c illustrate that the flexural steel reinforcement is yielded with recorded the
tensile strain by about (3121-4089) microstrains and the maximum compressive strain of the
concrete was (2055) microstrain, while the lacing bars within the elastic range by the tensile
strain of (806-994) microstrains at the service load stage of the specimens RS45/0, RS45/25,
RS45/45, and RS45/65B. Then the compressive strain of the concrete reached to (3835-5340)
microstrains and increasing the tensile microstrain of the lacing reinforcement to (2709-3157) at
the ultimate load of specimens, while the flexural steel reinforcement were re-strained.

The effect of increasing the flexural steel ratio of the specimens RS25/45, RS45/45 and RS65/45
on the load-strain curves were illustrated in Figs. 15-a to 15-c. It can be seen that there is
significant record in tensile strain of the flexural steel reinforcement by about (4014-5380)
microstrains, the compressive strain of concrete was ranged by (1587-2173) microstrain and the
lacing steel reinforcement was recorded (705-1126) microstrains at service load. Then
compressive strain of the concrete reached to (4114-5621) microstrains, and the lacing steel
reinforcement recorded the tensile strain by about (2113-3895) microstrains at the ultimate load
of specimens, the similar re-strained behavior was previously explained for the flexural steel
reinforcement is observed.

It is demonstrated that from Figs. 16-a to 16-c the flexural steel reinforcement is yielded with the
tensile strain range of (3348-4514) microstrains, and recorded the compressive strain at the top
surface of concrete by about (1318-1838) microstrains, while the lacing reinforcement recorded
the tensile strain by about (504-1389) microstrains at the service load stage of the specimens
RS45/25, RM45/25, and RL45/25. These values increase to (4208-4721) microstrains at the top
of concrete and (2709-4856) microstrains for the lacing steel reinforcement at the ultimate load
stage of specimens, while the flexural steel reinforcement is re-strained at the plastic region
because the effective of using the lacing steel bars.

7. SUMMARY AND CONCLUSIONS
The main conclusions can be summarized as follows:-

1. The crack pattern and mode of failure for the specimen tested under repeated load were
similar to that described in the similar specimen tested under static load.
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2. The ultimate load for specimen tested under repeated load was smaller than that of
similar specimen subjected to static load.

3. The first cracking load increased by about (40%) for the specimen with highest lacing
steel ratio, and by about (116.67%) for the specimen with lowest L/d ratio with respect to
the control specimen for each group.

4. The ultimate load showed increase with increasing the lacing steel ratio, where the
ultimate load for the specimen with the highest lacing steel ratio was (54.54%) greater
than the control specimen.

5. The ultimate load capacity enhanced by (100%) as a result of decreasing the (L/d) ratio to
(31.25%) with respect of the control specimen.

6. The ultimate deflection for specimen subjected to repeated load was smaller than of
similar specimen tested under static load.

7. It is observed that with the increase in the number of load cycles, the corresponding
deflection and number of cracks increased.

8. Residual deflection reduced by about (57.24%) for the specimen with the largest lacing
reinforcement compared with the control specimen (without lacing bars).

9. Repeated loading produces a residual deflection which increases with the increased the
flexural steel ratio, and the (L/d) ratio.

10. The flexural steel reinforcement is not able to return to dissipate energy without
permanent deformation.
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Table 1. Characteristics of the tested slabs.
Slab , [Tension|Lacing
Specimen | . — | steel | steel Lacing steel Flexural steel
No. . . _[thickness| d ) ) ) .
designation (mm) |ratio ratio | ratio details details
(pt) | (ps)
1 | SS45/0 135 | 16 [0.0045| O Without lacing | 8 mm at 100 mm
2 | RS45/0 135 | 16 [0.0045| O Without lacing | 8 mm at 100 mm
6 | RS25/45 | 135 | 16 |0.0025|0.004 |@6 mm at 60 mm | 06 mm at 100 mm
Table 2. Details of slab groups.
Group Description Specimens
L _ SS45/0 (ps=0)
a='° PE=000 19 Reus (ps=0)
| , _ 2. RS45/25 (ps=0.0025)
ps Variable (Lacing) 3. RS45/45  (ps=0.0045)
4. RS45/65  (ps=0.0065)
L_ B 1. RS25/45  (pt=0.0025)
a1t ps=00045 15 Reysus  (pr=0.0045)
_ 3. RS65/45  (pt=0.0065)
pt Variable
pt = 0.0045, ps =0.0025 | 1. RS45/25  (d=112.5mm, L/d=16)
i 2. RM45/25  (d=137.5mm, L/d=13)
g — Variable 3. RL45/25  (d=162.5mm, L/d=11)

Table 3. Properties of steel reinforcement.

Nominal diameter | Measured diameter Yield stress Ultimate strength
(mm) (mm) fy (MPa) Fu (MPa)
6 5.83 724.4 777.4
8 7.87 626.24 775.34
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Table 4. Mechanical properties of concrete.
Compressive strength at | Modulus of Stpelriltstiilr;g Modulus of
Speci time of specimen testing | rupture f, at elasticity at
pecimen - strength f; at :
(MPa) time of : time of
- time of .
ID specimen specimen specimen

f, f, testing E[)esting testing
(MPa) (MPa) (GPa)
SS45/0 42.92 35.28 3.87 3.57 24.43
RS45/0 47.90 36.14 3.7 3.58 29.32
RS45/25 45.57 37.15 3.78 3.74 25.32
RS45/45 41.15 33.43 3.7 3.39 22.18
RS45/65 42.28 34.58 4.2 3.22 24.01
RS25/45 44.44 37.57 3.72 3.82 28.09
RS65/45 45.08 34.77 3.52 3.15 25.83
RM45/25 43.62 36.81 3.74 3.68 25.82
RL45/25 4551 34.23 3.56 3.12 25.23

Table 5. Cracking and ultimate loads of test specimens.

Crack Ultimate % %Increase in | %lncrease in
_ load (Pcr) | load (Pu) | pcr/pu | first cracking | ultimate load
Specimens (kN) (kN) load with with respect
respect to to control
control

SS45/0 18.15 83.49 21.74 Ref. Ref.

RS45/0 18.15 79.86 22.73 Control Control

Group RS45/25 21.78 98.01 22.22 20 22.73
I RS45/45 25.41 116.16 21.87 40 45.45
RS45/65 25.41 123.42 20.64 40 54.54
RS25/45 21.78 119.79 18.18 Control Control

Grﬁ”p RS45/45 | 2541 116.16 | 21.87 16.67 13.03
RS65/45 25.41 112.53 22.58 16.67 -6.06
RS45/25 21.78 98.01 22.22 Control Control

G:cl’lu'o RM45/25 | 32.67 14883 | 21.95 50 51.85

RL45/25 47.19 196.02 24.07 116.67 100
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Figure 1. Typical laced reinforced concrete structural element.
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a. Longitudinal section in slab without lacing reinforcement.
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b. Longitudinal section in slab with lacing reinforcement.

Figure 2. Details and dimensions of the tested slab specimens.
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c. LVDTs Arrangement.
Figure 3. Photographs of specimen and instruments setup.
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I —————

a. specimen RS45/0. b. specimen RS45/25.
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g. specimen RM45/25. h. specimen RL45/25.

Figure 5. Cracks patterns at the tension face of the specimens tested under repeated load
after failure.
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b. specimen with lacing reinforcement.

Figure 6. Typical cracks pattern at the side face of the specimens tested after failure.

140
] —S58545/0
120
] ——RS45/0
100
80 —

N
o

Load (kN)
3

N
o
Ll

o
51
R:

0 10 20 30 40 50 60 70
Central Deflection (mm)

Figure 7. Load-central deflection behavior for the specimens without lacing reinforcement.
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Figure 8. Influence of the lacing steel ratio on load-central deflection behavior for group (1).
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Figure 9. Influence of the flexural steel ratio on load-central deflection behavior for group (I1).
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Figure 10. Influence of the L/d ratio on load-central deflection behavior for group (11).
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Figure 11. Influence of the lacing steel ratio on the central Residual deflection of group ().
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Figure 12. Influence of the Flexural steel ratio on the central Residual deflection of group (11).
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Figure 13. Influence of the L/d ratio on the central Residual deflection of group (111).
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a. Load-strain curves at the flexural steel reinforcement.
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c. Load-strain curves at the lacing steel reinforcement.
Figure 14. Influence of the lacing steel ratio on load—strain curves at mid-span for group (1).
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c. Load-strain curves at the lacing steel reinforcement.
Figure 15. Influence of the flexural steel ratio on load-strain curves at mid-span for group (I1).
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a. Load-strain curves at the flexural steel reinforcement.

- 200
——— RS45/2 TS :
S45/25 ~ L - 180
— - RM45/25 -~ £ 160
¢ e, _ \ o
— —RL45/25 ~ \ E 140
1 E 120
. £ 100 Z
—] :
N \ E -g
60 S
- 40
E 20
LN RN I BN L RN N N I NN N I B N NN L BN B I N B N B B | 0
-6000 -5000 -4000 -3000 -2000 -1000 0
Concrete Microstrain
b. Load-strain curves at the top surface of concrete.
200 — =
180 P ——— RS45/25
] —
160 ] S — — - - RM45/25
b -
140 +—F — — —RL45/25
120 +—f e
Z 100 3+ R
< i 1
~ 80 1 4 //
© ]
S 60 A
- ]
40 3
20
0 1000 2000 3000 4000 5000
Lacing Steel Microstrain

c. Load-strain curves at the lacing steel reinforcement.
Figure 16. Influence of the L/d ratio on load-strain curves at mid-span for group (I11).
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ABSTRACT

|mpact of buildings in Iraq and other countries on the environment is obvious; this problem
began to take scientific and humanitarian dimensions in order to reduce and eliminate this
problem. This impact can be seen through the energy, water and raw materials consumed for the
establishment, operation and maintenance of these buildings, as well as the emissions of
hazardous gases and generations of solid wastes.

This work was conducted to assess the current maintenance managerial practice for the

governmental buildings to stand on the main obstacle and extrapolation of measures by means
of interviews with experts to determine the effective factors and closed questionnaire to state the
features and the need for new building maintenance management system which may assist for
modeling new building maintenance management system which may help to reduce the
deterioration levels of governmental buildings and the emission of hazardous gases and solid
waste with cost efficient approach.

Key words: Buildings, maintenance, sustainability, management.
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1. INTRODUCTION

Governmental buildings share the same fact that all of them need to be maintained to perform as
they designed and constructed for, and to meet the new requirements of sustainability
represented by its three aspects (Environment, Social, and Economy).

While more recent studies have considered the maintenance of buildings of the most important
phases of the project management due to of the long time period represented by the ratio to the
period of the project life, it has been found that the number of researches and studies written in
this area in Iraqi literature is still humble.

Buildings in general are responsible for 48% of the emissions that affected the ozone layer,
consumed 40% of natural resources, and about 60% of the total consumption of energy to be
used for air conditioning and lightening, Ahn, 2008. Fig.1 shows the CO, emission according to
sectors. Instead of that and according to natural wear and tear, buildings systems and
components deteriorate and need to be maintained by different methods of building maintenance
practices. Governmental buildings in Iraq as the main concern of this research is very important
and considered essential because of the huge amount of resources spent for constructing them;
therefore the need for maintaining them as well as the current practices and procedures need to
be assessed in order to find the main characteristics and features of the current system which
may assist in improving the maintenance management procedures basing on best available
scientific practices.

2. BUILDING MAINTENANCE CLASSIFICATION

Several types of building maintenance are used according to the availability of resources,
experts and the criticality and emergent status of the deteriorated or broken part of the building.
Maintenance can be identified through a number of specific types and can be classified in a
number of different ways (In BS 3811: 1984 and, the European EN 13306, maintenance can be
subdivided in the way described in Figs. 2, 3, and 4, Chanter, and Swallow, 2007.

2.1. Corrective Maintenance

This type is also known as breakdown, failure based, run to failure or unplanned maintenance, is
the simplest type of classical maintenance policies where an item is used until it breaks/faults
with the only activity centering on repair and servicing of the parts. Corrective maintenance
can be subdivided according to whether it is executive or deferred to a later date, and perhaps
included in a longer run maintenance plan Cruzan, 2009.

Corrective maintenance approach leads to more degradation of the building structure and
systems, and therefore, the progress of future maintenance activities will be more difficult and
more expensive.

In real condition, corrective maintenance might not be avoided in the building life cycle, as an
example, the damage caused to buildings by natural calamities or accidents like wars. Often,
building fabrics are maintained on a corrective basis.

Corrective maintenance is unrestrained and involuntary in nature therefore, if no alternative
strategy put in place, the building structure will continue to deteriorate until exhaust of proper
maintenance and this will lead to further decay, degradation, and failure.

The emphasis of this research is that corrective maintenance should be reduced to the minimum
and it should be applied with less disturbance and disruption to works taking place inside and/or
around the building.
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2.2. Preventive Maintenance

Refers to situations where repairs and/or replacement take place without the incidence of any
specific fault. The plan is to prevent failures. In many preventive maintenance models, the
system is assumed to be as good as new after each maintenance whereas a more realistic
situation is one in which the failure pattern of a preventively maintained system changes to
somewhere between as good as new and as bad as old, Lind, and Muyingo, 2012. The
preventive maintenance effects can be subdivided into a perfect, a non-effect and an imperfect
effect where:

a- The perfect effect restores the system to good-as-new,

b- A non-effect to bad-as-old,

c- An imperfect effect to partly good.

Ryan Cruzan judged that it is from the technical point of view “Preventive maintenance is a
scheduled program of regular inspections, adjustments, lubrication, or replacement of worn or
failing parts in order to maintain an asset’s function and efficiency”, Cruzan, 2009.
Olanrewaju, and Abdul-Aziz, 2015 stated that preventive maintenance can make a reduction
in the total maintenance costs by about 15 % if introduced properly. Preventive maintenance can
be subdivided the following kinds:

2.2.1. Condition-based maintenance

Condition based maintenance (CBM) is kind of preventive maintenance where the object is
inspected on a regular basis and the object serviced or replaced when a certain condition is
observed. Sophisticated signal processing tools are used to monitor the condition of the
buildings. As an example, vibration measurement, non-destructive testing, thermography,
transducers, and spectroscopy make it possible to perform non-intrusive inspection in order to
monitor the conditions of buildings. This kind of maintenance sometimes referred to as
(predictive maintenance) Saranga, 2002.

2.2.2. Opportunistic maintenance

A new concept arises here that is Opportunistic maintenance: This concept covers the case
where various things are done because there arises an “opportunity” to carry out a certain
activity in a cost-effective way. Opportunistic maintenance figured as a sub form of condition-
based maintenance (CBM) where maintenance and replacement decisions are based on the state
of the rest of the system. Typically during the performance of a scheduled or unscheduled
maintenance action, a situation might arise where it is cost effective to carry out corrective
maintenance on another previously undetected failing item or to reschedule another maintenance
activity so as to take the advantage of scale economies in the ongoing activity. Genetic
algorithms or robust optimization can be used to decide on whether a particular item needs
opportunistic maintenance and how cost effective this would be in comparison to a later
grounding, Lind, and Muyingo, 2012.

2.2.3. Time-based maintenance

It is another kind of preventive maintenance, where tasks are performed at a frequency dictated
by the passage of time, regardless of the actual condition of an item. This type of maintenance
may at times create problems where not existed before, Lind, and Muyingo, 2012.

2.2.4. Proactive maintenance
Very similar to the condition based maintenance and is cheaper in the long run when compared
with other strategies of maintenance Olanrewaju, and Abdul-Aziz, 2015.
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It is focusing on the root cause instead of the symptoms of the damage. Cause and effect
analysis, which is the determination of the mechanisms and causes of building faults, is crucial
in proactive maintenance.

The basic assumption in proactive maintenance is the removal of the causes of defects from all
sources. Then correction of the fundamental causes of building failures can be occurred, and the
failure mechanisms can be gradually engineered out of each building system and this leads to
improve the efficiency of the building. Tablel describes the logic behind each maintenance

type.

2.3. Maintenance vs. Improvement

It is essential to clarify the difference between maintenance and improvements; maintenance is
the activities which return back the quality of service and the performance for each deteriorated
system or sub system to the designed levels, while the improvement is meeting the new user and
technical and regulations requirements Fig. 5, Stanford, 2010, sometimes maintenance concept
has been referred to by the expression (adaptive concept) while improvement concept has been
referred to by the expression (perfective concept).

2.3.1. Adaptive concept

This concept involves adjusting or adapting the service system for changing to a different
service delivery. An example of this is changing the maintenance service of residential building
to academic building or changing from lecturer’s requirements to student’s requirements

2.3.2 Perfective Concept
This concept involves developing or acquiring additional service system or improving the
operation capability of the service system. This should not, however, be confused with
refurbishment work, as it does not involve changing the physical outlook of the building but
only the service provided.

3. METHODOLOGY

Building maintenance challenges need to be categorized and measured; therefore 18 key
questions considered as the most important concerns on building maintenance management from
the researcher point of view Table2, an open questionnaire built from these concerns in order to
assess the current maintenance management practice in Irag.

In order to prepare the assessment of the current maintenance management practice in Iraq the
researcher conducted a survey for the governmental buildings maintenance management
systems practice and procedures as:

3.1. Studying BMM System for Iragi Governmental Buildings-Part One:

A form was designed with open questions stemmed from the main concerns Tablel to
determine the main characteristics and features of the current BMM system by means of
personal interviews technique, the researcher spent around three months to make personal
interviews with staff from the upper and middle grades in many governmental buildings
management level personnel as shown in Table3.

The main inferences from this investigation were:

1- The BMM system is not clear, and on most cases the engineering affairs department is
responsible for new constructions and major rehabilitations while maintenance department or
units at most cases responsible for fixing the broken fixtures and broken systems; although there
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is some kind of preventive maintenance processes in maintaining HVAC systems and electrical
systems; there is no strict system for planning and execution for such practices. The
maintenance of building parts are usually postponed until the availability of fund or to next
rehabilitation.
2- Functional performance of building parts and components is more critical than conditional
status on consideration of maintenance work.
3- Estimating of required funds basically based on the expenses of previous years, with a
particular increment.
4- Replacement age and/or replacement models calculations are not conducted.
5- BMM software application was not detected.
6- Absence of electronic documentation for any of maintenance practices and information.
7- No user satisfaction evaluation was conducted.
8- No clear incentive system was connected with maintenance staff performance in order to
encourage them.
9- Measuring maintenance works productivity is neglected.
10- Investigations of the causes of failure were not conducted in most cases.
11- The work of building maintenance is not subject to any quality standard.
12-The interviewees also asked to give their opinion about the main constraints that may affect
the size and quality of the BMM system and the answers revealed that the main constraints are
the building size, building type, number of stories, building age, type of use, type of occupiers
and number of users. Another constraint is the budget deficits and the political, economic,
environmental, cultural and social determinants of budget deficits.
13- The factors that most affecting maintenance management, from the interviewees' point of
view depending on frequencies from the respondents answers. The researcher faced at this step
one of the main difficulties which is the lack of understanding of sustainability and sustainable
maintenance approach due to the recency of this concept which requires from the researcher
strenuous efforts to clarify it to the interviewees. Initially, forty eight factors were identified
then and by means of rigorous analysis, they were reduced to thirty two factors, the 32 factors
were later reduced to 24 factors which agreed as the key factors or the criteria affecting the
sustainable BMM, these factors are:

= Need for special experience.

= Building age.

= Initial cost.

» Maintenance cost.

= Community culture.

= Security aspects.

= Political issues.

= Need for special software.

* The ability to use recyclable materials.

= Time to response.

= Occupier health.

= Aesthetic appeal.

= Occupier safety.

= Occupier comfort.

= Wellbeing.

= Time to complete the work.

= Intense of use.

= Exposure to environmental effects.
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= Pollution.

= Need for special tools and appliances.

= Ability to recycling.

= Amount of resources consumed each year.

=  Amount of resources consumed for constructing the asset.
Need for special standards.

3.1.1. Actual maintenance practice
For Iraqgi governmental BMM procedure, it is concluded from the previous part of the work that
the current building maintenance work; in general, follows the steps represented by Fig.6

3.2. Studying BMM System for Iraqi Governmental Buildings-Part Two:

This part of the assessment done by means of closed questionnaire consisted from two sections,
the first section prepared to collect the general information about the experts who conduct the
assessment while the second section is consisted from four questions to assess the current
BMM.

3.2.1. Characteristics of respondents

Five questions set to collect the respondent personal information, the analyzed data showed
that the majority of respondents (79.2%) are public sector employees and the rest are private
sector employees Table4, 20% of the respondents from private sector and most of them are
engineers (90%) Table5, and some of them having PhD degree (20%), all the rest have BSc
degree, and 70% of the respondent from the private sector have experience more than 15 years
and 20% more than 10 years only one respondent have experience less than 10 years Table6.
Most of the respondent from the public sector were engineers and 95% of them having
experience more than 10 years. Only 5% of them having diploma, 52% have BSc degree, 23%
having master degree and 15% having PhD degree. 94% of all the respondents were engineers
and 6% working on administrative specialist Table7.

3.2.2. Analysis of Questionnaire

On the first question it is suggested that the maintenance management for governmental
buildings is very essential and it needs special care from all employees and especially from the
top management, 64.5% from the respondents agree with this suggestion and more than 33%
strongly agree while 2% were neutral with this suggestion Fig. 7, the mean of the responses was
4.31 according to the equation

in
i

n

1)

X =
While the standard deviation of 512 according to the equation
£ = >z - )" 2)

It can be concluded that the respondent agree with this suggestion.
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On the second question, the respondent asked to give their opinion if there is real need to
reconsider the current system of building maintenance management by improving the
procedures using the scientific approaches and considering the sustainability principles in order
to improve the social and community outreach and decrease the environmental impact beside the
economic growth, more than 60% of the respondents agree and about 30% strongly agree with
this opinion (half of them from the private sector, which means 70% of the respondents from the
private sector strongly agree), little more than 10% of the respondent were neutral with this
opinion all of them from the public sector, Fig. 8 and Table8 explain the statistics about the
need for new sustainable system for BBM with more detail.
Third question is built upon the main conclusion reached from the survey conducted on the
current maintenance management system on the part one of this study Paragraph 3.1,where it is
found that there is no obvious existing sustainable maintenance management system and what is
happening is correction action by maintenance units for what is broken while the engineering
affairs offices generally prepare and manage contracts for rehabilitation between whiles,
therefore the researcher seeks the expert opinions if they agree or not with this conclusion and
define the degree of agreement. The results in Fig. 9 were showing that more than 50% of the
respondents agree, about 20% strongly agree and around 30% had a neutral opinion.
Due to the importance of this question as a main conclusion from the surveys conducted in the
current maintenance management systems in Iragi government, it has been decided to further
analysis should be accomplished on the results of the answers of this question, therefore,
ANOVA test was conducted to measure the differences among scientific degrees groups, as
there are four basic assumptions used in ANOVA test:

1- The expected values of the errors are zero

2- The variances of all errors are equal to each other.

3- The errors are independent

4- They are normally distributed
The results are tabulated inTable9, it has been shown that the mean of all respondents is 3.85
which means almost all the respondents agree on the scale of this question as (agree = 4) with
Std. dev. of .684 according to equation 2. Considering the scientific degree of the respondents,
only one category which is the respondents who have diploma degree had standard error equal
to 1, and Std. dev. equal to 1.414, that result can be considered reasonable since there were only
two respondents in this category, for all other categories, the results are showing smaller error
value and Std. dev., so the answer of this question can be considered as agreed with the
researcher suggestion.
The fourth question of this part of questionnaire dealt with the method of delivering the
complaints. Seven methods suggested which were (internal mail, email, web site, fax, mobile,
phone, oral) another option is also applicable if the respondent have another method, the results
were as in Figure 10 as we can see that around 44% encourage the use of mobile and around
29% suggested to use the email, and around 15% suggested to use the website, 8% of the
respondents seems they encourage the traditional method of internal mail 75% of them had an
experience more than 15 years Tablel0.

4. CONCLUSIONS

As a one of the most sensitive stages of the construction management process, it has been found
that the maintenance stage is suffering from many deficiencies; planning and management
practices for managing the maintenance of governmental buildings in Iraq also has been found
not sufficient and it has been discovered that there is a consensus from the experts to the need of
rethinking and reviewing these practices in order to find a scientific way for modifying and
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upgrading these practices to catch up with the rapidly developed international sustainable
practices in this field of construction management.
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Tablel. The logic behind maintenance types.

IMaintenance Type Logic

Corrective maintenance Maintain when it failed

Preventive maintenance (Time-based) Maintain it regularly

Preventive maintenance (condition-based) Maintain it (just) before it failed
Opportunistic maintenance Maintain it if it is cost effective
Proactive maintenance Maintain the root causes the failure

Table2. Key questions for Sustainable building maintenance assessment.

Q1 Do you know everything about your buildings and your building maintenance management (BMM)
systems and procedures? What condition they are in, where they are, their contribution to value, and what
function they perform? Do you know the degree of accuracy of this information?

Q2 Do you know what is required from your BMM in the short, medium and long-term consideration?

Q3 Can your BMM deliver your buildings management objectives cost effectively?

Q4 Are you getting the best value for money from your BMM? (How could you get more value from them)?

Q5 Do you have perception about the capability in your BMM portfolio? Have some BMM systems become
redundant, underused, too expensive or unprofitable?

Q6 Are you sure about the risks of your BMM and if they causing harm to people or to environment or if the
risks are tolerable and at legally accepted levels?

Q7 Are your BMM-related expenditure (initial cost or capital investment and operating costs) excessive,
optimal or insufficient, and if they correctly assigned across the BMM portfolio?

Q8 Do you have method to evaluate the benefits (performance, compliance, sustainability and risk reduction)
of proposed work and, in the other hand, quantify the total impact in case of not performing such work, or
delaying such actions?

Q9 Do you measure future problems for developing (such as risks, performance deterioration, or expenditure
requirements) while obtaining short-term gains?

Q10 Do you consider to the other aspects of the organization that affect your BMM plan(s), such as
knowledge, finance, people, and intangibles? In the other hand, do you consider the impact of your BMM
plan(s) on these other aspects?

Q11 | Are you reviewing the appropriateness of your BMM strategy in the consideration of changes in the
financial, operating, and regulatory environment?

Q12 Do you continually improve your BMM system performance, and recognizing the benefits of the
improvements? Are you knowing where and what improvements will be the most effective?

Q13 | Are you having the necessary BMM policy, strategy and plan in order to ensure that you manage your
BMM in a sustainable way?

Q14 Is your approach to sustainable management of the BMM taking appropriate account of the requirements
and needs of your stakeholders and if so, do you open in the communication with those stakeholders?

Q15 | Are the skills and wellbeing of your employees, working conditions, and contracted service providers
given the required consideration?

Q16 Do you optimize your BMM processes and procedures in the consideration of the latest innovation and
developments in technology

Q17 What are the main factors that affecting the sustainable maintenance from your point of view?

Q18 Do you have the ability to answer all of these questions confidently, and declare the answers to the
interested parties?
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Table3. Interviewee positions and date of interviews.

Interviewee Position Date of interview
Assistant chief-University Oct. 2014

Associate Dean for administrative affairs-University Oct. 2014
Engineering Department Director-Establishment Oct. 2014

Chief of maintenance department- Ministry Oct. 2014

Associate manager-Secondary school Oct. 2014

Manager - Secondary school Nov. 2014

Director General of Engineering affairs- Ministry Nov. 2014

Head - Medical center Nov. 2014

Head -Police department Nov. 2014

Director General- real estate registration office Nov.2014
Maintenance managers (different organizations) (14 maintenance Oct 2014- Dec. 2014
manager)

Engineers working in maintenance department (different organizations) | Oct 2014- Dec. 2014
(22 engineers)

Table4. Public sector/ Private sector percentage.

Frequency | Percent |Valid Percent| Cumulative
Percent
Public sector 38 79.2 79.2 79.2
Valid | Private sector 10 20.8 20.8 100.0
Total 48 100.0 100.0
Table5. Cross tabulation between sector and specialist.
Specialist Total
Engineering Administrative
Sector Pu_blic sector 36 2 38
Private sector 9 1 10
Total 45 3 48

Table6. Sector vs. experience crosses tabulation.

Experience Total
between5and | between 10 between 15 more than 20
10 years and 15 years | and 20 years years
Sector Pu_blic sector 2 19 11 6 38
Private sector 1 2 7 0 10
Total 3 21 18 6 48
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Table7. Specialist percentage.
Specialist
Frequency | Percent | Valid Percent| Cumulative
Percent
Engineering 45 93.8 93.8 93.8
valig | Adminietatiy 3 6.3 6.3 100.0
Total 48 100.0 100.0

Table8. Sector * Need for new sustainable system Cross tabulation.

Count
Need for new sustainable system Total
neutral agree | strongly agree
Sector Pu_blic sector 6 25 7 38
Private sector 0 3 7 10
Total 6 28 14 48

Table9. Descriptive analysis for respondent's evaluation of current system depend on their
scientific degrees.

evaluation of current system

N Mean Std. Std. Error | 95% Confidence Interval for | Minimu | Maximu
Deviation Mean m m
Lower Bound Upper
Bound
Diploma 2 4.00 1.414 1.000 -8.71- 16.71 3 5
B.Sc. 29 3.72 .649 121 3.48 3.97 3 5
M.Sc. 9 4.22 .667 222 3.71 4.73 3 5
PhD 8 3.88 .641 227 3.34 441 3 5
Total 48 3.85 .684 .099 3.66 4.05 3 5
Tablel10. Experience * Method of complaints Cross tabulation.
Method of complaints Total
internal | email | website | mobile | phone oral
mail
between 5 and 10 years 0 1 1 0 0 1 3
Experience between 10 and 15 years 1 7 3 9 1 0 21
between 15 and 20 years 2 5 2 9 0 0 18
more than 20 years 1 1 1 3 0 0 6
Total 4 14 7 21 1 1 48
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ASTRACT

|ron is one of the abundant elements on earth that is an essential element for humans

and may be a troublesome element in water supplies. In this research an AAN model
was developed to predict iron concentrations in the location of Al- Wahda water
treatment plant in Baghdad city by water quality assessment of iron concentrations at
seven WTPs up stream Tigris River. SPSS software was used to build the ANN
model. The input data were iron concentrations in the raw water for the period 2004-
2011. The results indicated the best model predicted Iron concentrations at Al-Wahda
WTP with a coefficient of determination 0.9142. The model used one hidden layer
with two nodes and the testing error was 0.834. The ANN model could be used to
predict future iron concentrations as the results from the verification of the ANN
model for years 2012 and 2013 indicated good accuracy with a coefficient of
determination R? = 0.8965.
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1. INTRODUCTION

Water quality of different sources and quality changes is a subject of ongoing
concern. Consequently there is a need for effective methods for modeling water
quality parameters in surface water to control pollution and apply necessary
managements. Different modeling approaches are applied to analyze water resources,
Acrtificial Neural Network (ANN) is one of these approaches, and the advantages of
ANNs are that they are able to represent both linear and nonlinear relationships of
water resources data. Also ANN was found suitable for prediction purposes as they
produce accurate results. Chi.et al., 2006 applied ANNs for the classification and
prediction of water quality of Yangtze River in China using DO, COD, NH3 and pH
values for the period from January 2003 to September 2005. The results showed sever
pollution is reached in this river and many efforts should be taken for pollution
control. Musavi and Golabi, 2008. selected an ANN model for water quality
simulation of Karoo River in Iran. Several water quality parameters were chosen COg,
HCO;3, SO,4, Cl, Na, Ca, Mg, K, Ec, TDS and SAR. The results showed that the ANN
model was able to predict water quality in the river very successfully with more than
90% accuracy.

Mozejkod and Gniot 2008 developed an ANN model for time series modeling of
total phosphorous concentration in Odra River in Poland. The variables used in the
model were temperature, pH, NO3z, DO, BOD, COD, SOy, Cl,, and SS. The models
prediction matched reasonably with the observations. The correlation coefficient R
was 0.865 and mean absolute error MAE was 0.024 mgP/dm?®. Ali et al., (2009)
proposed ANN models for the prediction of TDS, EC and Turbidity in Johor River in
Malaysia. The models predicted water quality parameters with high accuracy as the
mean absolute error was 10% for the different models. In 2010, Vesna et al.,
developed an ANN model to predict DO in Gruza Reservoir in Serbia. The most
effective inputs for the model were the pH and temperature, while Cl and total
phosphate were found to be the least effective parameters. The correlation coefficient
using the most effective inputs (pH, Temp., NO3s, NO,, NH3, conductivity, Fe, Mn)
was 0.8478. Hossein and Ehsan, (2011) presented empirical multilayer ANN model
to estimate water quality indices BOD and DO, in Marad Big River in Iran. The input
data for the ANN model were EC, TDS, SS, Turbidity, Na, HCO3;, NO3, NH3; and
PO,4. The models are capable to capture long-term trends observed for DO and BOD
both in time and space. DO model had a correlation coefficient of 0.972 and for BOD
0.937.

In this research an AAN model is to be developed to predict iron concentrations in
Tigris River in Baghdad city. The primary sources of iron in water are from natural
geologic sources, also iron based materials, such as cast iron and galvanized steel
pipes that have been widely used in water distribution systems .0.3 mg/L can cause
water to turn a reddish brown color Illinois Department of Public Health, 2010.

The presence of iron and manganese in water cause threats to industrial and municipal
water supplies, formation of scales, and blockage of water pipes thus leading to
economic losses Sodamade and Pearse, 2013. Excessive ingested iron can cause
excessive levels of iron in the blood that can damage the cells of the gastrointestinal
tract, preventing them from regulating iron absorption. Humans experience iron
toxicity above 20 milligrams of iron for every kilogram of mass, and 60 milligrams
per kilogram is a lethal dose. Sullivan was the first to propose and continued to
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reiterate that iron levels play a major role in producing atherosclerosis. Sieliechi et
al., 2010 stated that women, who have a reduced iron load, have strong protection
against atherosclerosis, compared to men in the same age group. They suggested that
iron can be involved in Alzheimer’s disease. The important mechanism is the
interaction of iron and cholesterol in promoting oxidative damage, causing both
atherosclerosis and neuro degeneration. Excessive iron in water can stain clothing and
can give a metallic taste to water or to food. Furthermore, iron deposits can build up
in pressure tanks, water heaters, and pipelines, reducing the quantity and pressure of
the water supply OVIVO, 2010.

In this research an Artificial Neural Network was developed to predict iron
concentration in Tigris River at the location of Al-Wahda water treatment plant in
Baghdad city through water quality assessment of iron parameter upstream (locations
of seven water treatment plants upstream).

2. MATERIALS AND METHODS

2.1 Study Area Description

Tigris river water is considered the only source of potable water for the city of
Baghdad, and the river divides the city into right (Karkh) and left (Risafa) sides with a
flow direction from north to south. The study area within Baghdad City is located in
the Mesopotamian alluvial plain between latitudes 33°14'-33°25' N and longitudes
44°31'-44°17' E, 30.5 to 34.85 m above mean sea level. The area is characterized by
arid to semi-arid climate with dry hot summers and cold winters; the mean annual
rainfall is about 151.8 mm Al-Adili, 1998. In Baghdad city, a tremendous increase in
freshwater demand is required due to the rapid growth in population and accelerated
industrialization. The quality of the flowing water is affected by the effluent
discharges from various uncontrolled sources as domestic, industries, agriculture
along the downstream stretch.

2.2 Data Collection and Analysis

The data used in this paper were provided from Mayoralty of Baghdad for the period
from January 2004 to December 2013 which represented the monthly average values
for iron concentration in the flowing water. These data were at the locations of the
water treatment plant on the Tigris River. There are eight water treatment plants
(WTPs) from the north to the south of Baghdad city, Al-Karkh, East Tigris, Al
Wathba, Al Karama, Al Qadisia, Al Dora, Al Rasheed and Al Wahda WTPs as shown
in Fig.1. All water treatment plants in Iraq are designed as conventional plants. This
treatment process does not significantly affect the concentrations of the dissolved
constituents. Therefore it's important to monitor iron concentrations of the influent to
these treatment plants to provide treated water with permissible iron concentrations to
the consumer.

2.3 ANN Model

A typical neural network consists of a large number of elements known as nodes.
Each node is connected to other nodes by links with associated weights. These
weights represent information used by the net to solve the case to be solved. The
nodes are arranged in a number of layers. The first layer is the input layer where the
inputs (dependent variables) are applied to the net. The last layer is the output layer
where the outputs (independent) are extracted. The layers between the input and
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output are the hidden layers (one or more) with a number of nodes as proceeding
elements. Many types of ANN are known, the popular is the multiple layer perceptron
network. Important issues to design this network are the number of hidden layers and
number of nodes they contain Mozejko and Gniot, 2008. A training process is carried
out on a set of the input data as these data are divided into training and testing data.
The learning process is based on the training data and testing data is used to verify the
performance of the trained AAN. During the training process the weights of the input
nodes are adjusted by several trails until the desired error function is obtained. The
AAN is trained by minimizing this error in search space of weights Chi et al., 2006.

The SPSS software (Statistical Procedure for Social Science, version 20) was used to
build the ANN model in this study. The model comprised seven nodes in the input
layer which represent the influent iron concentration to the water treatment plants
namely (Alkarkh, EastTigris, Wathba, Karama, Qadisia, Dora, and Rasheed), the
output layer represents influent Iron concentration at Wahda water treatment plant.
Many trials were performed, where in each run the software parameters were changed
for selecting the best ANN model according to the highest correlation coefficient and
the smallest testing error.

3. RESULTS AND DISSCUTION
3.1 Iron Concentration in Tigris River

The period under study was from 2004-2013, the data were collected are tabulated in
Table 1 in order to view the variation of iron concentration in raw water with respect
to time and distance. Fig. 2 and 3 indicated that the maximum iron concentration was
10.04 ppm at year 2011 in East Tigris WPT (upstream plant) and the minimum was
0.33 ppm in 2005 at Al Karama WTP (at the middle reach).

The main sources of iron in Tigris River are Alsaqqgar et al., 2015:

1-The outlets of combined and storm sewers that discharge their wastewater directly
in to the river.

2-The disposal of effluents from some industries: Al Taji gas factory, wool and textile
factories upstream Al Karama WTP, vegetable oil factory, detergent factory and the
cement factory near Al Wahda WTP.

3-Effluents from Al Dora refinery upstream Al Dora WTP and the effluent from Al
Dora power plant which uses large amounts of water in the cooling towers.

4-There are several raw water pumping stations that provide irrigation water to the
nearby lands. At the end of the working day, the flow is reversed in the pipes for
cleaning the system from the sediments, this may lead to the corrosion of the pipes
and cleaning water may contain iron concentrations.

5-Iron may precipitate in the coagulation and flocculation process in the WTPs, so
high concentrations of iron are found in the settled sludge which is discharged into the
river.

3.2 ANN Model for iron in Tigris River

The ANN model developed from the SPSS software is summarized in Table. 2. From
the case processing summary the data (total of 70) were divided to 68.6% training,
15.7% testing and 15.7% holdout. The input data were from 2004 to 2011which
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represented the monthly average values for iron concentrations at the seven WTPs
upstream to Wahda WTP.

The architecture of the ANN model is shown in the parameter estimates where two
nodes are found in the hidden layer, H(1:1) and H(1:2) as shown in Fig. 4. In this
section the weights of the input parameters from each hidden node is calculated.

The best ANN model representing iron concentrations at Al Wahda WTP had a
coefficient of determination R? = 0.9142 as shown in Fig. 5 and testing error 0.834 as
shown in Table 3. While Table 4 shows the parameters estimates. The importance of
the independent variables is shown in Table 5, where Al Karama WTP had the
highest importance of 30.52% and Al Rasheed WTP had 26.16% which affected the
predicted values of Iron at Al Wahda WTP.

3.3 Verification of the Model

In order to verify the accuracy of the ANN model for predicting the iron
concentrations at Al Wahda WPT the recorded data (observed) for years 2012 and
2013 were plotted against the predicted values (from the AAN model) as shown in
Fig. 6. The model gave good accuracy with a coefficient of determination R?* =
0.8965.

CONCLUSIONS
1- Iron concentrations in Tigris River are fluctuated.

2-The developed ANN model was suitable in predicting iron concentration in Tigris
River with a coefficient of determination R? = 0.914. The model used one hidden
layer with two nodes and the testing error was 0.834.

3- From the verification of the ANN model for years 2012 and 2013, the model gave
good accuracy with a coefficient of determination R®> = 0.8965 for predicting Iron
concentrations in Tigris River.
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Figure 1 .Sampling locations across Tigris River, within Baghdad City. Location of
the eight water treatment plants.

Table 1 .Variation of average annual iron concentration (ppm) in raw water with
Respect to time and distance, Mayoralty of Baghdad, 2015

2 ; % : :%( Z 5 i 5 0
g $ £ Z E 2 | 8 3 I | z
2 2 2 < S = =
2004 1.00 1.13 1.13 1.54 1.58 142 214 142
2005 0.55 1.08 0.67 0.33 1.59 1.19 141 0.97
2006 1.70 1.92 2.88 0.84 2.79 2.93 2.56 211 222
2007 1.19 1.93 1.99 0.71 3.34 1.35 1.79 1.12 1.68
2008 0.50 1.25 0.89 0.32 1.37 0.66 0.70 0.66 0.79
2009 0.97 2.00 0.82 157 3.52 1.39 2.54 2.37 1.90
2010 0.84 181 0.63 2.61 2.46 2.69 121 1.23 1.68
2011 0.83 10.04 351 1.97 211 1.08 1.13 2.95 2.95
2012 0.63 2.72 1.97 151 1.58 0.50 0.89 0.80 1.33
2013 1.02 1.95 4.84 1.39 2.15 1.23 1.44 1.16 1.90
AVG 0.92 2.58 1.93 1.28 2.25 1.44 1.58 1.55 1.69
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Figure 2. Variation of average annual iron concentrations (ppm) in raw water with

respect to time
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Figure 3. Variation of average annual iron concentrations (ppm) in raw water with

respect to distance
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Table 2. Case Processing Summary
N Percent
Training 48 68.6%
Sample Testing 11 15.7%
Holdout 11 15.7%
Valid 70 100.0%
Exclude 0
d
Total 70
Table 3. Model Summary
Sum of Squares Error 1.798
Relative Error .076
Training 1 consecutive
Stopping Rule Used step(s) with no
decrease in error®
Training Time 0:00:00.02
Sum of Squares Error .697
Testing
Relative Error .834
Holdout Relative Error 3.946

Dependent Variable: WAHDA

a. Error computations are based on the testing sample.

Table 4. Parameter Estimates

Journal of Engineering

Predictor Predicted
Hidden Layer 1 Output Layer
H(1:1) H(1:2) WAHDA
(Bias) -.325 .087
ALKARKH .304 -.045
EASTTIGRIS .226 174
WATHBA .082 155
Input Layer
KARAMA 777 473
QADISIA -.373 -.176
DORA -.038 -.163
RASHEED .968 -.249
(Bias) 417
Hidden Layer 1 H(1:1) 1.207
H(1:2) -1.600

80




Number 9 Volume 22 September 2016 Journal of Engineering

Synaptic VWeight = 0
— Synaptic Weight < 0

ALKARKH

Bias

=
VWAHDA
=
- <
KARAMA _—
QADISIA

DORA

RASHEED

Hidden layer activation function: Hyperbolic tangent

Cutput layer activation function: Identity

Figure 4. Architecture of the Artificial Neural Network Model

Table 5. Independent Variable Importance

WTP Importance %
Alkarkh 7.06
Easttigris 10.15
Wathba 6.88

Karama 30.52

Qadisia 12.87

Dora 6.37

Rasheed 26.16
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Demulsification of Remaining Waste (Water In Oil Emulsions) After Removal Of
Phenol In Emulsion Liquid Membrane Process
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ABSTRACT

The aim of present work is to study the removal of phenol present in
aqueous feed solution by the emulsion liquid membrane technique using kerosene as a
diluent, sodium hydroxide as a stripping agent, and sorbitan monooleate (Span 80) as
a surfactant. The parameters studied were: surfactant concentration, volume ratio of
membrane phase to internal phase, and stirring speed. It was found that more than
98% of phenol can be removed at the conditions were surfactant concentration 2%
(v/v), volume ratio of membrane phase to internal phase 5:1 and stirring speed 400
rpm. Maximum phenol extraction efficiency at 7 minutes of process time was
observed. It was found that there was a good agreement between the standard
kerosene and the upper layer that resulted after the demulsification of the remaining
waste by applying centrifuge. Thus, it is possible to reuse this layer to prepare a new
emulsion of the membrane phase.

Keywords: demulsification, phenol, emulsion liquid membrane, centrifuge,
extraction time.
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1. INTRODUCTION

As the phenol is a significant basic material in various chemical,
petrochemical and pharmaceutical processes, it and all derivatives have become very
common organic water contaminants resulted from these industrial processes. Even at
low concentration in water, phenol is considered a toxic material and has unfavorable
impacts for ecosystems. Moreover, carcinogenic compounds are chlorophenols that
are formatted from disinfection and oxidation processes due to the existence of phenol
in natural waters Hasanoglu, 2013. Less than 1 part per billion (ppb) of phenol in
surface water has set as standard by the Environmental Protection Agency (EPA)
because of the toxic nature of this compound. It is necessitated and very significant
challenges as well as representing a dynamic field of research to remove phenol from
industrial drainage by virtue of environmental laws and regulations governing safe
discharge levels are being so strict Meda et al., 2014.

The available treatment methods used for removing phenol from aqueous
solutions are divided into two major groups: traditional and advanced methods,
according to the concentration of phenol, traditional methods involve adsorption,
distillation, extraction, chemical oxidation, and biodegradation. The advanced
methods are classified into membrane separation processes and photo oxidation
processes Mohammadi et al., 2015. Membrane separation processes are one of the
most widely researched and fastest growing separation processes of our century
because of their advantages compared to traditional processes such as liquid-liquid
extraction, distillation, absorption, etc. Han and Row, 2010. Liquid membrane
separation offers an effective powerful process for different separation processes.
Compared to traditional operations, emulsion liquid membrane processes have several
attractive features such as high interfacial area, simple operation, relatively low cost,
high efficiency, extraction and stripping in one stage, a non-dependence on
equilibrium consideration and scope of continuous operation Ravikumar et al., 2005.
Norman Li, Li, 1974 was the first to introduce emulsion liquid membrane to increase
the interfacial area to shorten the diffusion path, its invention for the separation has
shown to be an easy method for the removal of chemicals from wastewater.

There are three types of emulsions: (1) oil in water emulsion (O/W) in this
type, oil is the dispersed phase and water is the dispersion medium; (2) water in oil
emulsion (W/O) in this type, water is the dispersed phase and oil is the dispersion
medium; (3) multiple emulsions Manikandan et al., 2014. Multiple emulsions can be
classified in two types; water/oil/water (W/O/W) or oil/water/oil (O/W/Q) emulsions.
In the first type the membrane is liquid oil and in the second type the membrane is
water or an aqueous solution. The (W/O/W) type is the most familiar one. Multiple
emulsions are widespread for industrial, pharmacy and medical applications by virtue
of the existence of liquid membrane. The multiple emulsions are a result of forming
small droplets in which smaller droplets inside them, the outer droplets are dispersed
in an external phase. Liquid membrane is a layer which separates the small internal
droplets from the external phase which is called the immiscible phase. Consequently,
multiple emulsions are also called liquid emulsion membranes or liquid surfactant
membranes Ghosh, 2011, Cardenas and Castro, 2003. For instance, the system of
caustic-in-oil emulsion that is shown in Fig.1, can be efficiently utilized to eject small
amounts of phenol from a wastewater stream. Phenol is slightly soluble in oil, and
then it will permeate easily from the outside water phase across the oil membrane into
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the internal aqueous caustic droplets. In this process the caustic will neutralize the
phenol and tied it up as sodium phenate which is insoluble in oil and then it cannot
diffuse back out again Cahn and Li, 1974. ELM process can be divided into four
stages as shown in Fig.2 and as follows : (1) emulsification of the internal phase and
the membrane phase; (2) permeation (emulsion—external phase contacting); (3)
settling (separation of external phase and the emulsion phase after extraction; and (4)
demulsification to recover the membrane phase Balasubramanian, 2014, Fassihi
and Bjorkegren, 2012.

After the extraction, the membrane should be broken. The demulsification or
breaking of an emulsion is one of the most significant steps for the ELM process
because it is defined as the overall effective cost of the process, as the membrane
phase will be recycled Balasubramanian and Venkatesan, 2014.

There are three stages in the demulsification process divided as follow Pabby, 2015:
(1) globules coalescence and growth, (2) globules settling, and (3) coalescence of the
large water and oil globules with their respective external phases in the centrifugal
coalesce.

Chemical or physical treatments methods are used for demulsification as follows
Pabby, 2015: (1) Chemical treatment methods: these treatment methods include the
addition of a demulsifier. There are effective demulsifying agents for particular
applications such as acetone, n-butanol and 2-propanol. Even though, these methods
are effective, they change the properties and prevent reuse because additional
separation steps for recycling and recovery are required; (2) Physical treatment
methods: these treatments involve centrifugation, heating, sedimentation, ultrasonics,
high shear, solvent dissolution, microwave, and using high-voltage electrostatic fields.
ELM can be demulsified effectively by centrifugation.

2. EXPERIMENTAL WORK
2.1 Materials

(1) Phenol crystals were supplied by Loba Chemie Pvt. Ltd. (Laboratory reagents &
fine chemicals).

(2) Sodium hydroxide (NaOH) was supplied by Reagent World Inc.

(3) Sorbitan monooleate (Span 80) was supplied by Wuhan Kemi-Works Chemical
Co., Ltd.

(4) Kerosene was supplied by midland Iraqi refineries company.

2.2 Experimental Procedure

For ELM system preparation, (W/O) emulsion was prepared by mixing the
surfactant and diluent with NaOH solution as an internal stripping agent of 2 M, for
the initial experiments, a surfactant (Span 80): diluent (kerosene) ratio of 2:98 was
used. This mixture was emulsified using a high speed homogenizer, operating at a
rotational speed of 10000 rpm for 1 minute of emulsification time to obtain a milky
white color emulsion as shown in Fig.3. The emulsion was dispersed in the aqueous
external phase containing 300 ppm phenol with volume ratio of membrane to external
phase= 0.5 and stirred by an overhead stirrer with a desired speed for 4 min to form
numerous small globules of emulsion so that good dispersion of the emulsion in
the waste water was maintained for mass transfer of phenol, the emulsion must
be freshly prepared each time before the extraction step.
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Phenol permeated into the liquid membrane and reacted with NaOH, which
was the internal stripping agent to form sodium phenolate and water. The reaction is
shown in the following equation:

CeHsOH + NaOH -3 C¢HsONa + H0 (1)

Sodium phenolate cannot diffuse back into the external phase through liquid
membrane due to the selectivity of the membrane. Therefore, it was not detected in
the external phase. Then, the mixture is separated by using separating funnel. As the
external phase was heavier than the emulsion phase, it settled at the bottom. After the
separation of the phases, the aqueous phase was carefully separated from the
membrane phase, then the solution separated into two layers (the emulsion and the
treated water), the steps were shown in Fig.4 (steps 1 to 5). After 7 minutes of
settling, samples were taken from the treated water (bottom layer) and analyzed by
UV spectrophotometer to determine the percentage removal of phenol. After
extraction, some big emulsion droplets at the upper layer of the mixture were
collected. An experiment for demulsification was carried out on the top layer of
solution (waste) by applying centrifuge, then emulsion was broken up and separated
within 1 hour and 8000 rpm in order to separate the phases that compose the waste
(the internal aqueous phase and the membrane phase) Fig.5. At the end of the process,
a component of membrane phase (kerosene) can be recycled. The recovered-oil phase
is reused for making emulsions for the liquid membrane process and should not
contain any demulsifying chemicals.

2.3 Phenol Concentration Measurement

A 2mL of treated water sample was taken and analyzed by
Spectrophotometer for measuring absorbance for phenol concentration. Detection of
phenol can be observed at an absorbance value of 270 nm. The concentrations of
phenol were estimated from the absorbance-phenol concentration calibration curve
Fig.6. Then, the percentage removal of phenol was determined by the following
equation:

Removal of Phenol (%) = Loze) %100 (2)

Co
Where c, is the initial phenol concentration in the external phase and ¢, is the final
phenol concentration in the sample after extraction.

3. RESULTS AND DISCUSSION

3.1 Effect of Process Variables on Removal of Phenol

In this work, three operating parameters, namely, surfactant concentration,
volume ratio of internal phase to membrane phase (I/M) and stirring speed were
studied. Volume ratio of membrane to external phase ratio= 1:2, internal agent
concentration= 2 M, stirring time= 4 min, emulsification time =1 min. These
conditions, as the optimal ones, were chosen based on preliminary experiments done
and previous researches also the reports in other related literatures such as Mortaheb
et al., 2008, Ng et al., 2010, and Balasubramanian, 2014
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3.1.1 Effect of surfactant concentration

Surfactant concentration was shown to play a dominate role in the phenol
removal and as an emulsifier for the liquid membrane also act as a protective barrier
between the external phase and the internal phase, preventing the leakage of emulsion.
It is very important to check the effect of surfactant concentration on the behavior of
removal efficiency of phenol by ELM, The surfactant concentration has been studied
in the range 1 to 5% (V/v).

Figs.7 to 9 and Figs.10 to 12 show the effect of surfactant concentration on
the behavior of phenol removal at different conditions [stirring speed (100-600) rpm
and membrane to internal phase ratio (1:1-6:1) (v/v)] respectively. All these figures
indicate that: Too little concentration of surfactant 1% (v/v) makes the emulsion
breaks easily so that the extraction efficiency was poor because the coverage of the
membrane interface was incomplete at low surfactant concentration. The addition of
more surfactant (1 to 2) % (v/v), increased the removal of phenol due to the
decreasing of the surface tension and results in smaller globules size of the W/O
stable emulsion, which leading to a higher mass transfer area with a maximum
extraction rate. Excessive amount of surfactant (3 to 5)% (v/v), increases the viscosity
of the membrane phase which decreases the removal of phenol through the highly
viscous membrane, this can be attributed to the fact that the increase in emulsion
viscosity resulting from the increasing surfactant concentration leads to the
augmentation of mass transfer resistance due to presence of excessive surfactant at the
external-membrane phase interface, resulting in less transfer of phenol molecules to
the internal phase. These observations are in good agreement with most investigators
Manikandan et al., 2014, Othman et al., 2006 and similar observations were made
by Ng et al., 2010 and Déas and Hamdaoui, 2010. Therefore, Span 80 of
concentration 2% (v/v) was found to be the optimum that producing maximum
extraction efficiency greater than 98%, this value was fixed for all other experiments.
Also it was investigated from these figures that the optimum values of stirring speed
was 400 rpm and volume ratio of membrane phase to internal phase was 5:1.

3.1.2 Effect of stirring speed

Stirring speed was an important factor in the mass transfer rate of phenol
through the liquid membrane. The stirring speed at which external phase and
emulsion were mixed was found to have a profound effect on the extraction of phenol
from the feed.

Figs.13 to 15 and Fig.16 to 18 represent the relationship between stirring
speed and the percentage removal of phenol at different conditions [surfactant
concentration (1-4) (v/v)% and volume ratio of membrane to internal phase (1:1—
5:1)], the stirring speed has been studied in the range 100 to 500 rpm. For lower
stirring speed (100 rpm), the extraction efficiency was low because the formations of
larger emulsion globules involving a decrease of the area for mass transfer. Also it
was observed that higher stirring speed (over than 100 rpm) lead to the formation of
smaller sized globules, which increases the interfacial area between the external phase
and the membrane phase, leading to enhanced surface area for mass transfer so that
the extraction efficiency increases. Further increase in the level of stirring would
increase the interfacial area and the mass transfer coefficient. The area for mass
transfer increases but the membrane ruptures, spilling the internal stripping phase into
the outer external phase. However, this is true up to certain level of stirring beyond
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which an increase in the level is likely to break the emulsion droplets thereby
reducing the degree of extraction. Increasing the stirring speed above (400rpm) not
only decreases the extraction efficiency, but also affects the stability of emulsion. This
notice is in good agreement with some researchers Chiha et al., 2006 and Kaghazchi
et al., 2006.

In addition, the shear induced breakage of fragile emulsion droplets near the
tip of the impeller or impact on the wall of a contactor imposes upper limit on the
speed of stirring. At the same time swelling is also increased due to water transport
from external to internal phase. Therefore, the extraction performance would be a
tradeoff between the two effects of agitation speed and swelling phenomena. These
observations were in good agreement with most investigators Othman et al., 2006
and Daas and Hamdaoui, 2010. Therefore, the best value of stirring speed was found
to be 400 rpm. Also, it was investigated from the above figures that the optimum
values of surfactant concentration was 2%v/v and volume ratio of membrane phase to
internal phase was 5:1.

3.1.3 Effect of volume ratio of membrane phase to internal phase

The volume ratio of membrane phase to internal phase has a significant effect
on removal of phenol using ELM. This parameter can affect the surfactant
concentration at the interface of the membrane / external phases. The results are
shown in Fig.19 to 21 and Fig.22 to 24. In order to form a stable and effective W/O
emulsion, the volume ratio must exceed 1:1 Luo et al., 2014,

The effect of the volume ratio of membrane to internal phase on the
percentage removal of phenol was studied by changing the volume of membrane
phase while keeping the volume of the internal phase constant. Variation of this phase
ratio produced emulsions with different properties, including size, stability, and
extraction capacity. Optimal phase ratio produces proper size of emulsion. The first
observation was the increasing in the volume ratio of membrane phase to internal
phase makes both the extraction and swelling rates strongly improved, this is due to
the absolute amount of each component in the membrane phase was raised. At low
volume ratio of (1:1), the volume of membrane solution is not enough to enclose the
overall stripping solution (internal phase) thus producing large emulsion globule
leading to low extraction efficiency. The produced emulsion tends to have thin wall
therefore increasing leakage possibility.

When volume ratio of membrane phase to internal phase is increased from 2
to 4, the transport rate and extraction efficiency of phenol increase, this can be due to
the fact that an increase in the membrane phase volume ratio increases the thickness
of the membrane phase and the viscosity of the emulsion phase, resulting in enhanced
mass transfer and more stable emulsion droplets can be formed by an increment of the
membrane phase to encapsulate the internal agent. An increase in membrane to
internal phase volume ratio from 4 to 5 resulted in a sharp rise in the average effect.
This can be explained by the more stable emulsion due to the higher concentration of
the surfactant at the interface of the membrane/external phases. In addition, it was
also found that increasing the volume ratio of membrane to internal phase beyond 5:1
did not enhance phenol removal because a high volume ratio of membrane phase to
internal phase means that less stripping agent (NaOH) is available for phenol
stripping, also because too much membrane phase produces thick emulsion wall
which is not favorable for the extraction process. This phenomenon could be due to
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the built-up resistance around the membrane at the high membrane to internal phase
ratio. The increase in thickness of the membrane offered resistance that slowed down
the phenol permeation rate.

However, higher ratio requires higher stirring speed due to the increase in
viscosity of the mixture. If the speed is constant at 400 rpm then it will reduce phenol
extraction due to unsuitable mixing of phases because of higher proportion of the
more viscous phase. Thus, a volume ratio of membrane phase to internal phase of 5:1
was selected as the optimal volume ratio. This observation is in good agreement with
most investigators Luo et al., 2014, Ahmad et al., 2013, and Mortaheb et al., 2008.
Also, it was investigated from these figures that the optimal values of stirring speed
and Span 80 concentration were 400 rpm and was 2(v/v)% respectively.

3.2 Studying the Optimal Time for Extraction

The extraction time is one of the most important parameters in emulsion
liqguid membrane systems, it is defined as the dispersion time of emulsion to the
external phase. The effect of various extraction times (1-25 min) on the performance
of phenol extraction efficiency were studied to select the optimum time for extraction
of phenol and the results were shown in Fig. 25. Short extraction time leads to the
emulsion breakage due to the large size of droplet which leads for their coalescence,
so that phenol removal efficiency was low, because the time was not enough for the
separation of emulsion from treated water. Also it was observed that the extraction
performance of phenol increased when the extraction time increased for the first 5
min, and reached maximum extraction at 7 minutes of process time.

An increase in extraction time from 5 to 7 resulted in a sharp rise in the
average effect. This can be due to the separation process was completed between
emulsion and treated water. After 7 min, it was observed a slight increase in the
extraction efficiency of phenol, so that 7 minutes of extraction time was taken as the
optimum time, because there is no significant increases in removal of phenol so that
no need to wait for longer time (longer extraction time only enhance the emulsion
swelling). With further increase of the extraction time up to 15 min, the extraction
efficiency of phenol decreases because some membrane droplets begin to break and
therefore, the phenol remaining in the external phase. The mass transfer in ELM
system occurs very fast thus, 7 minutes of extraction time was the optimum condition
for this system which gave the maximum extraction of phenol. These observations are
in good agreement with most investigators Othman et al., 2006, Gasser et al., 2008,
and He et al., 2015.

3.3 Demulsification

After applying centrifuge, the upper layer was tested by using (GC) by IBN
SINA FACTORY. Comparison between the standard kerosene and the upper layer
was shown in Fig.26, indicates that there is a good agreement between them so that
this layer can be reused for membrane phase.
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CONCLUSIONS

1.

2.

It was demonstrated that the ELM technique was very promising in the treatment
of aqueous solutions containing phenol.

The maximum predicted value for the percentage removal of phenol using ELM is
98.95% at the optimum parameters.

The increase of surfactant concentration increases the removal efficiency to a
certain extent of 2% (v/v), an excess of surfactant concentration lead to decrease
percentage of phenol removal. The suitable Span 80 concentration used in liquid
membrane component was 2% (v/v) that provides good emulsion stability during
the ELM process.

The higher stirring speed the higher percentage of phenol removal until 400 rpm
and excessive speed enhance the decrease percentage of phenol removal when
other conditions of the process

The removal efficiency of phenol increases with increasing volume ratio of
membrane phase to internal phase up to 5:1 and decreases thereafter when other
conditions of the process remained constant remained constant.

The extraction performance of phenol increased when the extraction time
increased for the first 5 min, and reached maximum extraction at 7 minutes of
process time. With long extraction time, the extraction efficiency of phenol
decreases.

There was a good agreement between the standard kerosene and the upper layer
obtained after centrifugation of the waste, so that this layer can be reused for
membrane phase to prepare a new emulsion.
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Abbreviations
ELM emulsion liquid membrane
GC gas chromatography
M/l membrane phase / internal phase
o/w oil in water emulsion
O/WIO oil in water in oil
rpm rotation per minute
W/O water in oil Emulsion
W/O/W water in oil in water

Liguid Membrane

Solvent
Surfactants

Surfactant
Y o)
Hydrophobic Hydrophilic
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Figure 1. Schematic diagram of liquid membrane system for phenol removal
Rousseau, 2009.
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Figure 2. The operational steps in the ELM process Fan, 1999.

Figure 3. Milky white color liquid membrane.
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Step 1: adding membrane phase to Step 2: mixing for 1 min to get
internal phase milky white emulsion

emulsion -
phenol solution
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emulsion
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phenol solution

Step 4: emulsion and phenol solution are separated into two layers mix do not
without stirring
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V' low density

| !
high density

Step 5: adding the mixture to a separating funnel and waiting for 7 min to take
the sample.

Figure 4. Experiment procedure steps (1 to 5).
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Figure 5. The separated phases after demulsification
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Figure 6. Calibration curve of phenol adsorption.
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Figure 7. Effect of surfactant concentration on removal of phenol at different
stirring speed, volume ratio of membrane phase to internal phase= 1:1.
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Figure 8. Effect of surfactant concentration on removal of phenol at different
stirring speed, volume ratio of membrane phase to internal phase= 3:1.
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Figure 9. Effect of surfactant concentration on removal of phenol at different
stirring speed, volume ratio of membrane phase to internal phase= 5:1.
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Figure 10. Effect of surfactant concentration on removal of phenol at different
volume ratio of membrane phase to internal phase, stirring speed= 100 rpm.
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Figure 11. Effect of surfactant concentration on removal of phenol at different
volume ratio of membrane phase to internal phase, stirring speed = 400 rpm.
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Figure 12. Effect of surfactant concentration on removal of phenol at different
volume ratio of membrane phase to internal phase, stirring speed= 600 rpm.

100
& 90
2
€ 80
-
[« 3
% 70
= —a—surfactant conc. 1%
é 60 —a—surfactant conc. 2%
2 50 surfactant conc. 3%
—o— surfactant conc. 4%
40
0 100 200 300 400 500 600
Stirring speed (rpm)

Figure 13. Effect of stirring speed on removal of phenol at different surfactant
concentration, volume ratio of membrane phase to internal phase= 1:1.
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Figure 14. Effect of stirring speed on removal of phenol at different surfactant
concentration, volume ratio of membrane phase to internal phase= 3:1.
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Figure 15. Effect of stirring speed on removal of phenol at different surfactant
concentration, volume ratio of membrane phase to internal phase= 5:1.
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Figure 16. Effect of stirring speed on removal of phenol at different volume
ratio of membrane phase to internal phase (M/1), surfactant concentration=
2%vV/v.
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Figure 17. Effect of stirring speed on removal of phenol at different volume
ratio of membrane phase to internal phase (M/1), surfactant concentration=

4%v/v.
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Figure 18. Effect of stirring speed on removal of phenol at different volume
ratio of membrane phase to internal phase (M/1), surfactant concentration=

6%V/V.
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Figure 19. Effect of volume ratio of the membrane phase to internal phase on
removal of phenol at different surfactant concentration, stirring speed= 100 rpm.
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Figure 20. Effect of volume ratio of membrane phase to internal phase on
removal of phenol at different surfactant concentration, stirring speed= 400 rpm.
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Figure 21. Effect of volume ratio of membrane phase to internal phase on
removal of phenol at different surfactant concentration, stirring speed= 600 rpm.
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Figure 22. Effect of volume ratio of membrane phase to internal phase on
removal of phenol at different stirring speed, surfactant concentration= 2%v/v.
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Figure 23. Effect of volume ratio of membrane phase to internal phase on
removal of phenol at different stirring speed, surfactant concentration= 4%v/v.
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Figure 24. Effect of volume ratio of membrane phase to internal phase on
removal of phenol at different stirring speed, surfactant concentration =6% v/v.
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Figure 25. Effect of extraction time on the removal of phenol, experimental
conditions were: ratio of membrane to external phase ratio= 1:2v/v,
concentration of Span 80= 2(v/v) %, ratio of membrane to internal phase=
5:1v/v, NaOH concentration=2 M, stirring speed= 400 rpm, stirring time= 4 min
and emulsification time= 1 min.
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Figure 26. Comparison between the standard kerosene and the upper layer after
demulsification
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ABSTRACT

T rickle irrigation is one of the most conservative irrigation techniques since it implies
supplying water directly on the soil through emitters. Emitters dissipate energy of water at the
end of the trickle irrigation system and provide water at emission points. The area wetted by an
emitter depends upon the discharge of emitter, soil texture, initial soil water content, and soil
permeability. The objectives of this research were to predict water distribution profiles through
different soils for different conditions and quantify the distribution profiles in terms of main
characteristics of soil and emitter. The wetting patterns were simulated at the end of each hour
for a total time of application of 12 hrs, emitter discharges of 0.5, 0.75, 1, 2, 3, 4, and 5 Iph, and
five initial volumetric soil water contents. Simulation of water flow from a single surface emitter
was carried out by using the numerically-based software Hydrus-2D/3D, Version 2.04. Two
approaches were used in developing formulas to predict the domains of the wetted pattern. In
order to verify the results obtained by implementing the software Hydrus-2D/3D a field
experiment was conducted to measure the wetted diameter and compare measured values with
simulated ones. The results of the research showed that the developed formulas to express the
wetted diameter and depth in terms of emitter discharge, time of application, and initial soil
water content are very general and can be used with very good accuracy.

Key words: wetting patterns, trickle irrigation, wetted diameter, wetted depth.
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1. INTRODUCTION

Trickle irrigation is one of the most conservative irrigation techniques since it implies
supplying water directly on soil through emitters. A typical trickle irrigation system includes a
pump, filters, main and sub main lines, manifolds, laterals, fittings, and emitters. Emitters
dissipate the energy of water at the end of the trickle irrigation system and provide water directly
on the soil. The area wetted by an emitter depends upon the discharge, soil texture, soil moisture
content, and soil permeability. So far many researches developed mathematical, empirical, and
numerical means to represent the wetted surface area and the inverted bulb-shaped cross-section
of the soil profile Schwartzman, and Zur, 1986, and Amin, and Ekhmaj, 2006. Others
developed computerized software to simulate the shape of wetting profile through the soil.
Hydrus 2D/3D is one of the software that can be used to simulate water distribution profile
through soil under a point source for a variety of conditions, including scheduling of irrigation,
discharge of emitters, volumes of water, and initial moisture content of the soil. A brief review of
previous related researches is illuminated below.

Schwartzman, and Zur, 1986 developed empirical formulas to estimate the dimensions of
the soil wetted from a surface point-source. Their formula was based upon results of their
experiments that were conducted on two types of soils namely Gilat loam and Sinai sand and for
emitter discharges 1.19 *10°® and 5.6* 10° m®/s. Their empirical formulas are:

-0.17

K
W = 27.28 V022 (55) )
and
7 =9.24 7063 (ES) (2)
where;

W = wetted diameter, cm,

V' = volume of applied water, I,

Q = discharge of the point source, Iph,

K, = saturated hydraulic conductivity of the soil, cm/hr, and
Z = wetted depth, cm.

Lafolie, et al.,, 1989 presented an improved numerical model to simulate saturated-
unsaturated water flow in general and from a trickle source in particular. Elmaloglou, and
Grigorakis, 1997 analyzed infiltration through homogeneous unsaturated soil from a surface
drip line. They used two flow rates for each soil and solved the flow equation numerically and
the linearized form analytically. Hammami, et al., 2002 analyzed axi-symmetrical water
distribution from a surface point source by solving Richards' equation using an alternating
direction implicit finite difference method. They presented an expression to predict the wetted
soil depth below an emitter; the expression requires measuring the radius of the wetted soil
surface and utilizing known values of the hydraulic conductivity of the soil, initial water content,
and water content through the wetting front.

Amin and Ekhmaj, 2006 developed an empirical formula to estimate surface wetted radius
and vertically wetted distance from a surface emitter. Their formula was based upon average
change of water content within the wetted zone, total volume of applied water, application rate,
and saturated hydraulic conductivity. They verified and modified the formula of Schwartzman
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and Zur, 1986 by including the average change in water content as a parameter. Their formulas
are as follows:

W = 12.54 Ag—0.5626V0.2686Q—o.oosts—0.344 3)
Z = 6.19 A9—0.383V0.365Q—0.101KSO.195 @
where:
A6 = average change of volumetric water content in the wetted zone,
cm3/cm3.

From their experiments they found that soil texture, volume of applied water, and discharge of
emitter are the most important factors that affect the vertical and horizontal domains of wetted
zone.

Kandelous, et al., 2011 used Hydrus-2D/3D to analyze the wetting patterns from three
different configurations of emitters, including an axi-symmetrical two-dimensional wetting from
a point source; a two-dimensional wetting from a line source; and a three-dimensional wetting
from a point source. Their results indicated that wetting patterns from subsurface drip irrigation
prior to the overlapping of the wetting patterns can be accurately described by using an axi-
symmetrical two-dimensional domain.

Bostjan, et al., 2014 used Hydrus-2D/3D to study the effect of discharge of a surface emitter
and initial moisture content of the soil on the extent of the wetted bulb. They modified the
parameters of the model of Schwartzman and Zur by using their results of simulation.

The objectives of this research were to predict water distribution profiles through different
soils and different conditions and quantify the distribution profiles in terms of main
characteristics of soil and emitter. The wetting patterns from a surface point-source were
simulated by using two systems of textural classifications namely the United States Department
of Agriculture, USDA, and United Kingdom, UK. Simulation of water flow from a single
surface emitter was carried out by using the numerically-based software Hydrus-2D/3D, Version
2.04. Two approaches were then used to develop formulas to predict the domains of the wetted
patterns. In order to verify the results obtained by implementing the software Hydrus-2D/3D a
field experiment was conducted to measure the wetted radius and compare measured values with
simulated ones. The results of the research showed that the developed formulas to express the
wetted diameter and depth in terms of emitter discharge, application time, and initial soil water
content are very general and can be used with very good accuracy. Trickle irrigation was
improved by a lot of researches and studies. One of the improvements of trickle system design
concern the methods of estimating wetting patterns. Analytical, empirical, and numerical models
were used to predict wetting patterns from a point source.

2. MATERIALS AND METHODS

In this research, modeling of water flow under single surface emitter was carried out by using
the numerically-based software Hydrus-2D/3D, Version 2.04. This software is based upon
Microsoft-Windows and was developed by Simiinek, et al., 2006. The software is composed of
the computational computerized program and an interactive user interface .

The hydraulic properties of an unsaturated soil, 8(h) and K(h), in Richard’s equation depends
upon the pressure head. Hydrus-2D/3D includes the following analytical tools to estimate the
hydraulic properties of the soil [Brooks, and Corey, 1964.; van Genuchten, 1980.; Vogel, and
Cislerovd, 1988.; Durner, 1994.; and Kosugi, 1996.] as follows:
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o +—2% 4y
O(h) =" " (1 + |ah|)™ (5)
0, h>0
2
K(h) = K,St[1 - (1-s2™)"] (6)
where:
5,= 220 —1-2 7
¢~ %9.-9,’ T Tn @
and

S, = effective saturation, dimensionless,

0, = saturated volumetric water content of the soil, cm3/cm3,

0, = residual water content, cm3/cm3,

n = pore-size distribution index, dimensionless,

a = inverse of the air-entry value (or bubbling pressure), cm™1, and
[ = pore-connectivity parameter, dimensionless.

Hydrus-2D/3D utilizes Galerkin's finite-element method to solve Eq. (5) through (7). The
hydraulic parameters 6,0, K, n,a, 1, and the initial distribution of soil-water content are
required to run the model. Since water flow from a surface-point source is three dimensional axi-
symmetric, half of the domain needs to be simulated in Hydrus-2D/3D [Gardenas, et al., 2005;
and Kandelous, and Simiinek, 2010b.]. Therefore, the simulated horizontal dimension of the
wetting pattern represents half of the wetted diameter. In this research, simulations were carried
out on a rectangular domain 100 cm wide and 150 cm deep; a single surface emitter is placed at
the top left-hand corner of the domain.

Along the upper boundary the flux was considered to be zero except along the boundary of
the emitter where a constant flux was assumed to represent the emitter. Along the bottom
boundary free drainage was assumed while on all remaining boundaries a zero flux was assumed
[Fig.1].

On a fixed surface area, that represents the area of infiltration, a constant flux boundary was
applied; this area is achieved when a steady state condition is attained and it represents the area
that would be obtained when the flux has been redistributed with the pressure head at the surface
being equal to zero. The radius of the constant-flux boundary condition is calculated by
assuming that the flow rate per unit area is equal to the saturated hydraulic conductivity of the
soil, since the pressure head is zero, i.e.:

_Q

2 = K; )

dr
where:
Q. = flow rate, cm3 /hr,
A = surface area = mr?, cm?,
qs = flux per unit area, cm/hr, and
r = radius of the infiltration surface area, cm.
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Wetting patterns from a surface point source were simulated by using two systems of textural
classifications namely the United States Department of Agriculture, USDA, and United
Kingdom, UK. The soil characteristics of the two systems are shown in Table 1 and Table 2,
respectively.

The wetting patterns for both systems of classification were predicted at the end of each hour
for a total time of irrigation of 12 hrs. Emitter discharges of 0.5, 0.75, 1, 2, 3, 4, and 5 Iph were
used to simulate the wetting patterns. Five initial volumetric soil water contents were used in the
simulation process. Accordingly the total number of simulations conducted to carry out the basic
analysis was 9660 runs.

3. FIELD WORK

In order to verify the results obtained by implementing the software Hydrus-2D/3D a field
experiment was conducted to measure the wetted radius and compare measured values with
simulated ones. The experiments were conducted at Al-Raied Research Station of the National
Center for Water Resources Management, Ministry of Water Resources, in Abu-Graib, 25 km
west of Baghdad. The research site is located at 33°20" north latitude and 44°12’ east longitude.

The soil texture of the research station is classified as silty clay loam. The apparent specific
gravity is 1.14 which indicates a high organic content of the soil and emitter discharges used
were 2.5, 3.75, 5, and 6 Iph. Table 3 shows other physical properties of the soil that were
obtained from a laboratory analysis of soil samples.

4. DOMAIN OF THE WETTING PATTERN, FIRST APPROACH

In this approach a multiple-regression analysis was used to develop empirical formulas to
predict wetted diameter and depth. For each soil texture the data obtained by applying Hydrus-
2D/3D software for different discharges, initial soil water contents, and application time were
used to conduct a multiple-regression analysis. The software entitled Statistica Version 10 was
used to conduct the analysis. The software is based upon an optimization procedure to find the
best fit formula for a given set of conditions. By doing so an empirical formula was obtained to
predict wetted diameter and depth for each soil texture as identified by the saturated hydraulic
conductivity .

Statistical parameters were used to test the discrepancy between the results obtained from the
developed formulas and those obtained from Hydrus-2D/3D software. These parameters include
root mean square error, RMSE, and modeling efficiency, EF. These parameters are expressed as
follows:

n(M; —S;)2

RMSE = Jz”(;l ) €C))
n(M; —S;)?

EF=1-2&="1 ¢ 10
(M, — M) (10)

where;

n = number of values,

M = values predicted by using Hydrus-2D/3D software,

S =values obtained from the developed formulas, and
M = mean of values obtained from Hydrus-2D/3D software.
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Table 4 shows the developed formulas which express the wetted diameter and wetted depth in
terms of emitter discharge, initial soil water content, and application time for the USDA soil
classification system. The table also shows the values of the statistical parameters including
modeling efficiency and root-mean square error. From the results depicted in the table it is clear
that the RMSE between the values predicted by using Hydrus-2D/3D software and those
obtained from the developed formulas ranged from 0.08 cm to 2.24 cm, while the EF was greater
than 97%. Similar formulas to predict the wetted diameter and depth for the UK soil
classification system are shown in Table 5. From the results depicted in the table it can be seen
that the RMSE ranged from 0.42 cm to 2.40 cm, while the EF was greater than 96%.

5. DOMAIN OF THE WETTING PATTERN, SECOND APPROACH

An attempt was made to reduce the number of formulas needed to predict the wetted diameter
and depth. To accomplish the results of simulation obtained by using Hydrus-2D/3D software for
both systems of soil classification, USDA and UK, were sorted according to pre specified six
ranges of saturated hydraulic conductivity. Then for each range an empirical formula was
obtained by using regression analysis through Statistica software. Thus, as should be expected
the developed formulas depend upon the saturated hydraulic conductivity. Table 6 and Table 7
show the formula developed to predict wetted diameter and depth together with the statistical
parameters for both systems of soil classification. As can be noted that although the formulas are
simpler in form but the values of the RMSE was slightly increased and the EF values were
slightly reduced.

6. VERIFICATION OF THE RESULTS

Verification of the developed formulas was done by comparing the values of the wetted
diameter obtained from the formulas with values obtained from experimental work, results from
Hydrus-2D/3D software, and results obtained from the formulas developed by Schwartzman
and Zur, 1986 and Amin and Ekhmaj, 2006. Table 8 shows the results of such comparison and
considered statistical criteria.

It is clear from Table 8 that the developed formulas and results obtained from Hydrus-2D/3D
software are closest to the measured values. However, the results obtained from the other two
models differ appreciably from measured values. This discrepancy was mainly because those
models were empirically derived for a given range of saturated hydraulic conductivity and do not
include the initial water content.

7. SUMMARY AND CONCLUSIONS

Wetting patterns from a surface point source were simulated by using two systems of soil
textural classifications namely the United States Department of Agriculture, USDA, and United
Kingdom, UK. Simulations were carried out by using the numerically-based software Hydrus-
2D/3D, Version 2.04, which solves Richard’s equation of nonlinear movement of water in
unsaturated soils. The soils were classified as functions of the saturated hydraulic conductivity.
In order to verify the results obtained by implementing the software Hydrus-2D/3D a field
experiment was conducted to measure the wetted radius and compare measured values with
simulated ones .

Two approaches were used in developing formulas to predict the domains of the wetted
pattern. A nonlinear regression analysis provided by Statistica Version 10 was used to develop
empirical formulas to predict wetted diameter and depth. A comparison was carried out between
the results from the formulas with values obtained from experimental work, results from Hydrus-
2D/3D software, and results obtained from the formulas developed by Schwartzman and Zur,
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1986 and Amin and Ekhmaj, 2006. The developed formulas and results obtained from Hydrus-
2D/3D software were closest to the measured values.
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NOMENCLATURE
K, = saturated hydraulic conductivity of the soil, cm/hr,
[ = pore-connectivity parameter, dimensionless.
n = pore-size distribution index, dimensionless,
Q = discharge of the point source, Iph,
t  =time, hrs,
V' =volume of applied water, liters,
W = wetted diameter, cm,
Z = wetted depth, cm,
a = shape parameter (coefficient in the soil water retention
function), 1/cm,
9; = initial soil water content, cm3/cm3,
0, = residual water content, cm3/cm3,
6, = saturation volumetric soil-water content, cm3/cm3.

Constant flux BC

‘,/

‘"\ Free drainage BC

Figure 1. Schematic representing the boundary conditions used in numerical simulations.
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Table 1. Hydraulic parameters of the soil for twelve texture class of the USDA soil-texture

triangle [according to Carsel and Parish, 1988.].

& E E . s,
§ g"’ E < $ Sy $ 3 IE c .E ©
3 E E ? e
? ?
1 29.70 0.045 0.430 0.145 2.68 Sand
2 14.60 0.057 0.410 0.124 2.28 Loamy Sand
3 4.42 0.065 0.410 0.075 1.89 Sandy Loam
4 131 0.100 0.390 0.059 1.48 Sandy Clay Loam
5 1.04 0.078 0.430 0.036 1.56 Loam
6 0.40 0.067 0.450 0.020 1.41 Silty Loam
7 0.26 0.095 0.410 0.019 131 Clay Loam
8 0.25 0.034 0.460 0.016 1.37 Silt
9 0.20 0.068 0.380 0.008 1.09 Clay
10 | 012 0.100 | 0.380 0.027 1.23 Sandy Clay
11 0.07 0.089 0.430 0.010 1.23 Silty Clay Loam
12 0.02 0.070 0.360 0.005 1.09 Silty Clay

Table 2. Hydraulic parameters of soil for eleven textural classes of the UK soil texture triangle

as obtained from the program of Rosetta Lite [Schaap, et al., (2001)].

(75}
C’)I OOI E
o » é < g <& g = "-'é - c—cé
Z | * & = “E S E
! O (&) X
1 1 («})
}_
1 24.50 0.050 0.380 0.070 3.08 Sand
2 5.10 0.040 0.380 0.040 1.82 Loamy Sand
3 1.70 0.050 0.410 0.010 1.65 Sandy Silt Loam
4 1.67 0.040 0.390 0.030 1.40 Sandy Loam
5 1.28 0.060 0.470 0.010 1.67 Silt Loam
6 0.74 0.100 0.490 0.020 1.21 Clay
7 0.62 0.080 0.390 0.030 1.23 Sandy Clay
8 0.59 0.070 0.380 0.030 1.31 Sandy Clay Loam
9 0.56 0.100 0.500 0.010 1.41 Silty Clay
10 0.49 0.080 0.460 0.010 1.57 Silty Clay Loam
11 0.45 0.080 0.430 0.010 1.48 Clay Loam
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Table 3. Physical properties of the soil at the research station.

Journal of Engineering

* Soil Soil
Texture Average Soil Water _
) Water Water Hydraulic
Silty Clay Loam apparent content at o
" content at 1500 kP content Conductivity, K,
- specific a,
Sand | silt | Clay | P ) 33 kPa, % by ol initial, cm/hr
ravi o by vol.
(%) | (%) | (%) R by vol. Y by vol.
172 | 488 | 34 1.14 34.85 18.9 19.9 4.7

Table 4. Empirical formulas to predict wetted diameter and wetted depth by using regression
analysis for USDA soil classification system.

K, Wetted Diameter W,cm | EF RMSE, Wetted Depth, Z, cm EF RMSE,
cm/hr cm cm
29.7 | 20.5 Q0183 ;0161 5 =009 1 0 97 | 134 | 36.6 (03620547 9,273 | 0.99 | 1.20
14.59 | 30.9 Q0203020590030 1 008 | 120 |36.8 (0350053190365 )099 | 1.16
4.42 | 42.1 Q026110240 90141 1099 | 120 |19.4 (0340053340250 | 099 | 1.08
1.31 | 51.6 Q034301540133 | 098 | 1.98 | 14.0 Q0257 ¢0711 90427 | 0,98 | 1.57
1.04 | 56.4 Q0360015190150 | 098 | 224 |12.7 (01830717 904811098 | 1.10
0.40 | 64.3 Q0433007090057 1 099 | 1.94 | 5700370821904 |99 | 0.36
0.26 | 78.4 0461100380035 1 099 | 150 | 4.7 Q0005084340551 | 099| 0.20
0.25 | 78.9 Q0464 0035 9 0030 1 099 | 141 | 3.9 (0001080340470 1099 | 0.16
0.20 | 86.8 Q0468 0032 9 0024 | 099 | 146 | 4.0 (0002083690477 | 099 | 0.27
0.12 | 107.5 Q0484 £0014 5 0011 | 0 99 | (.87 | 2.7 Q00050790 50517 | 0,99 | 0.14
0.07 | 137.7 Q0492 £0.007 .0:005 1 9 99 | 057 | 1.8 (00010713 90474 1 099 | 0.08
0.02 | 253.8 Q0497 £0-002 9. 0001 | 099 | (.35 | (.9 Q0006063640335 | 098 | 0.09
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Table 5. Empirical formulas to predict wetted diameter and wetted depth by using regression
analysis for UK soil classification system

K, RMSE, RMSE,
Wetted Diameter W,cm | EF Wetted Depth, Z, cm EF

cm/hr cm cm
245 | 25.0 Q01950182 9 ~0-100 | 096 | 1.90 | 60.9 Q03190528 90450 | 0,99 | 240
5.10 | 49.9 Q025410292¢018% | 099 | 0.91 | 25.7 Q028404740300 | 0099 | 0.70
1.70 | 68.4 Q0296 (026390277 | 099 | 200 | 285 (0200053090521 | 099 | 114
1.67 | 46.7 Q0328019990109 | 099 | 187 | 11.9 (0261062040245 | 098 | 1.17
1.28 | 589 (0327021190189 | 098 | 244 | 17.2 (016605980432 | 0gg | 123
0.74 | 50.2 Q041300900041 1 099 | 172 4.9 (00103 ;0850 . 0300 | 999 | 0.71
0.62 | 57.7 Q0413008540065 | 099 | 183 7.9 Q0087 £0.874 g 0490 | 0,98 | 1.03
059 | 61.6 Q040800940088 | 999 | 214 9.8 (0-108 £0.843 9. 0569 | 0.99 | 0.97
0.56 | 59.2 Q04190087 g,006% | 099 | 211 6.0 Q0056 £0783 9,0-379 1 0.99 | 0.43
0.49 | 67.9 Q041300929009 | 099 | 237 9.3 Q0-047 £0.760 . 0543 1 0.99 | 0.42
0.45 | 70.1Q0417 0087009 | 099 | 240 | 9.4 Q0045077190565 | 099 | 0.44

Table 6. Empirical formulas to predict wetted diameter by using regression analysis and
statistical analysis for groups soils.

No K Wetted Diameter W, cm EF RMSE,
cm/hr cm
1 29.7-24.5 162.1 QO19¢018 ~0669,~0-17 0.96 1.87
2 14.59-4.42 50.7 Q024022 ~0-15¢. 010 0.97 5.35
3 1.7-1.04 1.4 Q031024 7109019 0.96 4.36
4 0.74-0.40 45.0 QO41¢0-09K ~047,0.05 0.99 2.05
5 0.26-0.2 32.3 0464004 ~0.644 0.03 0.99 1.50
6 0.12-0.02 39.1 Q0:49¢0-01 ~0-47¢ 0.008 0.99 1.40
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Table 7. Empirical formulas to predict wetted depth by using regression analysis and statistical
analysis for groups soils.

No Ks: Wetted Depth, Z, cm EF RMSE,
cm/hr cm
1 29.7-24.5 29.3 Q0-34¢054K 0139035 0.99 2.56
2 14.59-4.42 13.2 Q0-34t053K 0359,032 0.99 1.60
3 1.7-1.04 2.3 Q0-22¢0-56 *139,038 0.97 1.82
4 0.74-0.40 4.45 Q009¢086 ~096g 041 0.95 1.75
5 0.26-0.2 64.9 Q00034083 2025 050 0.98 0.50
6 0.12-0.02 20.2 Q00044077 0949 051 0.97 0.30

Table 8. Comparison of measured wetted diameters with those simulated by various techniques.

g Wetted diameter® W, cm
g o
[ e e ™
SElE | L : E %
g = 2 = g N
£ p )
L
1 44 42.0 44.4 24.6 30.0
2.5 2 49 50.7 53.2 29.6 34.9
3 54 57.3 59.1 33.0 38.2
1 50 48.3 49.2 27.4 35.1
3.75 2 58 57.7 60.0 33.0 40.9
3 65 64.8 65.7 36.8 44.7
1 51 535 53.0 29.5 39.3
5.0 2 61.5 63.3 63.5 35.6 45.8
3 68 70.8 70.7 39.7 50.0
1 55 57.1 55.5 31.0 42.2
6.0 2 64 67.1 66.6 37.3 49.1
3 70 75.0 74.1 41.6 53.7
RMSE (cm) 2.5 2.7 24.4 15.6
EF 0.91 0.9 -8.5 -2.9
! measured wetted diameter from field work.
2 simulated wetted diameter by using Hydrus software.
¥ simulated wetted diameter by using the formulas in Table 4 and Table 5.
* simulated wetted diameter by using Amin, and Ekhmaj, 2006.
Z simulated values of wetted diameter by using Schwartzman, and Zur, 1986.

saturated hydraulic conductivity equals 4.7 cm/hr and initial soil water content equals 19.9%.
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ABSTRACT

The purpose of this paper is to gain a good understanding about wake region behind the car
body due to the aerodynamic effect when the air flows over the road vehicle during its movement.
The main goal of this study is to discuss the effect of the geometry on the wake region and the
aerodynamic drag coefficient. Results will be achieved by using two different shapes, which are the
fastback and the notchback. The study will be implemented by the Computational Fluid Dynamic
(CFD) by using STAR-CCM+® software for the simulation. This study investigates the steady
turbulent flow using k-epsilon turbulence model. The results obtained from the simulation show that
the region of the air separation behind the vehicle varies with the variation of the body design. The
minimum drag coefficient can be achieved with notch-back since the separation of the air is less as
compared with fastback end. These results are demonstrated by pressure distribution and velocity
distribution which offer a good understanding of the flow behavior around the vehicle bodies.

Keywords: computational fluid dynamic, k-e turbulence model, numerical simulation, wake region.
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1. INTRODUCTION

Automobiles companies produce too many differences of body designs, and every design has
specific features. However, people do not know the benefits of these designs because they look for
the beautiful shape with appropriate cost when they decide to buy a car.

When vehicles move, air flows over the outer circumference of the vehicle. The air is distributed
with different magnitude of velocities behind the body of the vehicle as shown in Fig.1.

The separation will happen when the fluid flow does not follow the shape of the surface so it
detaches or separates, causing the wake region to be generated in the rear end of the vehicle, Hucho,
2013, and Katz, 2006. This region will be developed behind the vehicle body because of the
separation of the air at the back of the vehicle. A separation causes two regions depending on their
location from the rear of the car. The first region, which is developed when the separation happened
close behind the vehicle, is known as the near wake region, and the second one, which is developed
when the separation happened further behind the vehicle, is known as the far wake region as shown
in Fig.2.

The structure of the vortex depends on the geometry of the vehicle and the history of its upstream
flow, the geometry also affects the relative size of the wake region as shown in Fig.3. A lot of
investigations have been employed to study the effect of the geometry of the moving bodies on the
aerodynamic performance especially for the automobiles since it has a very significant relation with
the fuel consumption. The aerodynamic drags of a road vehicle are responsible for a huge part of the
vehicle fuel consumption and cause up to 50% of the total vehicle fuel consumption at highway
speeds, Sudin, et al. 2014. The rear end shape has a worthy relation with the drag and it can help to
design an acceptable shape with minimum rear lifts without increasing the drag coefficient,
Fukuda, et al. 1995. The investigation of the stability characteristic of Notchback- type vehicle
under the influence of transient aerodynamics by Large-Eddy Simulation (LES) turbulence model
shows a strong impact on unsteady flow structure around the rear end of the vehicle Cheng, et al.,
2011.The mean pressure results show a significant increment in the base pressure with the drag
reduction which strongly influences the unsteady base pressure and velocity spectral at a Strouhal
number- which is a useful dimensionless value for analyzing oscillating unsteady fluid flow in
dynamics problems - of 0.07,Khalighi, et al., 2001.

The time average analysis expresses a strong interaction among boundary layers, drag coefficient
and pressure at the rear end of the vehicle, Vanraemdonck, and Vantooren, 2008. It is obvious that
the topological features of the time-average flow are independent of the averaging time T and grid-
size, Franck, et al., 2009. The time-averaged structure of the wake of a fastback type road vehicle
has a pair of vortices placed one above another. The trailing edges of these vortices are parallel to
the longitudinal axis of the vehicle, Ahmed, 1983.

A lot of turbulence models have been investigated to analyze the air attitude at the rear end of the
vehicles. The numerical simulation using shear stress transport turbulence model can predict
recirculation which is more intensive and it can give results which are very close to the
experimental investigations in their accuracy, Guilmineau, 2003. The examination of the
aerodynamic damping mechanism- which is the reduction of vibrations by the inherent stability of a
body or of its control surface- in sedan-type vehicle shows that the unsteady aerodynamics is
apparent as having undesirable effect on vehicles stability. Investigating LES turbulence model
shows an important influence of transient flow structure above the near section of the sedan- type
vehicle, Cheng, et al., 2011. Wall boundary cases with separation and reattachment using the
Durbin’s k-e-v* turbulence model give very good accurate results. The turbulence model and the
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near wall grid are not the only parameters that can affect the results of the drag coefficient. It is
possible to make the CFD more accurate with a suitable selection of a different scheme, Liu, and
Alfred, 2003.

This work tackles the effect of different vehicle geometry on the airflow attitude in the wake
region and calculates the aerodynamic drag coefficient. It takes the three most common body
geometries of the small car which are fastback, square back, and notchback as shown in Fig.4. All
these designs have the same shape of the front region, which is so close to Ahmed body, but with
different design of the back section. Every design has a specific effect on the aerodynamic features
when the air flows over these bodies.

It focuses on the near wake region of two different geometries, which are the fastback and the
notchback because the square back and the fastback have a common parameter ( slant angle) which
is considered to be 25 degrees close to the fastback shape as shown in Fig.5. The simulation has
been achieved by using a computational fluid dynamics code, STAR-CCM+, to simulate the flow
around bodies. Pressure distribution, velocity vector, and the drag coefficient that developed behind
the body of the vehicle are collected after the simulation done to have a good understanding about
the effect of the vehicle geometry on the drag coefficient and other results.

2. PROBLEM DEFINITION

The three—dimensional domain has been generated with structural hexahedral mesh. The
boundary layers have been resolved using trimmer mesh, 0.4 m base size, and 7 prism layers to
study the boundary conditions carefully. The computational domain is generated with 8m long,
0.4m wide and 3m high. Furthermore, the fastback geometry is 1.044m long, 0.288 m high and 0.4
m wide. The notchback geometry size is 1.184m long, 0.288 m high and 0.4 m wide as shown in
Figs.6, 7, and 8. Because the three-dimensional domain is very complicated, the simulation will take
more time to be achieved. Thus, the computational domain is converted to two-dimensional one
which is more suitable in this study since the body is symmetry with the z-direction as shown in
Fig.9. The structural mesh consists of 13389 cells, 377490 faces, and 19022 vertices as shown in
Figs.10, and 11. The boundary conditions and the turbulence model (k-€) have been used to solve
the problem. The problem is carried out as a bluff body that is much close to Ahmed body. A fully
submerged with the surrounding air has been assumed. The numerical analysis is employed to
emphasize the near wake region and to study its effect on the airflow behavior and the drag
coefficient magnitude.

The two-dimensional geometry has been created by using STAR-CCM+® to simulate a steady
state conditions and incompressible fluid flow problem. The problem specification and the boundary
conditions are explained in tables 1, and 2 for the two cases.

3. TURBULENCE MODELS

STAR-CCM+® software is one of the CFD commercial tools that are used to simulate problems
and to solve the governing equation for the flow around the vehicle body and other computational
fluid dynamics problems relying on the boundary conditions. The Navier-Stoke equation is a
complex equation that has a lot of unknown terms and its calculation needs to apply turbulence
model to be solved. Air flow over the vehicle is governed by Reynolds Average Navier-Stokes
equations (RANS) in order to study the flow around the vehicle as explained below:

117



Number 9 Volume 22 September 2016 Journal of Engineering

%+div(pU):O (1)
pote p- (U, U )———P+—(2u8.,) 2)

1 J

The term (u ') is known as the Reynolds stress tensor which is also considered as stress term due
to fluctuating velocities.

Boussinesq assumption has been applied to compute Reynolds stress tensor.

OX: OX

—pU}U{=ﬂ{%+£}—pk =246 — pk 3
i j
The software has been set up with k-e turbulence model to solve the governing equation directly.
The k-¢ turbulence model has two model equations which are the turbulence kinetic energy k and its
dissipation rate €. It is widely used to have a better result and to enhance the stability with
convergence.

The k and € have been employed to describe velocity scale $ and length scale £ as follows:

9=k’ (4)
%

=X ©)
&

The eddy viscosity can be specified by applying the dimensional analysis as follows:

=CpIl =C, k—z (6)

CIJ is a dimensionless constant, it equals to 0.09.

The transport equations for k and € can also be specified as follows:

A | div(kU) = div] 2 grad -k +2uS, - S, - pe @
ot K i

o(pe) . [ g ] & g

——=+div(peU) =div| “tgrad - ¢ |+C, —24S; -S; —C,.ps— (8)
ot o, | k b k

118



Number 9 Volume 22 September 2016 Journal of Engineering

0,=1.00, o, =130, C, =144, C, =1.92allof these terms are adjustable constants.

4. RESULTS AND DISCUSSION
After completing mesh generation, the solution has been obtained when the convergence is done.
The solution has two different groups of results depending on the conditions of the problem. The
drag coefficient Cp is computed as follows:

F
Co= ﬁ ©)
— pU
o PUA
Fp is the drag force, p is the fluid (air) density, U is the upstream velocity, and A, is the projected

area of the body in x direction. Cy, Cg, Cg, and Cp represent the drag coefficient at the nose, back,
the rear slope and the total, respectively.

The simulation reached to convergence in approximately 57000 times of iterations for the
notchback and 58000 times of iterations for the fastback, this happened because each problem has
its boundary conditions specially the shape of the geometry. The simulation has done with
convergence the results as shown in Figs.12 and 13 that show the residual for the problem
simulation.

Figs.14 and 15 shows the drag coefficient for different places of the vehicle body since the body
has been divided into three places which are nose, slope, and back as shown in Fig.16 and each one
has individual magnitude of the drag.

This study focuses on the drag value and compares the computed results for two models. The
drag value can be computed from Eqg. (9); however, in this study the results of the drag coefficients
are obtained from Figs.14 and 15 since they are clear to be mentioned. Tables 3 and 4 show the
results of the drag coefficient for the specific problem. The total drag coefficient for the fastback is
0.698 and for the notchback is 0.654.

Figs.17 and 18 explain the pressure contour for the vehicle body that moves through the air and
they display the behavior of the pressure distribution for the entire body. The differentiation of the
pressure distribution is considered at the wake region since the difference between the two cases is
restricted at the rear region.

Figs.19 and 20 show the velocity contour of the airflow over the entire body and it is easy to
mention that the velocity at the wake region for the notchback is less than the velocity for the
fastback.

In addition, Figs .21, 22, 23, and 24 that show velocity magnitude and velocity vector can
confirm the results. The pressure at wake region for the notchback is more than the pressure at the
wake region for the fastback. “Pressure is low at locations where the flow velocity is high, and
pressure is high at locations where the flow velocity is low”. Cengel, and Cimbala, 2006.

Fig.25 shows a comparison of the two trailing vortexes in the near wake for both models which is
clearly defined in these plots. It can be observed that the recirculation region for the fastback is
bigger than the recirculation region for the notchback and it is obvious to understand that the drag
coefficient for the fastback is bigger.
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The shape of the rear edge of the bodies controls the velocity and pressure distribution in this
region then affects the drag value for the total body.

5. CONCLUSIONS

In the present paper, the performance of airflow over different geometries of vehicle bodies
which are the notchback and the fastback at the same boundary conditions, has been investigated
numerically by Computational Fluid Dynamics (CFD) using k-¢ turbulent models and the simulation
was made by STAR-CCM+® software. The simulation shows strong results of the effect of the
geometries on the drag coefficient and the air attitude in the back region of vehicles.

Figures and analysis in this study reveal the effects of the back end configuration on the flow
field, drag coefficient, and air separation for body of vehicles, it is probable to conclude that:

1. The notchback end has a less drag coefficient and less area of separation than that for fast
back end. This is because of the difference in shape especially in the rear back.
2. The results achieved were very in agreement with the theoretical understanding of the air
flow over bodies.
3. Air and any other fluid attitudes depend on the shape of the body that the fluid would flow
over it.
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NOMENCLATURE

A, =projected area of the body in x direction, m?.
Cp = the total drag coefficient.

Cx =the nose drag coefficient.

Cg = the back drag coefficient.

Cs = the slope drag coefficient.

Cu, 05 Cys, Ca, ox= model constants.
Fp = the drag force, N.

L = characteristic length, m.

Sij = the strain rate tensor, 1/s.

U = the upstream velocity, m/s.

u = velocity, m/s.

Greek symbols.

& = turbulent dissipation rate, m%/s>.
k = turbulent kinetic energy, m?/s°,
¢ = turbulent length scale, m.

ut = turbulent viscosity, Ns/m?.

p = density of the air, kg/m°.

v = kinematic viscosity, m?/s.

9 = velocity scale, m/s.
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Subscripts
I;] =referring x- and y-directions respectively.

Tablel. Fluid properties.

Fluid properties
‘ Fluid/Material H Air ‘
Density Constant, p = 1.225 kg/m®
‘ Velocity H 40 m/s ‘
‘ Time domain H steady ‘
Turbulence model k-¢ turbulence model

Table 2. The simulation settings.

‘ Simulation Settings ‘

Domain Two Dimensional
‘ Density H Constant, p = 1.225 kg/m° ‘
‘ Velocity H 40 m/s ‘
Time domain Steady

‘ Turbulence model ‘ k-¢ turbulence model ‘

Solver Segregated
‘ Fluid/Material H Air ‘
Mesh properties Trimmer mesh, 7 prism layers; Base size 0. 4m
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Table 3. The results of the drag coefficient for fastback.

Drag Coefficient for Fastback

Co 0.698
Cs 0.248
Ck 0.125
Cs 0.325

Table 4. The results of the drag coefficient for notchback.

Drag Coefficient for Notchback

Co 0.654
Cs 0.236
Ck 0.175
Cs 0.243
A A
U._,,
WAKE —
~ _b —_ >/\ . — Velocity deficit
C JmEars—i
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Figure 1. A wake region behind the vehicle, Katz, 2006.
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Figure 2. The near and the far wake regions, Richards, 2000.
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Figure 3. Vortices behind the vehicles, Hucho, 2013.
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Figure 4. The common body geometries for the small car, Richards, 2000.
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Figure 5. Different base degree of Slant angle, Ahmed, 1983.
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Figure 6. 2D Computational domain.

Figure 7. The cross-section of fastback geometry with 25 slant angle degree.
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Figure 8. The cross-section of notchback geometry with 25 slant angle degree.

<

Figure9. The 3D computational domain.

Figure 10. The cross-section of notchback geometry with 0.4 mesh base size.
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Figure 11. The cross-section of fastback geometry with 0.4 mesh base size.
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Figure 13. Residual history for notchback.

127



Number 9 Volume 22 September 2016 Journal of Engineering

cD

Force Coefficient
o
o

1} 0.1 0.2 0.3 0.4 0.5
Time

— CS Monitor — CK Monitor — CD Monitor CB Monitor

Figure 14. Drag coefficient for fastback.
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Figure 16. Divisions of the experimental area of the body.
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Figure 17. Pressure Contour for fastback.
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Figure 18. Pressure contour for notchback.
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Figure 19. Velocity contour for fastback.
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Figure 20. Velocity contour for notchback.
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Figure 21. Velocity vectors for fastback.
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Figure 22. Velocity vector for notchback.
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Figure 24. Velocity magnitude for notchback.
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Figure 25. Comparing the wake region between the fastback and the notchback.
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ABSTRACT

Active vibration control is the main problem in different structure. Smart material like
piezoelectric make a structure smart, adaptive and self-controlling so, they are effective in active
vibration control. In this paper piezoelectric elements are used as sensors and actuators in
flexible structures for sensing and actuating purposes, and to control the vibration of a cantilever
beam by using sliding mode control. The sliding mode controller (SMC) is designed to attenuate
the vibration induced by initial tip displacement which is equal to 15 mm. It is designed based
on the balance realization reduction method where three states are selected for the reduced model
from the 24™ states that describe the cantilever beam according to the FEM. These states are
most controllable and observable. The stability and control performance for the proposed SMC
are proved using candidate Lyapunov function and the equivalent control concept. The control
spillover, which is the sources of instability, is completely avoided as ensured within the control
performance proof.

Numerical simulations are preformed to test the vibration attenuation ability of the
proposed SMC. For 15 mm initial tip displacement, the piezoelectric actuator was found able to
reduce the tip displacement to about (0.2) mm within (2.5 s), while it is equal to (3.5) mm with
the open loop case. Moreover, the induced chattering in system response, due to the
discontinuous control action, is removed by approximating the signum function by a continuous
arctan function. As a result a smoother response are obtained with the same control performance
as can be shown in the sliding variable, the control input voltage and the tip displacement plots.

Keywords: Active vibration control, Finite Element, sliding mode control, sliding mode
observer, spillover.
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1. INTRODUCTION

The increasing demand of high structural performance requirements has led to the developments
of smart materials and structures. A smart structure has the capability to respond to change
external environment (such as loads, temperature and shape) as well as to change internal
environment (such as damage or failure).This technology has numerous applications, such as
active vibration and buckling control, shape control, damage assessment and active noise
control. The development of these smart or structures offer great potential or use in advanced
aerospace, hydrospace, nuclear, and automotive structural applications, Bandyopadhyay, 2005.

The system is called a smart structure because it has the ability to perform self-controlling.
One way of making the structure as smart is done by the use of piezoelectric materials. The
technology of smart materials and structures especially piezoelectric smart structures has become
mature over the last decade. The application of piezoelectric smart structures is the control and
suppression of unwanted structural vibrations, Balamurugan, 2000.

The main advantages of piezoelectric actuators are fast response, high power density and
large force output. Piezoelectric materials can be effectively used for active vibration control
with fast response and easy implementation. The electricity for the piezoelectric is produced by
pressure (Direct Effect) Conversely, a piezoelectric material deforms when it is subjected to
an electric field (Converse Effect). The piezoelectric sensor senses the external disturbances
and generates voltage due to direct piezoelectric effect while piezoelectric actuator
produces force due to converse piezoelectric effect which can be used as controlling force,

Kumar, et al., 2014.

To simulate the behavior of mechanical structures under inertia and external loads, very few
analytical solutions for specific situations are available. For this reason, the discretization of
these structures is the basic step for a static and dynamic further analysis. One possibility for this
step is provided by the finite element method. In mathematical terms, finite elements are a
numerical method for solving systems, and generally used to eliminate all spatial derivatives by
increasing, at the same time, the number of the resulting new equations in the system, Sachs,
2004.

The structure is modeled to retain large number of degrees of freedoms. In active vibration
control, the use of smaller order model has computational advantages. Therefore, it is necessary
to apply a model reduction techniques in order to get a reduced model size for which the control
law can be designed. One of these techniques is based on balance realization method, Inman,
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2006. For closed-loop system, it is not always possible to get a control law that causes
eigenvalues to have the required and desired values. This problem raises the concept of
controllability. The system is completely controllable if every state variable can be affected in
such a way as to cause it to reach a particular value within a finite amount of time by some
unbounded control. Then more useful measure is provided for asymptotically stable systems of
the form given by equations by defining the controllability gramian. Gramian matrices can be
used for checking if a system is controllable and observable, Zhou, et al., 1999.

To control vibration of a piezoelectric smart structure, a controller usually designed based on
a reduced order model (ROM) of the system form; whereas, finite element models inevitably
have a large number of degrees of freedom. When such a ROM based controller is applied to the
full order system, actuator forces for reducing the vibration of the lower modes will also
influence the residual modes of the structure and produce undesirable vibration due to the un-
modeled dynamics. This phenomenon is known as control spillover, Meirovitch, 1990. Spillover
phenomenon occurs because the unmodeled dynamics, which are not included in reduce order
model, will be excited. Different control techniques have been suggested and investigated in the
control of smart structure. Some of these studies are linear quadratic regulator (LQR) approach,
Dorf, 2003, sliding mode control, Utkin, et al., 2009, H, control, H,, control, Oveisi and
Nestorovic¢, 2014.

The sliding mode control method, first proposed in the early fifties, is one of the control
design methods to dominate the uncertainties and disturbances acting on the systems. It is been
obtained as significant research attention since early sixties in the former USSR and has been
widely applied in a variety of applications, Bartolini, 2003, Biswas, 2009, Qaiser, 2009. Sliding
mode control (SMC) is a particular type of the so-called Variable Structure Control (VSC) that
changes the control direction to drive the system to a specified manifold in the state space and
then keep the system within a neighborhood of this manifold. Sliding mode control is designed a
controller such that the motion of the system tends to slide mode surface. Therefore designing a
SMC consists of two stages; finding a sliding surface (defined as a desired linear combination of
system states such as displacement, velocity, and acceleration) to stabilize the controlled
system, and find a control force to drive the response trajectory into the sliding surface with
an exponential speed in time, Itik and Salamci, 2005.

The main feature of sliding mode control is its insensitivity to some class of uncertainties,
which makes it attractive in the control applications for uncertain systems. The sliding mode
control method has some advantages such as robustness to parameter uncertainty, insensitivity to
bounded disturbances, fast dynamic response, and easy implementation of the controller,
Magnani, 2007, Ferrara and Vecchio, 2009, and Capisani, 2009. The method enables the
decoupling of overall system motion into independent partial components of low dimension and
as a result reduces the complexity of feedback design Sliding mode theory has been
recognized as a robust control approach in treating disturbances and modeling uncertainties
through the concepts of sliding surface design and equivalent control, Utkin, et al., 2009.

The aim of the present paper is to design sliding mode control to attenuate the vibration of a
smart cantilever beam using piezoelectric element. The model utilized for control design purpose
is the reduced order model that is obtained according to the balance realization method. Based
on the equivalent control the performance of the proposed SMC is ensured via satisfying the
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control performance condition. Consequently the control spillover is eliminated by satisfying this
condition.

2. SMART CANTILEVER SYSTEM MODEL

The model of cantilever flexible beam studied here is given in Fig.1. The cantilever beam
bonded with the same place pair of piezoelectric sensor / actuator near the fixed end. By using
the Euler-Bernoulli beam equation, the infinite dimensional mathematical expression of the
beam can be written as follows, Bandyopadhyay, 2007.

2 0%w(xt) | 0%w(xt) _
€ o atz 0, 1)

where ¢ = EI/pA, w(x,t) is the deflection along the x-axis, E is the Young's modulus, I is
the moment of inertia, A is the cross sectional area, and p is the density of the beam. The partial
differential equation (PDE) given by Eq. (1) can be solved by using the supposed mode
approach, which yields finite dimensional ordinary differential equation set.

The dynamic equation of the smart structure is obtained by using both regular beam element
and piezoelectric beam elements. The mass and stiffness matrices of the smart structure include
sensor/actuator mass and stiffness, Chhabra, et al., 2012. The entire structure is modelled in
state space form using the Finite Element Method (FEM) by dividing the structure into six equal
finite elements. The sensor and actuator were integrated on the top and bottom surfaces at the
second element from the fixed end of the beam. A beam element is considered with two
nodes at its end. Each node having two degree of freedom (DOF) (translation and rotation) is
considered. The mass and stiffness matrix is derived using shape functions for the beam element.
When a system vibrates, it undergoes back and forth motion, it has transverse displacements, so
all positions vary with time, and therefore, the system has velocities and accelerations. The
equation of motion, involves a fourth order derivative w.r.t.( X ) and a second order derivative
w.r.t. time (acceleration) The solution of the Eq. (1) is assumed as a cubic polynomial function
of (x) given by:

w(x) = a; + ayx + azx? + a, x3 (2)
where w(x) is displacement function which satisfies the fourth order partial differential equation

(1). The constants a, to a, are obtained by using the boundary conditions given below at both
the nodal points (fixed end and free end). Consider the derivative of w(x) as:

Z—: = a, + 2a3x + 3a,x? (3
thenat x =0, w(x) = a; =w; and Z—: =a, =6,. Also at x =1,
wx)=w, = a; + a,l + azl?>+ a,l3, and Z—: =0, = a, + 2a3l + 3a,l?

where w; , 6, , w,, 08, are Degree of Freedom at node 1 and 2, respectively and [ is the length of
the regular beam. The relation between w;,8;, w,,6, and the constants a, to a, is
represented in a matrix form as,
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Wy 1 0 0 071[™
6] o 1 0 0]
wol |1 1 12 1B]]as (4)
0, 0 1 21 302] |las
Solving for a; to a, yields;
a {5 00 Sp e "
GQl_|_3 _z 3 _a1f|9%] _1fo %1 5)
as N w; B3|-31 —212 3l w;
@ |2 1 _z 16 2 6,
& 12 & 12

Substituting the constants obtained from (5) into (2) and by rearranging the terms, the final

form for w(x) is obtained as:
W1

6
w(x) == [(l3 —3lx% +2x3) (Bx—202x% + x31) (31x? —2x3) (—1%x? + [x3)] Wl

6,
(6)
or w(kx)= NTgq (7)
where N is the shape function and q is the displacements at the nodes, which are given by
N = li3 [(13=3lx?+2x3) (Bx—21%x% + x31) (3lx? — 2x3) (=12x% + I3)]T (8)
q= [w; 61w, 6,]" )

The strain energy U and the kinetic energy T for the beam element with uniform cross section in
bending is obtained as:

U=Elef (20 g = Bl g L)) T W, )] d (10)

T =t [0 g S et g G )] T e, )] d (1)

where p;, is the mass density of the beam material, A, is the cross sectional area of the beam,
I, is the moment of inertia of the beam, and E, is the modulus of elasticity of the
beam material. The equation of motion of the regular beam element is obtained by using the
Lagrangian equation:

< [21] , [ou

a gl T 5q] = Fi] (12)
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For free vibration, F; = 0. The strain energy U and the kinetic energy T in terms of the shape

function N and q are

A . . A . .
T pbz bflb[NT :I]T[NTCI] dx sz bflb TNNTq dx
. A . 1. .
= qT (_sz bfleNTdX ) q= —2 CIT Mbq

Accordingly
T
YT = Myq

d aT]

a2 12T - m.
dt Logq; b4

where M, is the mass matrix of regular beam

156 221, 54 —131,,]
zzzb 412 131, =312 |

131, 156 —zzzbJ
131, —317 =221, A4l

|[
_ T 3.. _ PbAplp
Mb—pbAbflb NN'dx = 420 [
Also for the strain energy,

_Eplp

Eypl
U==2[ [N q]"[N; qldx === q"N,. Nj q dx
Eyl 1
= q" (22 f, N, NJ dx)q =3 q"Kyq
one can obtain

[Z_:i =Ky q

K,= Epl, flb N, NI dx

where K, is the stiffeness matrix of regular beam

12 6l —-12 6l

Epyly| 61 417 —6l 217
B 1-12 -6l 12 -6l
6l 212 —6l 417

K, = E,,I,,flb N, NI dx =

Eventually the equation of motion according to the Lagrangian equation is:

M, G+ Kpq = fp

or
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[156 221, 54  —13l,)piy [12 6L, =12 6, ] wy
ppay | 221, 4y 131, =3I} |[é L Eplp| 6L, 4y —6l, 215 | |61
a20 | 54 131, 156 —zzszWZJ E [—12 —6l, 12 —6le w,

-131, 312 -221, 4z 110, 6l, 213 —e6l, A4l

= | @

where F,, F,, M;, M, are the forces and the bending moments acting on nodes 1 and 2
respectively Fig.1. When PZT patches are assumed as Euler-Bernoulli beam elements the
elemental mass and stiffness matrices of PZT beam element can be computed in similar fashion
as, Bandyopadhyay, 2007.

[ 156 221, 54 —13l,]
ppAplpizzzp 412 131, —312|

My == l 54 131, 156 —22I, 23)
~131, —312 —221, 4L
(12 6l, —12 6L,
2 2
|6, 42 —6l, 202
Ko="5"1_12 —61, 12 —é6l, 24)
6L, 202 —6l, 42

The smart beam element is obtained by sandwiching the regular beam element in
between the two PZT patches Fig. 1.

Inwhich EI = E, I, + 2E, I, is the flexural rigidity and pA = b(ppt, + 2p,ty,) is the
mass per unit length of smart beam element, ¢, is the thickness of PZT patches thickness
of Actuator and Sensor, and I, = bt“+ bt, (t“:t”) . So the elemental mass and stiffness
matrices of smart beam element are:

156 221, 54 —13l,
oA, | 221, 412 131, —3I2

Me=%0 | 54 131, 156 —221, (25)
_131, —312 —221, 42
[ 6lb —-12 6lb
e 6lb 4 —6l, 213 | -
l _6l, 12 —6le

6l, 202 —6l, 42
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2.1 Sensor and Actuator Equations

The sensor equation is derived from the direct piezoelectric equation, which is used to calculate
the total charge created by the strain in the structure. Piezoelectric materials can be used as strain
rate sensors. When used so, the output charge can be transformed into the sensor current i(t) ,
Bandyopadhyay, 2007.

i(t)= zes b [P

i
Xi

N," g dx (27)

where, z = %’+ t, and N, is the second spatial derivative of the shape function, e;; is the

piezoelectric stress constant.

The output current of the piezoelectric sensor measures the moment rate of the flexible beam.
This current is converted into the open circuit sensor voltage V;(t) using a signal-conditioning
device with the gain G., Bandyopadhyay, 2007.

[*1] [*1]
Ve(t) =[0 —Gozez b 0 Gozesy b ]mlzi =Sc[0 —10 1]|3;12|=qu (28)
L6, ] L6, ]

where S, = G.ze3z; b and p is a constant vector depends on the type of sensor, its
characteristics and its location on the beam. The actuator equation is derived from the converse
piezoelectric equation. The strain developed €, by the electric field Ef on the actuator layer is
given by, Jalili, 2010.

e = dE; (29)

Ya(®)
ta
actuator in the thickness direction t,. Then the stress o, that developed by the actuator is given

by, Bandyopadhyay, 2007.

where, Ef = is the electric field, and V,(t) is the input voltage applied to the piezoelectric

0o = Ep dyy (“2) (30)

ta

where E,, is the Young’s modulus of the piezoelectric and d3, is piezoelectric strain constant.
The bending moment in a small cross section of the piezoelectric element is given by:

d?w
I

dMazEpﬁ

P (31)

The resultant moment M, acting on the beam element due to the applied voltage V, is determined
by integrating the stress in Eq. (30) throughout the structure thickness as:

M, = Ep d31z Vo (t) (32)
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The control force f_.,; produced by the actuator that is applied on the beam element is obtained
as, Bandyopadhyay, 2007.

fetrt = Epdsib z [-1010]" Va(t) (33)

Alternatively, f..-; can be expressed as:

fctrl =h Va (t) (34)
where,
h=E,d3; bz[-1010]" (35)

3. DYNAMIC EQUATION OF SMART STRUCTURE

The dynamic equation of the smart structure is obtained by using both the regular and
piezoelectric beam elements (local matrices) given by Eq. (25) and Eq. (26). The mass and
stiffness of the bonding or the adhesive between the master structure and the sensor / actuator
pair is neglected. The mass and stiffness of the entire beam, which is divided into six finite
elements with the piezo-patches placed at only one discrete location is assembled using the FEM
technique and the assembled matrices (global matrices) M and K are obtained. The equation of
motion of the smart structure is given by, Bandyopadhyay, 2007.

Mq +Kq:fext+fctrl:f (36)

where M, K, foxe, feers @nd f are the global mass matrix, global stiffness matrix of the smart
beam, the external force applied to the beam, the controlling force from the actuator and the total
force coefficient vector respectively.

The generalized structural modal damping matrix D is introduced into Eq. (36) by using,
Balamurugan and Narayanan, 2000, Clough, 2007.

D =aM + BK (37)
where «a and B are the frictional damping constant and the structural damping constant

respectively. When applying the cantilever beam boundary condition, the system equation of
motion for the 6-element cantilever beam is:

Mg+ Dg+Kq=f (38)

For free vibration condition f,,; equal to zero, so the remaining applied force on the system is
the controlling force f,.,; exerted by the controller.

3.1 State Space Model of the Smart Structure

Many design tools and model reduction in modern control theory need a state space form for the
mathematical model of a plant. Consequently, the smart flexible cantilever beam mathematical
model can be written in state space form as follows;
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Q1] _ [*1] _ o [Ga] _ [x] %3 . [%3 }
q2] = [xz] =x,q= C'Iz] = [xz] = [x4]' and § = L.CJ then the 6-element smart
cvantilever beam sate space model is;

Let g =

X3 X3 X1
M Z o ]+ K ] = fen (39)
which yields
X3 — _m-1p 3] p-1p [F2 -1
[xJ‘ M D[x4] M K[x2]+M hV,(t) (40)
or
).Cl X1
Xz _ 0 I X2 0
X-3 - [_M—lK _M—ID] X3 +[M—1h] Va(t) (41)
564 X4

And in a matrix form
x = Ax(t) + Bu(t)

(42)
X1
X2 _ 0 I
x3| ' A= [—M—l K —-M™'D
X4

where x = ] , B= [M‘Olh] and u(t) = V,(t).

with approperate zero and identity matrices dimensions. The sensor voltage is taken as the output
of the system and the output equation is obtained as:

y(® = Vi(®) =p"a =" [ ] (43)

Thus, the sensor output equation in state space form is given by:

X1

y@© =00 p'1|} (44)
Xg

or,

y(£) = Cx(©) (45)

where ¢ = [0 pT]. The single input single output state space model (state equation and the
output equation) of the smart structure developed for the system is given by Eqgs. (42) and (45):

x=Ax (t) + Bu(t)}

y = Cx(t) (46)
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With
_ 0 I \
A= [—M—lK —M1 D]24*24L
70 (47)
B= [M_lh]24*1 |
c=1[0 pT]1*24

In the following section, the state space model is reduced via balance realization to a form and
dimension more appropriate for controller and observer design.

3.2 Model Reduction

In the finite element modeling, the structure is modeled to retain large number of degrees of
freedoms. In active vibration control, the use of smaller order model has computational
advantages. Therefore, it is necessary to apply a model reduction technique to the state space
representation. The reduced order system model extraction techniques solve the problem of the
complexity by keeping the essential properties of the full model only, Inman, 2006. For the
present work the 24™ order system model obtained from the finite element model is reduced to
the three order using a model reduction technique based on balance realization. The approach
taken for reduction the order of a given model based on deleting the coordinates, or modes, that
are the least controllable and observable. To implement this idea, a measure of the degree of
controllability and observability is needed. However, an alternative, more useful measure is
provided for asymptotically stable systems of the form given by equations by defining the
controllability grammian, denoted by W, as

W2 = [ e BBTe tdt (48)
And the observability grammian, denoted by W,, as, Inman, 2006.
Wg = [7edtCTCe dt (49)

The matrices A, B, and C defined as in Eq. (47). The properties of these matrices provide useful
information about the controllability and observability of the closed-loop system. If the system is
controllable (or observable), the matrix W, (or W,) is nonsingular, Williams and Lawrence,
2007. These grammians characterize the degree of controllability and observability by
quantifying just how far away from being singular the matrices W, and W, are, Janardhanan,
2013.

Applying the idea of singular values as a measure of rank deficiency to the controllability
and observability grammians yields a systematic model reduction method. The matrices W, and
W, are symmetric and hence are similar to a diagonal matrix. There is equivalent system for
which these two grammians are both equal and diagonal. Such a system is called balanced
system, also W, and W, must satisfy the two Liapunov-type equations:
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AWZ +WEAT = —BBT} (50)

ATWE+WiA=-CTC

Now to transform the system to a balance realization form, this requires the determination of a
transformation matrix P that will transform the system in Eq. (46) to:

x'=Ax"+B'u

y=C'x"+Du } (51)

where A’ =P 'AP, B'=P7'B and C'=CP. The controllability and observability
grammians matrices are diagonal and equal to

VT/C = WO =)= diag(Gl, 0y, ... ....,Un)

where W, and W, are the controllability and observability grammians for system after
applying the transformation P and the numbers o; are the singular values of the grammians and
are ordered such that, g; > 0y, ,i = 1,2,.....,n
Therefore the pair (A", B") could be uncontrollable pair since some of o; could be equal to zero.
Indeed there exists a subsystem (i.e., a reduced order model) which is still controllable and
observable.

Now the choice

1
P=G"'Ux2 (52)
will transform the grammians W2 and W2 to become equal and transform the system in Eq. (46)
to a balanced realization form. Namely,

WC = Vl\/o =X (53)

where X can be written in terms of two set of the singular values o1y and a(,) as

[ o)

0(2)

In this representation o,y describes the “strong” sub-systems to be retained and o) the “weak”
sub-systems to be deleted. Conformally partitioning the matrices as

A = [A11 A12] \

Ayr Az
I _ Bl (55)
B = [Bz]
C'= [C1 Cz]

and truncating the model, retaining A, = A;;, B, = B; and C, = C; as the reduced system,
and deleting the “weak” internal subsystems, Inman, 2006.

143



Number 9 Volume 22 September 2016 Journal of Engineering

4. SLIDING MODE CONTROL DESIGN

This section is devoted to design a sliding mode controller to the smart cantilever beam using its
reduced order model. The sliding mode control approach is recognized as one of the
efficient tools to design robust controllers for complex high-order nonlinear dynamical
systems which are operating under parameter’s uncertainty or in presence of disturbance
inputs, Al-khazraji and Hamzaoui, 2006. Sliding mode theory has been recognized as a
robust control approach in treating disturbances and modeling uncertainties through the
concepts of sliding surface design and equivalent control. The equivalent control method means
replacement of discontinuous control on the intersection of switching surfaces by a continuous
one such that the state velocity vector lies in the tangential manifold, Utkin, et al., 2009.

The major advantage of the sliding mode control design approach is the low sensitivity to
the system model parametric variations and disturbances which eliminates the necessity of
exact modeling, Bandyopadhyay, 2005. The sliding mode design method consists of two steps.
The first step, a sliding surface is designed so that the state trajectory of the plant forced to the
required surface, and the second step is to design a control law such that the system remains on
the sliding surface. Therefore, the design of SMC includes the determination of sliding surface
and controller design, Balamurugan and S. Narayanan, 2000.

To design a sliding mode control to the reduced order model of the smart beam the
Reduced Model (RM) and the Residual Model (RSM), Dorf, 2003. are presented here as
follows; according to the balance realization the linear state model for the cantilever beam, as
given in Eq. (51) are rewritten as follow;

X'R = Aerr + AZRxR + Bzu
y = Crxp + Crxp

)'Cr = Alrxr + AleR + Blu}
(56)

where x,, € R, is the reduced model states, x; € R™" is the residual model states, and

4 A;';-(r AI; (n-r)
- A(n—r)xr A(n—r)x(n—r) ’
2r 2R

Ber
5| ppenal

Bz(n—r)x 1

C = [CT}XT Céx(n_r)]
where the pair (44, B;) is a controllable pair with highest controllability and observability
grammian. The RM of Eq. (51) from Eq. (56) is

X’r = Alrxr + AleR + Blu (57)

In order to design a SMC for the reduced model, and as a first step, it is required to
transform Eq. (57) to the so-called Regular Form (RF). The sliding mode control had two-stage
design procedure which is the selection a switching manifold and then finding control enforcing
sliding mode in this manifold, these two stage becomes simpler for systems in RF. The regular
form consists of two blocks; the first block does not depend on control, whereas the dimension of
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the second block coincides with that of the control, Utkin, et al., 2009. The RM is decomposed
first to the form;

Xr1 = A1r11Xr1 + A1r12X%2 + Aigaxg + Bllu} (58)
Xry = A1r21Xr1 + A1r22X2 + A1gaXg + Biou

where:

X
x. =", x, ERTY x,., €ER®
r xr2 yrrl A2

AOIX(T—&) AOEX(Z Ale

1r22

A(r—a)x(r—a:) A(r—a)xal

_ 1r1l 1r12
Ay = [

(r-a)xa
Ay = AlRl] and , B, = [311 ]

1r21 Bixzxa

The required transformation matrix to the RF is presented in the following proposition.
Proposition (1) The RM as given in Eq. (58) is transformed to the RF via the following
transformation;

o= [ =t = [l T o 59)

Z2 ax(r—a) Iy Xr2

where I and O are the identity and zero matrices respectively with the matrix size given as the
subscript.

Proof: The validity of the transformation T, can be proved as follows; first it is needed to show
that T;. is a nonsingular matrix and then to show that the RM is transformed to the regular form
via T,.. The transformation matrix T,. is nonsingular since, Bernstein,2009.

I(r—a) _BllBl_Z1
Oax(r—a) Ia
= detly_qdetl, =1

det(T,) = det

Secondly, the RM in terms of the new state z is;
Z = TTAerT_lz + TTAIR'XR + TT-Blu (60)
All what it is necessary to prove it is that the control term T,.B;u doesn’t appear in z;. Namely;

I(r—a) _BllBl_Z1

O¢—
T.B, = Bll] _ [ (r a)xa]

B12 Blz

Oax(r—a) Ia

Accordingly the RM dynamics becomes (The RF model);

2y = Apy121 + Ap1azy + Agixg } (61)
Zy = Ayp12y + AppaZy + Apaxg + Biou
Where
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~

“ A
Ay = TrAerr_1 l i

A
Ajp = T Ajg = [ Rll

Remark 1: By considering the transformation matrix T,, which it is devoted to the RM state
only, one can easily find the overall non-singular transformation matrix to system model state x
(Eg. (51)) in the form

Z
X=\|2

XR

rXr
T

Orx(n—r)

62
O(n—T)XT I(n—r)x(n—r) ( )

:TrTx:l

And accordlngly Eq. (51) is transformed to
= T, AT 7% + T,rBu
Or
Z = Ar11Z1 + Aruzz + ARlxR
Zy = Ar21Z1 + Ar22Z2 + AszR + Byou (63)
Xp = Ay312y + Ay3p2; + Apsxp + Byu

Equation (63) can be named as the Total Regular Form (TRF) model where the RF model (Eq.
(61)) is the upper part of it.
Note (1) that det(T,;) = det(T;.) = 1 and the total transformation from x to X is

X=TqTyx =Tx (64)
where

T =TT, (65)
T, =P~1

Remark 2: In the RF model in Eq. (61) the terms A;z,xz and A;r,xg are the matched and
unmatched disturbances, Castafios and Fridman,2006.

Proposition (2): For the RF model in Eq. (61) with @ = 1, the sliding mode controller that will
regulate the system state x to the origin is given by

U= Uy + U (66)
where

s=2,+Gz,G € RV (67)
Uy = _szl(Ar21Z1 + Arp22y + GAp121 + GAr1222) (68)
us = k * sgn(s) (69)
k= |B12|_1|AR2 + GARll * SUP¢solXp| + ko, kp >0

(70)

With the selection of the matrix G such that;
i. the matrix (A1, — A;12G) is Hurwitz

ii. the matrix (A + BH) must has (n — 1) negative roots plus one equal to zero value
where

H= _szl[(l‘irm + GArn) (Arzz + GArlZ) (ARZ + GARl)]T (71)
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iii.  the following control performance condition is satisfied;

R¢ = min;—_,|Rf| > mini—;_,|R?| = R?
(72)

Where R{ represents the real term of the it" eigenvalue of (A + BH) except zero and R?
represents the real term of the i** eigenvalue of A. The zero eigenvalue of (A + BH) is due to
constrain the system state to the sliding manifold s = 0.

Proof: the objective of the SMC is to direct the sliding variable s to the origin using a
discontinuous control action. Accordingly, a SMC is designed such that it makes the derivative

of the candidate Lyapunov function V(s) = %52 negative definite. The time derivative of V is
V(s) =s*s$
and the time derivative of s is
$=2,+ G2y = Ap17y + Arppzy + Agoxp + Bipu + GApy1 2y + GA,yp7, + GAgyxp
Select the control law as
U= ug+ Uy
Where u, and ug are the nominal (continuous) and the discontinuous control terms, the s then
becomes;
§=App121 + AArZZZZ t GAr112y + GAr1222 + BiaUo + Bials + ApaXg + GApy Xg
= Byyus + (Apgy + GAgy )xg
Where the control term wu, is selected to eliminate the known terms in s as;
Uy = —szl(Ar21Z1 + Argzy + GApyzy + GArlZZZ)
The term (ARZ + GARl)xR is the unknown term due to the unmeasurable (or estimated) states xg
and for which ug is devoted as follows;
us = k * sgn(s)
To this end s becomes;
S =By *k *sgn(s) + (ARZ + GARl)xR
= —|Byz| * k * sgn(s) + (ARZ + GARl)xR
where B;, < 0. The discontinuous gain k is determined such that V(s) < 0. So let k be given
by
k = |312|_1|AR2 + GARll * SUPesolXr| + ko, ko >0
Then V(s) becomes
V(s) =ss= s{—IBlzl * kxsgn(s) + (ARZ + GARl)xR}
= —|s||Bi2l xk + S(ARZ + GARl)xR
< —|s||Bi2| xk + |S||(AR2 + GARl)le = _|5|(|B12| *k — |AR2 + GARlllle)
= —|S|{|B12| * (|312|_1|AR2 + GARll * SUP¢»o|Xg| + ko) - |AR2 + GARl'lle}
= —|S|{ko + |AR2 + GARll(Suptzolle - |xR|)}
Since (supesolxrl — |xz|) > 0 Vt, then V(s) < 0. This will lead to s = s = 0 after a finite
interval of time. To this end, the attractiveness of the sliding variable s is proved but then it is
required to show that the RM is asymptotically stable during sliding mode and also to derive the
matrix H that will ensure the asymptotic stability of the control system. To show that the RM, as
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given in Eq. (61), Eq. (67) is solved to z, when = 0, to get z, = —Gz;. Then sub z, in the first
equation in Eq. (61) to obtain the dynamics of z; during sliding motion

Z; = Ar1121 + ArlZ (=Gzy) + ARlxR = (Arn - Ar1zG)Z1 + ARlxR

For a controllable pair (4,11, 4,1;) the matrix G can be selected such that the matrix (4,1, —
A,1,G) is Hurwitz, which also determine the sliding motion dynamics. Now the objective is to
derive the matrix H during sliding mode based on the equivalent control as follow;

[Sleq =0 = Ary1zy + Argpzy + Agyxg + Bioueq + GAr1121 + GArz2, + GAgixp
Solving for u,,
Ueq = _szl{Ar21Z1 + Arz22; + Apaxg + GAr1121 + GAp122; + GARIxR}

= _31_21{(/101 + GAr11)Z1 + (Arzz + Gl‘imz)Zz + (ARZ + GARI)xR}
= —szl[(l‘irn + GArn) (Arzz + GATlZ) (ARz + GARl)]

Z1
22]
XR
= =B} |(Arp1 + GAr11) (Ao +GAriy) (Ary + GAgy)|2
= —szl[(l‘irn + GArn) (Arzz + GATlZ) (ARz + GARl)]Txo
- U, = Hx  where
H = —szl[(l‘irm + Gl‘irn) (Arzz + GAmz) (ARZ + GARI)]T

Now sub u., in Eq. (46) to get
x =Ax +BHx = (A + BH)x

For the control system to be asymptotically stable the matrix (A + B H) must be Hurwitz.
But since the state is constrained to the sliding manifold s = 0 during sliding motion (s = 0 is a
hyperplane of dimension n — 1 in the state space) so one of the eigenvalue of (A + B H) is equal
to zero. Accordingly, the remaining n — 1 eigenvalues must be of negative real part. Finally, the
performance of the proposed SMC to suppress the smart material vibration is determined by the
eigenvalues of the control system during sliding motion. If the minimum (but differ from zero)
absolute real term of the " eigenvalue of (A + BH) is greater than that for the original
systemA , then the control system will attenuate and suppress the smart cantilever vibration
effectively. This idea is coined in condition (72).

The sliding mode controller, as in Eq. (66), that grantted asymptotic stabilty of the reduce
model, may also cause the unstability for the system dynamic which named the control spillover.
In the following section the avoideness of spillover problem is proved to happen if the SMC
staisfies the performance condition as given in proposition (2).

4.1 Control Spillover Problem and control performance condition

To control vibration of a smart structure, a controller is usually designed based on a reduced
order model of the system. When such a reduce order model based controller is applied to the
full order system model, the actuating force that reduce the vibration of the lower modes will
also influence the residual system model of the structure. Consequently it may produce
undesirable vibration due to the unmodeled dynamics. This phenomenon is known as control
spillover, Meirovitch, 1990 .
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In the proposed SMC presented in proposition 2, the control spillover is avoided via the
second condition imposed on the selection of the matrix G. Morover the smart cantilver beam
dynamics with the SMC will be given by;

x =Ax +BHx = (A + BH)x (73)

which represent the whole model matrix after applying the sliding mode control.
Remark (3): the smart cantilver beam dynamics as given in Eq. (73) is derived based on the
equivalent control concept in SMC theory.

Remark (4): The second condition ii. can be used in measuring the performance of the
proposed controller; where a higher vibration suppression can be achieved for large difference
between R¢ and R°.

5. SIMULATION RESULTS AND DISCUSSION

In this section the simulation results for a smart cantilever beam, which is subjected to an
initial tip deflection, are presented. MATLAB software is used as a simulator to the cantilever
beam system. The physical and geometrical specifications for the beam are given in Table 1
below. To show that the derived model represents the system dynamics at least with respect to
the dominant natural frequencies, the natural frequencies of the beam (Eq. 47) are calculated and
compared with the natural frequencies obtained from the ANSYS program. The results are
shown in Table 2 with a good agreement.

The balance realization and order reduction process for the system model had been
performed to reduce its states form (24) states to (3) states, without significant affect to its
dominant mode. This is demonstrated in Fig.2 in the Bode plot. The number of states is equal to
the selected singular values in Table 3 for the diagonal elements of matrix X (the diagonal
elements are the singular values of the grammians o;, i = 1,2, .....,n). Acoordingly the reduced
order model matrices are determined according to section three with approperate dimension and
only three states. By using the reduce order model states x,. € R3, the designed sliding mode
controller is applied to the cantilever beam and the system is simulated for 15 mm initial tip
displacement. To investigate the stability of the smart cantilever, (the total system model with
the SMC), the eigenvalues are determined based on the equivalent control, i.e., during sliding
motion. The new system eigenvalues are presented in the second column of Table 4. In this
table, in the second column, one of the eigenvalues (before the last one) is nearly equal to zero,
while the minimum (but differ from zero) absolute real term is greater than that for the original
system A (the first column). This agrees with what has been pointed in section four.

For the first set of numerical simulation, a (0.00001) second is used as a period of
integration to the sliding mode control system. In Fig.3, the controlled tip displacement is
compared with the open loop case. The ability of the SMC in stabilizing the tip displacement is
clarified in this figure where it required about 2.5 second only. In addition, the control input
voltage to the piezoelectric element, shown in Fig.4, is switched between 200 and —200 volt.
This is a consequence of the discontinuous nature of the proposed SMC. Additionally the sliding
variable is plotted in Fig.5 where it reaches zero value after a very small period of time. The
oscillation of the sliding variable is because that the sliding variable dynamics is affected also by
the remaining states which ignored during getting the reduced order model.
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In the real application of the suggested controller, it may be difficult to use 0.00001 second
as sampling time for the control input where it is required to change the control voltage after
each 0.00001 second. In order to access the real situation, the time period for the control input is
taken equal to 0.0025 second. Consequently, the second set of numerical simulation use these
time numerical values. The control performance is similar to the first set of simulation as
clarified in Figs.6, 7 and 8 for the sliding variable, the tip displacement and the control input
voltage respectively where, as can be seen, the vibration suppression ability is nearly the same as
in the first set of simulation. This enhances the applicability of the suggested controller.

From Figs.4 and 8 it can be seen that the control input voltage to the piezoelectric still
actuated in full value in spite of the sliding variable equals zero approximately. This makes
system chatter because the control voltage switches between the full input voltage due to the
oscillation of the sliding variable s around the zero with a very small amplitude. To remove or
attenuate the chattering effect, the signum function Eq. (69) is replaced by a continuous
approximate function (the arc tan function), Edwards, et al., 1998. It is given by;

sgn(s) = % * tan~1( 10 * s). Replacing sgn(s) by the approximation given above will prevent
chattering and smoothing the values of the input voltage as shown in Fig (9). Eventually the
sliding variable and the tip displacement are shown in Figs.10 and 11 respectively, which proves

that the control performance is as in the case of using signum function but with control voltage
tends to zero after the beam vibration is die out.

6. CONCLUSIONS

In this paper, the sliding mode was designed to suppress the vibration induced in a
cantilever smart beam subjected to an initial tip displacement. The state space model is obtained
using the finite element approach and modal analysis resulting after appropriate modal reduction.
During the theoretical calculations, the 24™ order system model obtained from the finite element
model is reduced to the three order using a model reduction technique based on balance
realization without affecting its dominant modes. For the proposed SMC, the control system
stability and the control performance condition are derived in Eq. (71) and inequality (71)
respectively. When the (4 + B H) matrix has (n — 1) negative roots plus one equal to zero the
control system is asymptotically stable and the control spillover is avoided. These results were
proved by making the derivative of the candidate Lyapunov function negative definite and using
the equivalent control concept and also clarified in Table 4 where 23 negative real eigenvalues
plus one value very close to zero (1.056e-09). In addition, the control performance was
maintained at the desired level via satisfying inequality (72) as can be detected in Table 4 where
the largest eigenvalue (has negative sign) for the closed loop system is smaller than that for the
open loop case. The numerical simulations prove the effectiveness and performance of the
proposed SMC where the cantilever beam vibration is suppressed in effective way when
compared to the open loop case. Finally, and in order to overcome the chattering problem the
signum function was replaced with the approximation given by the arctan function with
appropriate parameters. The chattering is attenuated; the sliding variable and the control voltage
input are accordingly smoothed as shown in Figs.9 to 11 with the same control performance.
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NOMENCLATURE
altoa4  constants used in solution of the displacement function, dimensionless.

A
A

A

b
p

cross-section area of the beam element, mm?.
cross-section area of the piezoelectic element, mm?.
state matrix.
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width of the beam, mm.
input matrix.

constant which equal to \/EI/pA

output matrix.

piezoelectric constant, m/V.
piezoelectric stress/charge constant, VmN™
young modulus of the beam, GPa.

young modulus of the piezoelectric, GPa.
external force, N.

control force, N.

force acting at the node, N

signal condition device, dimensionless.
constant vector.

sensor current, Amps.

stiffness matrix of the beam element.
stiffness matrix of the piezoelectric element.
length of the beam element, mm.

length of beam, mm.

mass matrix of the beam element.

mass matrix of the piezoelectric element.
shape function.

vector displacement.

velocity vector.

acceleration vector.

thickness of the actuator, mm.

thickness of the beam, mm.

Kinetic energy.

control input, Volt.

Strain enegy.

actuaor voltage, Volt.

sensor voltage, Volt.

displacement function.

dgree of freedom.

damping coefficient, dimensionless.
strain.

density of the beam, kg/m®

Density of the piezoelectric patch kg/m®
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Figure 2. Bode plot
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Figure 3. Tip Displacement for open loop and closed loop control system
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Figure 4. The control input voltage to the piezoelectric
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Figure 5. The sliding variable s
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Figure 6. The sliding variable s
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Figure 7. Tip Displacement for open loop and closed loop control system
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Figure 8. The control input voltage to the piezoelectric
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Figure 9. Control input voltage to the piezoelectric by using approximate function
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Figure 10. The sliding variable s using approximate function
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Figure 11. Tip Displacement for open loop and closed loop control system using approximate
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Table 1. The specification for the flexible cantilever beam and piezoelectric

Physical Specification Cantilever Beam (st-st ) Piezoelectric
Length L=276 mm l, =46 mm
Width b =33 mm b= 33 mm
Thickness tp, =1 mm t, =0.762 mm
Young modulus Ep =193.06 Gpa Ep-68 Gpa
Density pb=8030 Kg/m® pp = 7700 Kg/m®
Damping coefficients a=0.8 & p=6.8E-5
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Table 2. Natural frequency results of the system

Journal of Engineering

MATLAB ANSYS o
Natural Frequency (H2) (H2) Error%
fy 11.878 11.421 3.125
f, 61.376 61.148 0.372
f3 181.06 180.1 0.558
fa 153.5 151.3 1.45
Table 3. Singular value of grammians matrix
diag { 0.0011404 0.0011399 0.000698  0.0006932 0.00058469
Y= 0.00057315 0.00040318 0.00037605 0.00034589 0.00032743
0.00018763 9.8742e — 05 6.1004e — 05 5.7566e — 05 ...... }
Selected
singular
values for o) = dig{0.0011404 0.0011399  0.000698}
model
reduction
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Table 4. System eigenvalues and controlled system eigenvalues

System Eigenvalues

Controlled System Eigenvalues

-96730 + Oi

-96757 + Oi

-84999 + Oi

-85330 + Oi

-21374  +13107i

-20079 +  14749i

-21374 - 13107i

-20079 -  14749i

-11184 +  14277i

-10038 + 17969i

-11184 - 14277i

-10038 -  17969i

-17782 + (0]

-17721 + Oi

-17342 + Oi

-17338 + Oi

-6491.8+ 12198i

-6289.6 + 11276i

-6491.8- 12198

-6289.6 - 11276i

-3092.9+ 9021.6i

-4558.6 + 7464.2i

-3092.9- 9021.6i

-4558.6 - 7464.2i

-1122.7+ 5634.6i

-1898.7+ 5931.3i

-1122.7 - 5634.6i

-1898.7 - 5931.3i

-482.27+ 3733.7i

-285.41+ 3354.9i

-482.27 - 3733.7i

-285.41- 3354.9i

-190.95+ 2359.6i

-135.03 + 1341.8i

-190.95 - 2359.6i

-135.03 - 1341.8i

-44.402 + 1136.8i

-3.3486 + 1148.7i

-44.402 - 1136.8i

-3.3486 - 1148.7i

-5.4563 + 385.6i

-14.623+ 386.09i

-5.4563 - 385.6i

-14.623 - 386.09i

-0.58936 + 74.626i

1.056e-09 + 0i

-0.58936 - 74.626i

-43.536 + 0i
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ABSTRACT

The permeability determination in the reservoirs that are anisotropic and heterogeneous is a
complicated problem due to the limited number of wells that contain core samples and well test
data. This paper presents hydraulic flow units and flow zone indicator for predicting
permeability of rock mass from core for Nahr-Umr reservoir/ Subba field. The Permeability
measurement is better found in the laboratory work on the cored rock that taken from the
formation. Nahr-Umr Formation is the main lower cretaceous sandstone reservoir in southern of
Irag. This formation is made up mainly of sandstone. Nahr-Umr formation was deposited on a
gradually rising basin floor. The digenesis of Nahr-Umr sediments is very important due to its
direct relation to the porosity and permeability.

In this study permeability has been predicated by using the flow zone indicator methods. This

method attempts to identify the flow zone indicator in un-cored wells using log records. Once the
flow zone indicator is calculated from the core data, a relationship between this FZI value and
the well logs can be obtained.

Three relationships have been found for Nahr-Umr reservoir/Subba field by FZI method.

By plotting the permeability of the core versus the permeability that is predicted by FZI method
the parameter R® was found (0.905) which is very good for predict the permeability.

Key words: permeability, FZI

FZI 44y aladinly dsa Jia / jae g (raSal i) cilaa
Oy ol ) 2aa) O daaa andly A Lea dana B rew
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iadal)
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4dyhll o3a | (Flow zone indicator) 4a b aladiuly dsa Jia 3 jee el (Sl 4dlal) Clua &5 Eand) 138 d
Flow ) Glua azy Sluaall aladindy Gllll Glise Lo e S LY 8 (Flow zone indicator) 4ed s Jglas
Glusa s (Flow zone indicator) 4 swaall 4eill s3a (0 483e alag) ol o Jh siall QLI Cilily ¢« (zoNe indicator
FZI 48 sk pladiuly doa i/ jee 565 paSal a5 BBl 4536, LY
Bim dad iy i (0.905) a5 28 R? il (L8 FZ] 4y yhay aliaaionall 4l aa Ll 4l sy adasd 59
FZI 48 ) 4308l alayy
FZI, a3l s Al cilalSl)

1. INTRODUCTION

One of the most important rock parameters for the evaluation of hydrocarbon reservoirs is
permeability. Permeability was controlled by the size of the connecting passage between pores.
Recovery of hydrocarbons from the reservoir is an important process in petroleum engineering
and estimating permeability can aid in determining how much hydrocarbons can be produced
from a reservoir".

Pasternak, 2009 stated that there is more one method to determine the permeability and
porosity that are composed much of the technical literature in the industry of oil. There was no
defined equation between the values of porosity and permeability. In many cases the relationship
between porosity and permeability was qualitatively and in any way was not direct or indirect
quantitatively. At all it was possible to find very high value of porosity without founding any
permeability, as in the cases of pumice stones (where the permeability effective was approach to
zero), clay and shale. The reverse might be true where the permeability was high and the
porosity was low, like in micro fractured carbonate reservoirs. In spite of this fundamental lack
of corresponding between the two properties, there were often can be find a good correlations
between the porosity and permeability within one formation.

Tiab, and Donaldson, 2004 gave that the reservoir rock nature may contain oil dictated that
the fluids quantities that were trapped within the pores of these rocks. The porosity may be
defined as a measure of the void space of rock, and the permeability was the ability measurement
of the rock to transmit fluid. Knowledge of the porosity and permeability was essentially before
the questions concern the types of fluid, amount of fluid, rate of fluid flowing, and fluid recovery
estimate could be answered".

2. FLOW UNITS

Bear, 1972, stated that the flow unit may be as the representative of the elementary volume of
the total reservoir rock which the geologically and petro physical properties of the rock volume
are the same.

Hear et al., 1984, defined the flow unit as a reservoir zone that was laterally and vertically
continuous, and has similar permeability, porosity, and bedding characteristic.

Ebank, 1987, defined the hydraulic flowing units as portions of the reservoir which the
geologically and petro physical properties that affects the flow of fluids were consistence and
predictably different from the properties of other reservoir rocks volume.
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Gunter, et al., 1997, showed that the flow units as continuous stratigraphic intervals of
similar reservoir process that honor the geological frameworks and maintain the
characteristically of the rock types. The hydraulic flow unit concept of hydraulic may be used to
find the permeability.

3. DEVELOPMENT OF FLOW UNIT CONCEPT.

Amaefule, et al., 1993, considered the mean hydraulic radius role is in defining hydraulic
flow units and correlation permeability from cores data. Their approach was essential based on
the modified Kozeny-Carmen equation:

3
)
217 X Sgy (1= 0esf)

The Amaefule et al,defined the mean hydraulic radius as follows:

Cross sectional Area T
rmh = = - )

Wetted perimeter 2

Tiab, and Donaldson, 2004, considered the concept of subgrouping reservoir volume into the
flowing unit, suggested that the term 2t in Eq. (1), which is classical referred to as Kozeny
constant, is actually “variable constant”. That means that Kozeny constant may vary for different
hydraulics units, but is constant for a specific unit. Based on that, Tiab, and Donaldson, 2004,
introduced the “variable constant” k. referred to as the effective zoning factor:

B 1 Oofs
k= (:c,rxsgf) X (1-0.57°) (3)
Tiab, and Donaldson, (2004) proposed to estimate the effective zoning factor:
k.= F.x 1° (4)

Carmen, 1937, ‘simulated a porous medium as a bundle of capillary tubes. They combined
Darcy’s law for flow in a porous medium and Poiseuille’s law for flow in tubes. A tortuosity
factor was also included, because for a realistic model of porous media the connected pore
structure is not straight capillary tubes. Carmen, 1937, suggested the following relationship
between porosity and permeability:

(peff X Tmhz
272

% X @, @ r
fr eff 2
k= = X (=)2 =
812 272 (2)

)
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Al —Ajmi, and Holditch, 2000, showed that the mean hydraulic radius can be related to the
specific surface area per unit grain volume Sy, and the effective porosity e, by the following
equation:

1 Perr )
S, =—x 6
SR (1 — QPeff ©)

Combining Egs. (5) and (6), gives the generalized Kozeny-Carmen equation:

3
S/ MV — ™
(1_@9},},) F.x 12 X Sap
The term (Fsxt?) is known as the Kozeny constant, which is usually between 5 and 100 in
most reservoir rocks. The term (FSXIZXSQVZ) a function of geological characteristics of porous
media and varies with changes in pore geometry. The determination of the (FSXTZXSQVZ) group is
the focal point of the Hydraulic Flow Unit (HFU) classification technique.

4. IDENTIFICATION OF FLOW ZONE INDICATOR (FZI) AND RESERVOIR
QUALITY INDEX (RQI)

Taslimi, 2008 showed that flow zone indicator depends on geological characteristics of the
material and various pore geometry of a rock mass; hence, it is a good parameter for determining
HFU. Flow zone indicator is a function of reservoir quality index and void ratio.

Amaefule, et al., 1993, addressed the variability of Kozeny’s constant by dividing Eq.(1) by the
effective porosity ¢es, and taking the logarithm:”

E 1 x( Durs )x 1 8)

quugff © 0.0314 s [F

1—‘ngf gv v s

Where, the constant 0.0314 is the permeability conversion factor from pm?- md.
Al —Ajmi, and Holditch, 2000, defined the flow zone indictor FZI (um) as:
1 (9)

—
ngv VI

FZI =

Reservoir quality index RQI (um) as:

K
RQI = 0.0314 |
«J Perr

(10)
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And normalized porosity ¢ (fraction) as:

_ Pesr

Substituting Eg. (9) and Eq. (10) in Eq. (8) gives the following equation:

RQI = FZI X @, (12)

Taking the logarithm of both sides of Eq. (12) yields:
log RQI =log FZI X log ¢, (13)

Al —Ajmi, and Holditch, 2000, considered that in a Log-Log plot of RQI versus ¢, all the
samples with similar FZI values lie on a straight line with a slope of one; and data samples with
the same FZI values, but significantly different from the preceding one, will lie on another,
parallel, unit-slope lines; and so on Perez, 2003 samples that lie on the same straight line have
similar pore throat attributes, and thereby constitute a unique HFU. Each line represents a HFU
and the intercept of this line with ¢,=1is the mean FZI value for that HFU. Each flow unit is
characterized by FZI. Amaefule, et al.,1993, determined the basis of HFU classification is to
identify groups of data that form unit-slope straight lines on a Log-Log plot of RQI versus ¢, as
shown in Fig.1.

5. FZI CORRELATION WITH WELL LOGS DATA

FZI is then correlated with certain combinations of logging tool responses to predict
permeability values in cored and un-cored intervals of wells. This method attempts to identify
the flow zone indicator in un-cored wells using log records. Once the flow zone indicator is
calculated from the core data, a relationship between this FZI value and the well logs can be
obtained, Pablo, 2008.

Egs. (10) through (12) are used to compute the functions for preparing a log-log plot of RQI
versus @, for each reservoir unit of all the wells. The data that have similar FZI values fall on a
straight line (of the same slope); and all the data on the same straight line can be considered to
have similar pore throat attributes (the same hydraulic unit) governing the flow. The
permeability can be computed for those points on the same straight line (with same FZI) where
core permeability plotted versus core porosity as shown in Fig.2:

Using the Eqg. (14) to calculate the permeability in the un-cored wells:

Perr’

K =1014 x FZI? x
(1 = @efp)?

(14)
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The cross plot of the logarithm of permeability versus porosity data obtained from core analyses
is shown in Fig.1. The cross plot of the logarithm of the reservoir quality index (RQI) versus the
logarithm of the normalized porosity (dz) for various values of the Flow Zone Indicator (FZI)
are shown in Figure Fig.2. The cross plots of the K-predicated by FZI and K-core versus depth
for each well are shown in Figs .3 to 7. A good agreement between the k-predicted and k-core
values along most depth intervals of the units may be noticed from these figures. By plotting the
permeability of the core versus the permeability that is predicted by FZI method for the cored
wells the parameter R* was found (0.905) as in Fig.8 and this value is considered good to find
the values of permeability for Subba field /Nahr-Umr reservoir.

5. CONCLUSIONS

- FZI method is very accurate method in estimating permeability in un-cored well. Good
agreement has been obtained between core permeability and calculated permeability by FZI
method.

- FZI method gave three groups for Nahr-Umr reservoir, each group represent type of rocks, each
type have the similar porosity and similar properties which can be used to divide the reservoir.
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Figure 2. Core permeability versus core porosity for Nahr-Umr formation. Watten, 2015.
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Figure 3. K- Predicted from FZI and K-Core versus depth for Nahr-Umr formation (well su-4).
Watten, 2015.
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Figure 4. K- Predicted from FZI and K-core versus depth for Nahr-Umr formation (well su-5).
Watten, 2015.
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Figure 5. K- Predicted from FZI and K-Core versus depth for Nahr-Umr formation (well su-7).
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Figure 6. K- Predicted from FZI and K-core versus depth for Nahr-Umr formation (well su-9).
Watten, 2015.

2590

2580

2570

50 — Ak core

1A IZ k pred
2540 A D ____ .

depth(m)

2530

2520 ¥

2510 ; .
1 10 k(md) 1000

Figure 7. K- Predicted from FZI and K-core versus depth for Nahr-Umr formation (well su-14).
Watten, 2015.
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Figure 8: K- Predicted by FZI and K-core.

Table.1Regression formulas with their correlation coefficient (R?) by FZI method.

FZI Formula R2
FzI =1 K=24483 *¢peff3-5415 0.9437
FzI =2 K=46612 *¢peff3-211 0.9545
FZI =3 K=14789 *¢peff34757 0.9391
Symbol Description Unit
Fs effective pore throat shape factor (---)
K permeability md
K function of pore-pore throat size and geometries, ()
' tortuosity and cementation
r pore throat radius pum
rah mean hydraulic radius pum
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surface area of grains exposed to fluid per unit volume

Sov of solid material cm2/em3
NOMENCLATURE
Greek Symbols
Qeff Effective porosity fraction
(0Y4 Normalized porosity fraction
T Tortuosity (---)
Abbreviations
FZI Flow Zone Indicator
HFU Hydraulic Flow Unit
RQI Reservoir Quality Index
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Correction Factor for Methods of Installation of Piles Group in Sandy Iraqi
Soils
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ABSTRACT

Many problems are facing the installation of piles group in laboratory testing and the errors in results of
load and settlement are measured experimentally may be happened due to select inadequate method of
installation of piles group. There are three main methods of installation in-flight, pre-jacking and hammering
methods. In order to find the correction factor between these methods the laboratory model tests were
conducted on small-scale models. The parameters studied were the methods of installation (in-flight, pre-
jacking and hammering method), the number of piles and in sandy soil in loose state. The results of
experimental work show that the increase in the number of piles value led to increase in load carrying
capacity of piled raft and decrease in settlement value for three methods of installation. The response of
increases load capacity for hammering method is the same value of pre-jacking method at the number of
piles less than (N=2), while when the number of piles are beyond (N=3 to 9). The load capacity of
hammering method is more than pre-jacking method and the correction factor of method of installation
depend on the type of method of installation and the piles number. The increase in carrying capacity by
hammering method is due to mobilize the dynamic soil structure interaction (soil-pile and pile-pile
interaction) and the change in properties for surrounding soil for loose state of sand is more effective than
static soil structure interaction mobilize by pre-jacking method. The correction factor of increase in load
capacity and the correction factor of the percentage of settlement reduction for pre-jacking and hammering
methods are compared with in-flight method of installation are changed with the number of piles and these
values are increased with increasing the number of piles.

Keywords: methods of installation; number of piles; correction factor ; experimental work.
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1. INTRODUCTION

Piled raft is a composite geotechnical foundation system consisting of piles, raft and soil and the behavior of
piled raft governed by different interactions (pile-pile, pile-raft and soil-pile-raft). A geotechnical assessment
for the design of such a foundation system therefore needs to consider not only the bearing capacity of the
pile elements and the raft elements, but their combined capacity and interaction under serviceability loading
Katzenbach et al., 1998. However, usually three methods are used to install pile model in sand. These
methods are listed below, Linggang, 2006.

1) In-Flight Pile Installation

2) Pre jacking Method

3) Hammering Method

And these methods governed by mobilize the soil-structure interaction, such as for jacking method the static
soil structure interaction will be mobilized while dynamic soil structure interaction mobilize for hammering
method. Katzenbach et al. 1998 and 2000 illustrated that the piled raft foundation indicates a new
understanding of soil — structure interaction under static loads as shown in Fig.1. The contribution of the
rafts as well as the piles is taken into consideration to satisfy the proof of the ultimate load capacity and the
serviceability of a piled raft as an overall system.

Giretti 2009 performed a series of centrifuge tests on models of rigid circular piled rafts in loose saturated
sand employing both non displacement and displacement piles. The main aim of the tests of the effects the
soil-pile (S-P) interaction is mainly governed by the pile installation procedure that is adopted; these
procedures range from non-displacement to displacement methods.

In this paper, in order to determine the correction factor for methods of installation of piles group in sand,
experimental work were carried out and the parameters studied are:

1- Method of installation (in-flight , pre-jacking and hammering method)
2- The number of piles (N)
3- Diameter of piles is Dp=11.30mm, spacing between piles 3Dp and relative density of sand is 30%.

2. EEXPERIMENTAL WORK:

A series of model loading tests were conducted inside a steel box of dimensions (600X600X700mm) depth,
made of steel plate of 3mm thickness, stiffened with 3 lines of 25mm angle sections, provided with 280
*220mm hatch for sand refilling as shown in Plate (1). The base was stiffened with additional 3 mm steel
plates and 25 mm steel angle frame and stiffeners, in order to prevent concentration of the load exerted from
the piston on a small area.

The internal faces of the box were covered with polyethylene sheets in order to reduce the slight friction
which might be developed between the box surface and soil. Scaling laws were followed in the design of the
model to eliminate the model stress error and boundary effects.

The square aluminum raft model was a 120mm in dimension and thickness (t,=15mm). The aluminum model
of piles employed in the tests (d,=11.30mm), where dp is the pile diameter.

2.1. Static Loading Measurement: A conventional compression machine with digital control system
was used to apply the axial loading on footing model. The load on the footing was measured using proving
ring of 3KN capacity. The settlement of pile raft model was measured by two dial gauges (0.001mm,
division) fixed on the edges of the footing by two magnetic holders as shown in Plate (2). The installation of
piles group by in-flight system method as shown in Plate (3) to control the installation of piled raft system
and prevent the inclination and eccentricity of the model, the center of piled raft model must coincide with
the center of the sand container and the center of the loading system, the pre-jacking method of installation
of piles group in soil by using the compression machine can be noticed in Plate (4). Plate (5) shows the
installation of piles group by hammering method by using known weights ranges from (0.5 to 1kg)
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2.2. Soil Used

2.2.1 Sand properties:

Poorly graded sand was used in the tests. The sand was placed in the test box at unit weight of
approximately15.3 kN/m?® (relative density=30%). The properties of sand are given in Table (1).

2.2.2 Mechanical properties of sand
The mechanical properties of used sand that have been extracted from the results of tests using triaxial test
(UU test) and direct shear test are listed in Table 1.

2.3 Mechanical Properties of Aluminum Used

The aluminum specimen used to model raft and piles were tested in accordance to the ASTM (B557-06)
specifications. Yield strength (fy), tensile strength (fu), elongation (e) and Poisson’s ratio (v). The results
mechanical properties of aluminum used under tensile test are listed in Table (2).

3. RESULTS AND DISCUSION

Figs. 2 to 7 show the measured load-settlement curves for piled raft at (N=1, 2,3,4,6 and 9), s=3dp, tr=15mm
and Dr =30% (where N is the piles number, s: spacing between piles, tr: raft thickness and Dr: relative
density of sand). In general the results show increasing the number of piles value led to increase in load
carrying capacity of piled raft and decrease in settlement value for three methods of installation.

Fig. 8 shows the computed maximum load and maximum settlement versus the increased in the number of
piles. It is clear that the maximum load carried by piled raft increase from (0.35 to 0.82), (0.38 to 1.49) and
(0.38 to 1.83 kN) and the maximum settlement decreased from (6 to 1.3), (4.2 to 0.7) and (4.2 to 0.5mm)
with increasing the number of piles from (N= 1 to 9) for in-flight, pre-jacking and hammering methods,
respectively.

Fig. 9 shows the computed increased in load carrying capacity is equal to {load (pre-jack or hammering method) /
load in-fiight method} Versus the increase in the number of piles for pre-jacking and hammering methods. The
response of increased load capacity for hammering method is the same value of pre-jacking method at the
number of piles less than (N=2), while when the number of piles beyond (N=3 to 9) it is clear that the load
capacity will be increased from (1.42 to 2.23) for hammering method and (1.355 to 1.82) for pre-jacking
method, in other words the correction factor of method of installation depends on the type of method of
installation and the piles number. For hammering method it is clear that the increase in carrying capacity
more than pre-jacking method because the dynamic soil structure interaction mobilized by hammering
method (soil-pile and pile-pile interaction) and the change in properties for surrounding soil for loose state of
sand is more effective than static soil structure interaction mobilize by pre-jacking method.

The correction factor of increase in load capacity for pre-jacking and hammering methods are compared with
in-flight method is defined by equations below:

Log(Load)=0.227 Log(N)+0.073...(pre-jacking)
Log(Load)=0.334 Log(N)+0.043...(hammering)
Where (N is the piles number)

Fig. 10 shows the computed percentage of settlement reduction (Sr%) is equal to {1-(Settlement prejacking or
hammering methods / SEttIEMENt in-fight metnoa) } fOr pre-jacking and hammering methods versus the increase in the
number of piles. This figure shows the percentage of settlement reduction increases from (30 to 46%) and
(30 to 62%) with increasing the number of piles (N=1 to 9) for pre-jacking and hammering methods, it is
clear from the results above that the hammering method is more effective in settlement reduction compared
with the pre-jacking method especially when the number of piles are beyond (N=2).

The correction factor of the percentage of settlement reduction (Sr%) for pre-jacking and hammering
methods are compared with in-flight method of installation is illustrated below:

Log(Sr%)=0.168Log(N) + 3.476 ... (pre-jacking)

Log(Sr%)=0.28Log(N) + 3.43 .....(hammering)
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CONCLUSIONS

1- The increase in the number of piles value led to increase in load carrying capacity of piled raft and
decrease in settlement value for three methods of installation.

2- The response of increased load capacity for hammering method is the same value of pre-jacking method
at the number of piles less than (N=2), while when the number of piles are beyond (N=3 to 9). The load
capacity of hammering method is more than pre-jacking method.

3-The correction factor of method of installation depends on the type of method of installation and the piles
number.

4-The increase in load carrying capacity by hammering method is due to mobilize the dynamic soil structure
interaction (soil-pile and pile-pile interaction) and the change in properties for surrounding soil for loose
state of sand is more effective than static soil structure interaction mobilized by pre-jacking method.

5-The correction factor of increase in load capacity and the correction factor of the percentage of settlement
reduction (Sr%) for pre-jacking and hammering methods are compared with in-flight method of installation
are changed with the number of piles and these values are increased with increasing the number of piles.
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Table 1. Properties for Sand Used.

Property Values
Specific Gravity, Gs 2.65
] Maximum unit 3
Dr.y Unit Weight, Vimax 17.9kN/m
Weight (va) — _
of Sand Minimum unit 14.4 kKN/m?
weight, Ygmin ’
. Maximum void
\_/0|d ratio (€max) 0.81
Ratio(e) of
Sand Minimum void 0.45
ratio (emin) ’
Dry Unit
Weight Loose state, 153
Used (Yd) Ydused
Void Ratio Loose state 0.73
Used (E) (eused) '
Friction .
Angle (°) Loose state 28.81
Poissons
Ratio Loose state 0.30
v)
Modulus of
Deformation Loose state 10000
(E, kN/m?)

Journal of Engineering

Table 2. Mechanical Properties of the Used Aluminum Alloy.
Property Value
Modulus of Elasticity (GPa) 70
Minimum % of Elongation (e) 10
Assume Poisson’s Ratio (v) 0.33

Plate 1. The sand container of used.
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Plate 2. Arrangement of the Proving Ring and Dial Gauge During Loading.

Plate 4. Pre-Jacking Method of Piles Installation System.
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INTERACTION BETWEEN
PILED RAFT AND SOIL

5

—

A I S

q = applied stress Q= load transmitted to piles g, = pressure transmitted to soil

(S-P) Soil-pile interaction (S-R) Soil-raft interaction

(P-R) Pile-raft interaction (P—P) Pile-pile interaction

Figure 1. Static Soil-Structure-Interaction of Piled Rafts (after Katzenbach al., 1998).

Load Capacity (kN)
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Settlement (mm)
w

1-Piled Raft
(Pile Diameter =11.30mm and Dr=30%)

Z=  In-Flight Method
[ ) Hammering and Pre-Jacking Methods

6

Figure 2. Load —Settlement curves for 1-Piled Raft.
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Load Capacity(kN)
0.0 0.1 0.2 03 0.4 0.5 0.6
Y T T T

Settlement (mm)
»~
T

2-Piled Raft
(Pile Diameter 11.30mm and Dr=30%)

= In-Flight Method
. o Pre-Jacking Method
A Hammering Method

8

Figure 3. Load —Settlement curves for 2-Piled Raft.

Load Capacity (kN)
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Settlement (mm)

3-Piled Raft
(Pile Diameter 11.30mmand Dr=30%)

== In-Flight Method
45 [ ) Pre-Jacking Method
== Hammering Method

5

Figure 4. Load —Settlement curves for 3-Piled Raft.

Load (kN)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20
0

05

Settlement (mm)
N
T

25

4-Piled Raft
3 I (Pile Diameter 11.30mm and Dr=30%)

4= In-Flight Method
35 @  Pre-Jacking Method
A Hammering Method

4

Figure 5. Load —Settlement curves for 4-Piled Raft.
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Load Capacity (kN)
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14 6-Piled Raft

(Pile Diameter 11.30mm and Dr=30%)

1.6
== In-Flight Method

18 [ J Pre-Jacking Method
A Hammering Method

2.0

Figure 6. Load —Settlement curves for 6-Piled Raft.
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Figure 7. Load —Settlement curves for 9-Piled Raft.
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Figure 8. Max. Load and Max. Settlement Versus The Number of Piles.
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Figure 9. Increased in Load Capacity versus the Number of piles
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Figure 10. Percentage of Settlement Reduction Versus The Number of Piles.
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Improvement of Traffic Movement for Roads Network in
Al-Kadhimiya City Center

Dr. Mohammed Qadir Ismael Ali Jasim Mohammed
Assistant Professor M.Sc., Transportation Eng.
College of Engineering — University of Baghdad College of Engineering — University of Baghdad
drmohammedalbayati@gmail.com alij.itas@yahoo.com
ABSTRACT

Numerous regions in the city of Baghdad experience the congestion and traffic problems. Due to
the religious and economic significance, Al-Kadhimiya city (inside the metropolitan range of
Baghdad) was chosen as study area. The data gathering stage was separated into two branches: the
questionnaire method which is utilized to estimate the traffic volumes for the chosen roads and field
data collection method which included video recording and manual counting for the volumes
entering the selected signal intersections. The stage of analysis and evaluation for the seventeen
urban roads, one highway, and three intersections was performed by HCS-2000 software.The
presented work plots a system for assessing the level of service for roads network within the study
region. Moreover, several improvement alternatives were proposed to overcome the traffic
movement operations issues. This work shows that traffic facilities currently undergoing serious
degradation causing a traffic jam. Therefore, the implementation of some remedial action is
necessary to improve the level of service for these facilities.

Key words: Kadhimiya, traffic, level of service, improvement, network.
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1. INTRODUCTION

It is gloabaly recognazied that transportation system is a principal component of the economic,
social, cultural and political structure of our society. In recent years, significant changes in both of
emphasis and scope of urban transportation planning have occurred. Traffic engineering plays a vital
role in reducing the time of journeys, reducing accidents and increasing safety, reducing traffic
congestion, increasing the speed of the vehicle, and obtaining information for the geometrical design
of various roads components. The ultimate form of intersection control is the traffic signal due to its
alternate ability to assign right-of-way to a specific movement, it can substantially reduce the
number and nature of intersection conflicts as no other form of control can, McShane, 2004. The
signalized intersection is generally representing the capacity constraint on any network of streets and
is the most complex location in the traffic system. Therefore, the analysis of these locations must
consider a wide variety of prevailing conditions, including geometric of the intersection, turning
movements, relative approach volumes, traffic composition, and the details of intersection
signalization, Edwards, 1992.

2. DELAY AT SIGNALIZED INTERSECTIONS

The delay is one of the most important Measures of Effectiveness (MOES) in traffic studies. It
represents the direct cost of fuel consumption and the indirect cost of time loss to the motorist,
Sadegh and Radwan, 1988. Webster, 1958, presented the results of his research conducted at the
road research laboratory in London. The research was focused on vehicle delay at fixed traffic
signals and optimum sitting of such signal. They used the simulation technique to simulate the
behavior of traffic. They assumed that vehicles arrive at the random pattern.

The collected delay values are analyzed and the model below was adopted to represent the simulated
data:

2 2 14
d= C1-3) § X —0.65 C x@¥s) (1)
21-2X) 2q(1-X) q’

where:

d= the average delay per vehicle, sec,

C=cycle time, sec,

A= proportion of the cycle time, which is effectively green for the phase under consideration,
X= the degree of saturation,

g= flow, vehicle per cycle.

3. PREVIOUS STUDIES

Many traffic improvement studies were performed in different locations of Baghdad city. Some of
these studies used Highway Capacity Software (HCS-2000) and others used TRANSYT-7F
programs to the evaluation process and provide the optimal signal timing data.

The following articles summarize some of these studies:

Amanat Baghdad, (1982), conducted Baghdad Comprehensive Transportation Study (BCTS) with
the objective of the evaluation of traffic performance for the selected facilities in Baghdad city.
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A roadway network has been recommended that attracts the major traffic movements to the primary
road system, enabling public transport to benefit from the improved traffic conditions and restricting
the use of local streets to local traffic. The recommended highway network consists of an inner
freeway box (ring road 1) around and close to the Central Business District (CBD), an inner orbital
route (ring road 2) of expressway standard, a middle orbital route (ring road 3) of freeway standard,
a long-term outer orbital (ring road 4) of freeway standard.

Mankhi, 2002, investigated the influence of delay, running speed and the density of passenger in
the bus, and the capacity of the route parameters on evaluating the overall routes and network levels
of service. The data collection for the work was included two parts; the first was the questionnaire
methods while the second was the field data collection. The study shows that each of the selected
four individual service characteristics affects the level of service evaluation by different percentage
according to their importance to the users.

Khader, 2003, analyzed the traffic pattern in the center of Al-Kadimiya and defined the traffic
problems. The video recording was utilized to observe the volume of traffic and pedestrian. Data
were abstracted and analyzed using Event, Excel, and STATISTICA programs. Furthermore, the
TRAFFICQ program was used to test the proposed engineering design for the network.

Hilal, 2004, developed a computer program for determination of the signal cycle which minimizes
the overall vehicle delay at isolated signal controlled intersection.

Al-Zaidy, 2005, studied the influence of socioeconomic factors on trip generation for Al-Hadar
District at Al-Dora area at the south of Baghdad City. The study found that the most effective
independent variable on trip generation for families are number of worker, number of students, type
of vehicle and age group

4. STUDY AREA
Initially, the study area was categorized to include three main cases:
I. Interrupted traffic flow at signalized intersections due to heavy traffic volumes, for this case the
following intersections are considered:
= Boratha Mosqgue intersection.
= Al-Shalchiya intersection.
= Aden intersection.
Il. Interrupted traffic flows at the arterial streets. Most of the arterials within the study area were
analyzed.
I11. Uninterrupted traffic flows at expressway segments. Al-Shemal expressway.
All the three study cases are within the municipality border of Al-Kadhimiya city.
Figs.1 to 4 illustrate the study area, while Table 1 presents the adopted survey methods and the
utilized equipment.

5. PEAK HOUR SELECTION

According to trip purpose, PCU (passenger car unit) travel times fluctuate throughout the day.
Considerable differences occur during different periods of the day. Therefore, in video recording it
was found often necessary to obtain the most significant periods of the day required to satisfy the
study objectives. In this aspect, four periods were identified from (6:00 am to 6:00 pm) to determine
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the peak period time. According to the recording processes, it has been clarified that the peak period
is from 8:00 am to 9:00 am for intersections (Boratha Mosque and Shalchiya), while for Aden-
intersection, the peak period was from 2:00 pm to 3:00 pm. Tables 2 to 4 show the variation of
traffic flow for the three intersections. These data are depicted in Figs 5to 7.

6. OPERATION ANALYSIS OF EXISTING TRAFFIC FLOW (INTERSECTIONYS)

The most common method to evaluate the performance of any traffic network is to simulate the
existing traffic flow patterns along the area under study. Tables 5 to 7 summarize the analysis of the
intersections level of service under existing condition. It is obviously noticed from designated tables
that the total delay for the most intersection under consideration is very high and the max (v/c) is
greater than (1.0), furthermore, the level of service is (F) for all intersections.

7. ALTERNATIVES FOR IMPROVEMENT OF TRAFFIC PERFORMANCE
(INTERSECTIONS)

After studying the performance of all intersections as mentioned previously for the existing

condition, and in order to improve the traffic performance in the study area, the following

improvement alternatives are introduced:

7.1 Alternative No.1 (Cycle Length Optimization)

To relieve the breakdown condition (level of service F), the optimization process is considered as
the first improvement stage. HCS2000-Signals contains a signal timing estimation/optimization
module called "SOAP2K". Currently, SOAP2K is capable of performing genetic algorithm
optimization of cycle length and phase times. Table 8 shows the best cycle length selected for each
intersection. The selection of the best phasing time for each phase sequence for each approach
depends on the traffic volume. Tables 9 to 11 show the performance evaluation for all intersections
under the first alternative. From the output results, it can be noticed that the measure of effectiveness
((v/c) ratio, total delay) are improved for all intersections. Although these improvements occur for
all intersections, both of (Boratha Mosque and Al-Shalchiya) intersections still suffer from the high
value of total delay time.

7.2 Alternative No.2 (Increasing the Number of Lanes)

This stage includes increasing the number of lanes on specified approaches to isolated intersections
in order to increase the capacity of the approaches operating at oversaturation condition, and to
provide better level of service. Therefore, one lane was added on approaches for each intersection
according to the available area. Tables 12 to 14 show the performance evaluation for all
intersections. From the results obtained from the second improvement alternative, it can be noticed
that a huge saving in measures of effectiveness, especially the total delay, is obtained for all
intersections.

7.3 Alternative No.3 (Combination of the First Two Alternatives)

The third alternative is a combination of the first two improvements. This alternative includes
selecting the best cycle length by timing optimization and increasing the number of lanes on the
approaches. Tables 15 to 17 summarize the results obtained from HCS-2000 program under this
alternative. It can be noticed that the total delay is decreased for all intersections. It can also be
noticed that the LOS for intersection 3 is upgraded to level C.
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7.4 Alternative No.4 (Overpasses Construction)

Alternative No.4 is designed to include the construction of overpasses in the following intersections:
1. The overpass at Boratha Mosque intersection in EB and WB directions.
2. The overpass at Al-Shalchiya intersection in NB and SB directions along 14th July Street.

Consequently, for this alternative the phase sequences for the intersections mentioned above are
changed as follows:

1. Boratha Mosque intersection is changed to 3-phase instead of a 4-phase operation.

2. Al-Shalchiya intersection is changed to 2-phase instead of a 3-phase operation.

It is important to note that the implementation of alternative No0.3 is required in this stage, which
includes selecting the best cycle length by timing optimization and increasing the number of lanes
on the approaches.Table 18 and Table 19 show the performance evaluation of intersections 1 and 2
under alternative No.4. It can be noticed from these tables that a very high percentage of reduction
in total delay at Boratha Mosque, and Al-Shalchiya intersections are obtained, and the LOS for these
intersections is upgraded to level C and level B, respectively.

8. EVALUATION OF THE IMPROVEMENT ALTERNATIVES (INTERSECTIONS)
Table 20 summarizes the percent of saving in the measures of effectiveness for the four alternatives
in comparison with results obtained from simulation of existing condition. According to Eqg. (2).

(TD Existing-TD Alternative) X

Saving, % =
TD Existing

100 )

where:
TD = Total Delay for intersection.

Percentages of saving vary from one alternative to another. From Table 20, it can be concluded that
alternative No.4 has the highest saving and benefit among other alternatives. Figs. 8 to 10 show the
percentage of saving for all intersections.

9. ANALYSIS OF URBAN STREETS WITHIN THE STUDY AREA

In this study, important arterials of the study area are analyzed and computations for LOS are
performed by HCS-2000 program. Table 21 summarizes the analysis of the arterials level of service
under current condition.

10. URBAN STREETS LEVEL OF SERVICE UNDER FUTURE CONDITION

The future condition is represented by the annual growth rate of 3% during the next five to ten years.
The analysis is carried out to identify the performance of the study area under these
conditions.Table 22 and Table 23 summarize the results obtained from simulation of the existing
condition of the studied area with a growth rate of (3%) in target years (2015) and (2020)
respectively.

11. IMPROVEMENT ALTERNATIVES OF TRAFFIC PERFORMANCE (ARTERIALS)

In order to improve the traffic performance in the study area, the following improvement
alternatives are introduced.
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11.1 Alternative No.1 (Roadway Widening)

This alternative includes increasing the number of lanes which lead to increase the capacity of the
arterials and to provide a better arterial level of service.Table 24 shows the performance evaluation
for all arterial streets under the first alternative.

11.2 Alternative No.2 (Modify Signals)

This alternative involves reconfiguring intersection in order to increase (g/C) ratio, where (g) is the
duration of effective green for the approach and (C) is the cycle length for the intersections. The
gained effect from changing (g/C) ratio on arterials performance is shown in Table 25, and it is
indicating that high reduction in delay (greater saving) is achieved for all arterial accompanied by
upgrading LOS for some arterials.

11.3 Alternative No.3 (Combination of the First Two Alternatives)

The third alternative is a combination of the first two improvements. This alternative includes
widening roadway along with increasing (g/C). Table 26 summarizes the results obtained from
analysis operation. By observing this table, it can be noticed that the total delay is decreased for all
arterial.

12. EVALUATION OF THE IMPROVEMENT ALTERNATIVE FOR ARTERIALS

Table 27 summarizes the percent of saving in the measures of effectiveness for the three alternatives
in comparison with results obtained from simulation of the existing condition of the study area.
Percentages of saving vary from one alternative to another. By observing Table 27, it can be
concluded that Alternative No.3 has the highest saving and benefit among other alternatives. Fig. 11
shows the percentage of saving for all arterials.

13. INTERSECTIONS AND ARTERIAL LOS UNDER FUTURE CONDITION

The future condition is represented by the annual growth rate of 3% during the next five to ten years
and investigated for alternative No.4 in the intersection case. Tables 28 to 31 summarize the percent
of saving in the measures of effectiveness for alternative No.4 in comparison with results obtained
from simulation of existing condition of the studied area with growth rate of (3%) in target years
(2015) and (2020), respectively .

14. CONCLUSIONS
According to the results of this work, the following conclusions have been drawn:
1. For analyzed signalized intersections:

a) The cycle time optimizations minimize the total delay in Boratha Mosque, Al-Shalchiya
and Aden intersection by (3.5%, 16.1%, 18.45%) respectively. Furthermore, Aden
intersection performs adequate LOS by optimizing cycle time only.

b) Increasing the number of lanes (one lane added to each approach per intersection) will
produce a significant saving in all measures of effectiveness, though reducing the
existing total delay of Boratha Mosque, Al-Shalchiya and Aden intersection by (73.2%,
43.9%, 33.9%) respectively.
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c¢) Increasing the number of lanes in conjunction with optimizing the cycle time will reduce
the total delay by (73.4%, 58.8%, 38.0%) respectively.

d) The overpass construction is the best solution for traffic problem for both (Boratha
Mosque Int.) and (Al-Shalchiya Int.) a high percentage of saving in delay will be
obtained (34.8%, 16.4%) and LOS will be upgraded to LOS C and B respectively.

2. For analyzed arterial (Based on future condition):

a) Arterial (Al-Rabiaa, Boratha, Al-Damergi, 14 Ramadan, Al-Askareen, Mohammed Al-
jwaad, Mohammed Al-Qasim, Al-Smoud, Al-Hasan, Al Tobchi and Al-Farazdak)
shows adequate LOS performance in the future condition and no improvement needed
for these arterials

b) Roadway widening which is adding one lane for each arterial per direction decreases
the delay significantly for all arterials. Arterials (Al-Hamza, Zain Al-Abiden, 1bn Siena
and Abid Al-Mohsin Al-Kadimi) will improve their LOS from F to LOS D, E, E, and
E respectively.

c) Modifying Signal timing decreases the control delay for arterials. The delay in
Arterials (Al-Hassain, Al-Hamza, Mosa Al-Kadhim, Zain Al-Abiden, Ibn Siena and
Abid Al-Mohsin Al-Kadimi) will reduce by (19.1%, 30.0%, 23.8%, 31.9%, 22.9%,
51.0%) respectively.

d) Modifying Signal timing in conjunction with Roadway widening will upgrade the LOS
for arterials (Al-Hamza, Zain Al-Abiden, Ibn Siena and Abid Al-Mohsin Al-Kadimi)
from F to LOS of C, D, E, C, and C respectively.

15. RECOMMENDATION
1. For intersections

a) Itis recommended to implement the cycle length optimization for all intersection in the
study area.

b) It is recommended to implement the fourth alternative which is constructing
overpasses for both (Boratha Mosque Int.) and (Al-Shalchiya Int.).

2. For arterials

a) It is recommend to perform wider questionnaire survey to include a sufficient area to
cover on board arterials, through its important to mention that the results for arterials
are based on volumes that the questionnaire survey covered only.

b) It is recommended to implement the third alternative which consists of a combination
of roadway widening and modifying signal timing.
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NOMENCLATURE

MOEs= Measures of Effectiveness

d=the average delay per vehicle, sec,

C=cycle time, sec,

A= proportion of the cycle time, which is effectively green for the phase under consideration,
X= the degree of saturation,

g= flow, vehicle per cycle.

BCTS= Baghdad Comprehensive Transportation Study
CBD-= Central Business District

HCS= Highway Capacity Software

PCU= Passenger Car Unit

v/c= Volume/Capacity

LOS= Level of Service

TD = Total Delay for intersection

189



Number 9

=
£

N Fig'ijr'e 1.Thes

Volume 22 September 2016

Journal of Engineering

‘ iy
Sl
ﬁ_l_ﬁ" )

Figure 3. The intersections locations

Figure 4. The arterial streets and highway in
the study area

190




Number 9

Volume 22 September 2016

Journal of Engineering

5400 5700
5300 -— — 5600 —
5200 T — . 5500 - —_— _
v E 5400 — N — 0
E 5100 —— — __3 1 - o o -
5 g 5300 —
E 5000 71— — — — — — > 5200 +— — — — — — —
4900 +— — — — — — 5100 T~ — - — — — -
3 5000 +— —T— —— —— —T —T— —
4000 — —T —T— T . T
SR S Y IR SR
& & & & & & LA ¥ < Q
ES K S > Q Q o .0 0 &P & &
o Ry 0 &L o Y 0 o N X A8 7
© ) A N ~ 2 s o o o & o
O'Q o &P o & OQ’ .0 .0 00 O q)O R
& C-’P S \.;}3 o S & 9 ~ 3 R
Time Time
Figure 5. Variation of traffic flow at Boratha Figure 6. Variation of traffic flow at Al-
Mosque intersection (Int.1) Shalchiya intersection (Int.2)
5800 100
5700 — 90
5600 80
b 9% I N . 70
£ 5400 — M — e B Bl BN
=2 530 — I — — B |
o - 0
ss520 - HE-B B B B m|s°
5100 -+ — — — — — — -1 £ 40
5000 — [ — k] — — . — - 30
4900 —T —T —T —T —T— —T - 20
W o,f o,f oS Qé‘ Q&“‘ OQ@ 10
0 0 & o &® 0 o -
S N T
og’q ’00’\ & ’Oo’x et & q;_eo 1 2 3 4
% o N N g he Alternative Number
Figure 7. Variation of traffic flow at Aden Figure 8. Saving in average delay for Boratha
intersection (Int.3) Mosque (Int.1)

191




Number 9 Volume 22 September 2016 Journal of Engineering

100

90
80
70
%ﬂ 60
;>
R g0
30
20

10 I
0

1 2 3 4

Alternative Number

Figure 9. Saving in average delay for Al-
Shalchiya (Int.2)

30
20
10 I
0
1 2 3 4

Alternative Number

Figure 10. Saving in average delay for Aden
(Int.3)

Arterial Name

Figure 11. Saving in average delay for arterials under all alternatives

192




Number 9 Volume 22 September 2016 Journal of Engineering

Table 1. Survey methods and equipment Table 2. Variation of traffic flow at Boratha
Equipment Mosque intersection (Int.1)
Survey Method and Duration Volume (vph)
personnel 8:00-9:00 am 5371
Traffic Video Digital video 9:00-10:00 am 5289
volume technique and camera and 10:00-11:00 am 5044
(for I manual
junctions) | manual count count 11:00-12:00 am 5107
Traffic _ 12:00-1:00 pm 5006
volume . . Two trained 1:00-2:00 pm 5188
for Road Questionnaire interviewer
(n(e)trwoori) groups 2:00-3:00 pm 5041
GIS program
with internet
connection,
Distance GPS Baghdad
and manual aerial view
digital
picture and
meters tape

Table 3. Variation of traffic flow at Al- Table 4. Variation of traffic flow at Aden
Shalchiya intersection (Int.2) intersection (Int.3)
Duration Volume (vph) Duration Volume (vph)
8:00-9:00 am 5691 8:00-9:00 am 4210
9:00-10:00 am 5468 9:00-10:00 am 4149
10:00-11:00 am 5240 10:00-11:00 am 4056
11:00-12:00 am 5372 11:00-12:00 am 4004
12:00-1:00 pm 5587 12:00-1:00 pm 4144
1:00-2:00 pm 5535 1:00-2:00 pm 4282
2:00-3:00 pm 5204 2:00-3:00 pm 4361
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Table 5. Performance evaluation of Boratha Mosque intersection (Int.1), current condition

Lane Vol. c o/C | vic d LOS A(I;p' App. h:it' Int.
Mov. (vph) | (vph) (sec) (sec) LOS (sec) LOS

L | 271 280 10.22]11.08]120.1] F
EB Th| 928 | 83 |0.22|1.19]1143.9| F 13861 F
WB L | 608 | 273 10.21|2.32]6503| F 1887 | F

Th| 514 | 546 10.21]0.98] 79.1 E 1089 F
NB L | 561 248 10.17]12.60|779.5| F ssii| F '

Th| 725 | 488 10.17|1.7113743| F ’

L | 653 | 333 10.26|2.18]583.4| F

4969 F

SB Th| 1120 | 660 |0.26 | 1.88|446.4| F

Table 6. Performance evaluation of Al-Shalchiya intersection (Int.2), current condition

App. Int.

11\44221: (XO:{) (vch) g/C | vie (s(:c) LOS | d. i?)lg d Ifl(l)ts

) p p (sec) (sec)
EB - - -] - - - - -
WB L | 932 | 1023 |0.27]1.01| 57.8 E 578 c

Th| - - - | - - -

L - - - - - - 461.1| F
NB Th| 2771 | 1632 | 0.33|1.77|3728| F 31281 F
SB ;h 19_08 7?2 0._32 2._69 78_7.6 I_: a76l E

Table 7. Performance evaluation of Aden intersection (Int.3), current condition

App. Int.

Iﬂ;:ve (XS:{) (V;h) g/C | vic (sgc) LOS| d. il())ps' d Ifl(l)ts

) (sec) (sec)

L | 185 | 670 |0.19]0.28] 40.2 | D
EB Th| 197 | 951 [0.19]0.21] 39.2 | D .71 D

L | 263 | 902 | 0.2 |0.21| 394 | D
W Th| 702 | 702 | 02| 1 | 795 | E >1.8 E 02| F
NB L | 1533 | 1256 | 0.26|1.22]|148.6| F 3708l E '

Th| 529 | 1816 |0.26]0.29| 339 | C '

L - - - - - -
SB Th| 615 | 705 | 0.2 |0.87] 581 | E 816 E
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Table 8. The existing and the best cycle length selected with total delay for intersections

The The
Existing Existing The Best Cycle TotaITIiDﬁ]Iia;]y after
Intersections Cycle Total Length Selected Optimi 9
ptimization
Length Delay (sec) (sec/veh)
(sec) (sec/veh)
1 115 408.9 120 394.6
2 73 461.9 90 387.6
3 114.0 90.2 83 29.6

Table 9. Performance evaluation of Boratha Mosque intersection (Int.1), alternative (1

Lane Vol. c o/C | vie d LOS A(I;p' App. h:it' Int.
Mov. (vph) || (vph) (sec) (sec) LOS (sec) LOS
L | 271 | 226 |0.17]1.33]2259| F
EB Thi 928 | 695 |0.17]11.48|2747| F 26371 F
L | 608 | 259 | 0.2 |2.44]17095| F
WB Th| 514 | 517 | 0.2 |1.03] 97 F 429 F 30461 F
NB L | 561 | 355 |0.25]1.82]4236| F 2666 | F '
Thi 725 | 699 [0.25]1.19|1451| F '
L | 653 | 312 |0.24]233]|6524| F
SB Th| 1120 | 620 | 0.24]12.01|5039| F 86| F

Table 10. Performance evaluation of Al-Shalchiya intersection (Int.2), alternative (1)

Lane Vol. c o/C | vic d LOS A(];p. App. Il:lt' Int.
Mov. (vph) || (vph) (sec) (sec) LOS (sec) LOS
EB - - - | - - - - -
— L | 932 | 540 |0.14]11.92]|458.7| F 4587 F

Th| - - - | - - -

L - - - - - - 3876| F

210.7| F

NB Th| 2771 | 2057 |0.41] 1.4 1210.7| F 0
SB ;h 19_08 9%8 0.i37 2._26 59?.3 F s033| F
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Table 11. Performance evaluation of Aden intersection (Int.3), alternative (1)

App. Int.
kffve (:7;:{) (v;h) g/C | vie (sgc) LOS | d. ir())ps- d El(l)ts
) (sec) (sec)

L || 185 | 427 |0.12]0.43|369| D
EB Th| 197 | 606 |0.12]0.33|34.7| C 1871 B
L || 263 | 953 [0.21]0.28| 28 C
WB Th| 702 | 742 [0.21]095|544| D 421 D 206 | ¢
NB L || 1533 | 1760 [ 0.37]0.87| 39.6 | C x5 | ¢ '
Th| 529 | 2544 [0.37]0.21]|181| B '
L - - - - - -
SB Th| 615 | 694 | 0.2 |0.89| 478 | D 4191 D

Table 12. Performance evaluation of Boratha Mosque intersection (Int.1), alternative (2)

App. Int.
Iﬂ;?ve (XO:;) (vch) g/C | vie (s(eic) LOS | d. jﬁpolg d Lhcl)ts
) P P (sec) (sec)
L | 271 437 |0.17]10.69] 53.1 D
EB Th | 928 926 |0.17|1.11]113.3 F 9.7 F
L | 608 | 479 |0.19]113212054| F
W Th| 514 710 10.19(0.75]| 514 D 1349 F 10071 F
NB L | 561 546 | 0.2 |1.18 1454 | F 114.9 F '
Th| 725 795 | 0.2 |1.05] 91.3 F '
L | 653 742 | 0.3 |0.98| 68.1 E

SB Thi| 1120 1 1091 | 0.3 |1.14|114.7| F 975 F

Table 13. Performance evaluation of Al-Shalchiya intersection (Int.2), alternative (2)

Lane Vol. c o/C | vic d LOS A(];p. App. Il:lt' Int.
Mov. (vph) | (vph) (sec) (sec) LOS (sec) LOS
EB - - - | - - - - -
— L | 932 | 1365 [0.27]0.76 | 283 | C 283 |
Th| - - - | - - -
L - - - - - - 259.1| F
2141| F
NB Th| 2771 | 2040 | 0.33]1.41]2141| F
SB ;Jh 19_08 10_87 0.i32 1._91 43_7.1 F 1371 F
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Table 14. Performance evaluation of Aden intersection (Int.3), alternative (2)

App. Int.
kffve (:7;:{) (v;h) g/C | vie (sgc) LOS | d. ir())ps- d El(l)ts
) (sec) (sec)

L || 185 | 553 |10.11]0.33|376| D
EB Th| 197 | 560 [0.11]0.35|37.7| D 1441 B
L | 263 | 1016 |0.23]0.26]|285| C
WB Th| 702 | 1131 |0.23]0.62| 33.2| C stz | ¢ 20l ¢
NB L || 1533 | 2170 |0.34]0.71] 27.1| C 28| ¢ '
Th| 529 | 2353 10.34]0.22]1209| C '
L - - - - - -
SB Th| 615 | 1136 | 0.23]10.54|31.8| C 218 | ¢

Table 15. Performance evaluation of Boratha Mosque intersection (Int.1), alternative (3)

App. Int.

Iﬂ;?ve (XO:;) (vch) g/C | vie (s(eic) LOS | d. jﬁpolg d Lhcl)ts

) P P (sec) (sec)

L | 271 444 10.1810.68 ] 54.2 D
EB Th| 928 | 940 |0.18| 1.1 | 108.8| F 9.5 F

L | 608 | 470 1]0.19|1.35]|218.6| F
W Th| 514 696 |0.19|0.77| 544 D 14341 F 10871 F
NB L | 561 549 | 0.2 |1.17|1447 | F 114.8 F '

Th| 725 799 | 0.2 |1.04]| 91.6 F '

L | 653 757 10.31|10.96 | 65 E
SB Th| 1120 | 1112 |0.31|1.12]1075| F L8 F

Table 16. Performance evaluation of Al-Shalchiya intersection (Int.2), alternative (3)

Lane Vol. c o/C | vic d LOS A(];p. App. Il:lt' Int.
Mov. (vph) | (vph) (sec) (sec) LOS (sec) LOS
EB - - - | - - - - -
— L | 932 | 735 [0.15]1.41]2265]| F 2265 | F
Th| - - - | - - -
L - - - - - - 1904 | F
102.1| F
NB Th| 2771 | 2482 | 0.4 |1.16]102.1| F 0
SB ;Jh 19_08 13_02 0.i38 1._59 29_5.4 F 2054 F
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Table 17. Performance evaluation of Aden intersection (Int.3), alternative (3)

4)

App. Int.
kffve (:70:{) (Vch) g/C | vie (sgc) LOS | d. ir())ps- d El(l)ts
) P P (sec) (sec)

L | 185 | 596 |0.12]0.31]354] D
EB Th| 197 | 603 [0.12]0.33]|355| D 1361 B
L | 263 | 994 [0.22]0.26] 28 C
WB Th| 702 | 1107 | 0.22]10.63]32.7| C 0.1 ¢ 25| ¢
NB L || 1533 | 2531 | 0.4 |0.61]| 214 | C 189 | B '
Th| 529 | 2744 | 0.4 |0.19] 169| B '
L - - - - - -
5B Th| 615 | 817 |[0.16]0.75] 40.3| D 21 D
Table 18. Performance evaluation of Boratha Mosque intersection (Int.1), alternative
App. Int.
Iﬂ;?ve (XO:{) (vch) g/C | vie (sgc) LOS | d. jﬁpolg d Lll(l)ts
) P P (sec) (sec)
EB L | 271 | 812 |0.23]037]|256| C x5l ¢
Th - - - - - -
WB L | 608 | 824 ]0.23]0.77]338| C 18| ¢
LY - — e - 348| C
NB L | 561 | 679 |0.25]0.93]49.1|] D a4l D '
Th| 725 | 989 [0.25]0.84]|356| D '
L | 653 | 901 |0.36]0.81]29.1| C
SB Th| 1120 | 1368 | 0.36 | 0.91| 33.2| C strf ¢
Table 19. Performance evaluation of Al-Shalchiya intersection (Int.2), alternative (4
App. Int.
Iﬂfol? (XS:{) (v;h) g/C | vle (s(eic) LOS| d. ipopé d Elgs
) (sec) (sec)
EB - - - - - - - -
WB TLh 932 | 1219 10.24]0.85|24.4| C sl
164 | B
NB - - - | - - - - -
SB TLh 1908 | 2312 [0.67] 09 | 124 | B w4l B
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Table 21. Performance of arterials under

Journal of Engineering

existing conditions

(<) § S
Z £ | 88 § =l w
= 2 | =| 5§53 |c E o
5 | S|B|BE|E%C
£ E| g 3
< g &
Al-Hussain St. |5399| 6 No |1.302( F
Al-Hamza 3955| 6 Yes [1.169| D
Al-Rabiaa St. [4935| 8 | Yes (2.284| C
Mosa Al-
Kadhim St 46731 6 | Yes [3.538]| E
Za'”Aé'tAb'de” 3520| 6 | No |1.204| E
Ibn Siena St. [3219| 4 | Yes (1.512| F
Boratha St. |4611| 6 | Yes |2.269| E
Al-Damergi St. |1454 4 [ No |1.227(B
14 Ramadan St. |5416| 8 Yes (2.206| D
Al-Askareen St. |2277] 6 | Yes [1.896| C
Mohammed Al- |, 5| o | ves 4273 B
Jwaad St.
Mohammed Al- | 3591 g | ves |1.344 C
Qasim St.
Al-Smoudst. [ 862 | 6 | Yes [2.268| C
Abid Al-Mohsin
Al-Kadimi St 3711| 4 No |1.291| F
Al-Hasan St. 2327 8 Yes (1.845(C
Al-Tobchist. [108 | 6 | Yes [1.127(D
Al-Farazdak St. | 75 | 2 No 10.502| D

Int. Int. || Int.

1 | 2 | 3

xisting (S;/V[;h) 408.9 | 461.9 | 90.2
Condition |1rc])ts = E E
(s;;}v[;h) 304.6 | 387.6 | 29.6

Altez?)atlve Iiré)ts = = C
S | 35 | 16 | 67

(SeTC-/VE;h) 100.7 | 259.1 | 24.0

Altel(rg)atlve Ilr(;[S = F C
SNG | 732 | 44 [733

(S;-/V[;h) 108.7 | 1904 | 225

Altezg)atlve Iir(;[S = = C
53;2“9 734 | 59 |75.1

(S;-/Vzh) 348 | 164 | 225

Altel(r‘rl])atlve Ilrg)ts C B C
Saving | 15 | 9655 [ 75.1

%
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Table 23. Future performance of arterial, target
year (2020) & r = 3%.

(<5 é S (<) § <
= 3|5 =2 £ 3| 6 =2
Z Els| 8 g inc’ =l n 2 € l%5| 8 3 ilc’ =l n
= 2|2 s3|=&|o = S|2lss|z&|o
5 S|&| g |8 5 S|&| 88 |sE|-
£ €|l a 3 £ E|l a 3
< = » < = »
Al-Hussain St. |6263| 6 N 1.302| F Al-Hussain St. [7235] 6 N 1.302| F
Al-Hamza [4587| 6 | Yes [1.169| E Al-Hamza 15299 6 | Yes |1.169| F
A'I;ARab'ZaISt- 5725| 8 | Yes |2.284|D | [" Al-RabiaaSt. |6613] 8 | Yes |2.284| D
osa Al-
. 54211 6 | Yes |[3.538]| F Mosa Al-
Z Kair:libs-g Kadhim St. 6262| 6 Yes |3.538]| F
ain Al-Abiden - -
St 4083 | 6 N 1.204| F Zain Aé—tAblden 4717 6 N 1204|
Ibn Siena St.  [3734| 4 | Yes |1512|F —
Ibn S St. |4314| 4 Y 1512 F
Boratha St.  |5349] 6 | Yes |2.269| E n 'ina o ©
Al-Damergi St. |1686] 4 | No_|1227] B | |_borathast 6| Yes |2.269| F
14 Ramadan St. [6282| 8 | Yes |2.206| D | [Al-DamergiSt. |1948) 4 | No |1.227| C
Al-Askareen St. [2641| 6 | Yes [1.896| C | |14 Ramadan St. |7257( 8 | Yes |2.206| E
Mohammed Al- 2471l 8 | Yes la273l B Al-Askareen St. [3051| 6 | Yes [1.896]| C
Jwaad St. Mohammed Al-
28551 8 | Yes |4.273| B
Mohammed Al- Jwaad St.
) 39321 8 | Yes [1.344| D
Qasim St Mohammed Al- |\« o1 g | ves |1.344| D
Al-Smoud st. |1000( 6 | Yes [2.268| C Qasim St. '
Ab|dA|-_M(_)hsm 4304| 4 No |1201| F A_I-Smoud st.. 1155 6 | Yes |2.268| C
Al-Kadimi St Abid Al-Mohsin| ,o-) | 4 | No  [1.201] F
Al-Hasan St. {2699 8 | Yes [1.845|C Al-Kadimi St. :
Al-Tobchi st. 1251 6 Yes |1.127| D Al-Hasan St.  |3118( 8 Yes [1.845( C
Al-Farazdak St. | 87 | 2 No [0.502| D Al-Tobchist. | 145 6 | Yes |1.127(D
Al-Farazdak St. | 101 | 2 No |0.502( E
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Table 24. Arterials LOS and controlling delay,  Table 25. Arterials LOS and controlling delay,

alternative (1) alternative (2)

Al-Hussain St. D 98.0 Al-Hussain St. F 199.0
Al-Hamza C 25.1 Al-Hamza C 27.4
Al-Rabiaa St. B 24.8 Al-Rabiaa St. B 24.5
Mosa Al-Kadhim St. B 24.5 Mosa Al-Kadhim St. D 82.5
Zain Al-Abiden St. E 24.3 Zain Al-Abiden St. E 25.5
Ibn Siena St. C 23.1 Ibn Siena St. E 99.7
Boratha St. B 28.4 Boratha St. D 81.3
Al-Damergi St. B 16.2 Al-Damergi St. B 14.7

14 Ramadan St. B 26.5 14 Ramadan St. B 28.6
Al-Askareen St. C 19.6 Al-Askareen St. B 18.1
Mohammed Al-Jwaad St. B 18.2 Mohammed Al-Jwaad St. B 15.9
Mohammed Al-Qasim St. C 20.7 Mohammed Al-Qasim St. C 18.9
Al-Smoud st. C 16.6 Al-Smoud st. C 14.2

Abid AI-Mofgs:n Al-Kadimi C 224 Abid AI-Morésil-n Al-Kadimi C 28 4
Al-Hasan St. C 18.5 Al-Hasan St. B 16.3
Al-Tobchi st. D 15.3 Al-Tobchi st. D 12.7
Al-Farazdak St. D 12.9 Al-Farazdak St. C 10.0
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Table 26. Arterials LOS and controlling delay, alternative (3)

Arterial Name LOS Control
Delay

Al-Hussain St. C 42.4
Al-Hamza B 20.6
Al-Rabiaa St. B 20.4
Mosa Al-Kadhim St. B 18.2
Zain Al-Abiden St. D 19.9
Ibn Siena St. B 17.3
Boratha St. B 23.0
Al-Damergi St. B 12.3
14 Ramadan St. B 21.7
Al-Askareen St. B 16.2
Mohammed Al-Jwaad St. B 15.0
Mohammed Al-Qasim St. C 17.0
Al-Smoud st. C 13.7
Abid AI-Mor;stlln Al-Kadimi C 16.8
Al-Hasan St. B 15.3
Al-Tobchi st. D 12.6
Al-Farazdak St. C 9.8
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Table 27. Comparisons between all improvements and existing conditions

Existing . . .
Arterial Name | Condition Alternative 1 Alternative 2 Alternative 3
LOS| C.D. [LOS]|C. D.[Saving%|[LOS|C. D.[Saving% [LOS]C. D.[Saving%
Al-Hussain St. | F |272.8] D [98.0| 64.1 F [199.0] 271 C [424| 845
Al-Hamza D |608| C [251] 587 | C [274]| 5409 B [20.6] 66.1
Al-RabiaaSt. | C |334| B [248| 257 | B [245] 266 B [204] 389
Mosa Al-
Kadhim St E 1432 B [245]| 829 | D |825| 424 B |182| 873
Zain Aé'tAb‘den E [374| E [243] 350 | E |255| 318 D [199| 468
IbnSienaSt. | F |1624| C [23.1] 858 | E [99.7| 386 B [17.3] 893
Boratha St. E [1399] B [284] 797 | D [813] 419 B [23.0] 836
Al-Damergi | B | 194 | B |162]| 165 | B |147] 242 B [123] 366
14Ramadan | D | 734 | B [265] 639 | B [286]| 61.0 B [21.7] 704
AlAskareenSt. | C [220| ¢ [196] 109 | B [181]| 177 B [162] 264
Mohammed Al- | p 1 1o 5| g 1 155| 57 | B |159] 176 | B [150] 223
Jwaad
Mohammed Al- |« 1 27 o | « |207] 96 | c [189| 175 | ¢ |170] 258
Qasim
Al-Smoud c [172] ¢ [166]| 35 c [142] 174 c [137] 203
Abid Al-Mohsin
LKadimigr | F 1500 € [224] 851 | C |884] 4Ll c |168| 8.8
Al-HasanSt. | C | 198 C [185| 6.6 B |163]| 177 B [153] 227
Al-Tobchist. | D | 154 | D [153] 06 D |[127] 175 D [12.6] 182
Al-Farazdak | D | 132 D 129 23 c [100] 242 c 98] 258

Table 28. Comparative analysis of MOEs between the existing condition and the alternative no.4 at
all intersections, target year (2015) & r = 3%.

EXISTING CONDITION | ALTERNATIVE (4) SAVING%
INTERSECTIONS | T.D (sec/veh) LOS | T.D (sec/veh) | LOS
1 408.9 F 54.9 D 86.6
2 461.9 F 38.7 D 91.6
3 60.0 E 21.3 C 64.0
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Table 29. Comparative analysis of MOEs between the existing condition and the alternative no.4 at
all intersections, target year (2020) & r = 3%.

EXISTING CONDITION | ALTERNATIVE (4) SAVING%
INTERSECTIONS | T.D (sec/veh) LOS | T.D (sec/veh) || LOS
1 408.9 F 103.9 F 74.6
2 461.9 F 98.7 F 78.6
3 98 F 32.3 C 67

Table 30. Comparisons between all improvements and existing conditions,
target year (2015) & r = 3%

Arterial Name Cl?)f:(sitiltlilogn Alternative 1 Alternative 2 Alternative 3
LOS| C.D. [LOS|C. D.[Saving% [LOS|C. D.|Saving% LOS| C. D. |Saving%
Al-Hussain St. | F [384.6] F [181.7] 528 | F [299.6] 22.1 E [117.0] 69.6
Al-Hamza | E [137.1] € [282] 794 | D [789] 425 B [229] 833
Al-Rabiaa St. | D [101.4] B [278] 726 | C [472] 535 B [226] 777
Mosa Al-
Kadhimse | F [2341| D [692| 704 | F |l64.1] 299 B [229] 902
Zain Aé'tf*b‘den F |1026| B |269| 738 | F |524| 489 | D |220] 786
IbnSiena St. | F 2562 C [324] 874 | F [184.1] 28.1 c [199] 922
BorathaSt. | E [2255] € [674] 701 | E [1622] 28.1 B [275] 878
Al-Damergi B |212]| B |17.0 19.8 B |16.0]| 245 B |[129| 39.2
14Ramadan | D [152.1] € [390] 744 | D [923] 393 B [246| 838
AlAskareen St.| C [237] € [206] 131 [ c [195] 177 B [17.1] 278
MOhaJ‘?;an;Zd Al g to01 | B |188] 65 B |166]| 174 B [155]| 229
Mohammed Al- 250 Cc [219] 124 | € |205]| 180 c 181 276
Qasim
Al-Smoud | C [176]| C [168] 45 c [145] 1756 c [139] 210
Abid Al-
MohsinAl- | F [409.3| C [273| 933 | F [171.0] 582 c [19.1] 953
Kadimi St.
Al-HasanSt. | C [208] c [153] 264 | B [17.1] 178 B [159] 236
Al-Tobchist. | D [154 | D [153] 06 D [127] 175 D [127] 175
Al-Farazdak | D | 133 D [129] 3.0 c [101] 241 c |98 | 263
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Table 31. Comparisons between all improvements and existing conditions,
target year (2020) & r = 3%

Arterial Name Cl?)):ll;tiltril:)gn Alternative 1 Alternative 2 Alternative 3
LOS| C.D. [LOS| C. D.[Saving%|LOS]|C. D.[Saving%|LOS| C. D. [Saving%
Al-Hussain St. | F |510.7] F [276.2] 459 | F [413.0] 19.1 F [202.0] 60.4
Al-Hamza | F [223.8] D [628| 719 | F [156.6] 30.0 c |269] 880
Al-Rabiaa St. | D [182.4] C [ 620 660 | E [1194] 345 B |264]| 855
Mosa Al-
Kudhimse | F [336:5| F [1459] s66 | F [2564| 2338 D |849| 748
Zain Aé't{*blden F |1843| B |385] 791 | F |1255] 319 | E |250| 864
IbnSienaSt. | F [3624| E | 995 725 | F [2794] 229 Cc [439] 879
BorathaSt. | E |2848| E [1428] 499 | F [253.1] 11.1 D [839] 705
Al-Damergi | C |275| B |17.9] 349 | B [17.7] 356 B |[136] 505
14Ramadan | E |2412| E [108.7] 549 | E [172.3] 286 c [s534] 779
AlAskareenSt.| C [260| ¢ [218] 162 | ¢ [213] 181 B |180[ 308
Mohammed | 5|5, 5| g | 95| g0 B [175] 175 B |16.1] 241
Al-Jwaad
Mohammed 27.9 236| 154 | C |227] 186 c 194 305
Al-Qasim
Al-Smoud | C [180] € [17.1] 5.0 c 149 172 c |141] 217
Abid Al-
MohsinAl- | F |539.1| E |885| 836 | F |2643| 51.0 C |344]| 936
Kadimi St.
Al-HasanSt. | C |220] C [201] 86 c [181] 177 B |166]| 245
Al-Tobchist. | D [154| D [153] 0.6 D [128] 169 | D [127] 175
Al-Farazdak | E | 134| D [13.0] 3.0 c [102] 239 c | 98] 269
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ABSTRACT

T he influence and hazard of fire flame are one of the most important parameters that affecting
the durability and strength of structural members. This research studied the influence of fire flame
on the behavior of reinforced concrete beams affected by repeated load. Nine self- compacted
reinforced concrete beams were castellated, all have the same geometric layout (0.15x0.15x1.00) m,
reinforcement details and compressive strength (50 Mpa).

To estimate the effect of fire flame disaster, four temperatures were adopted (200, 300, 400 and 500)
°C and two method of cooling were used (graduated and sudden). In the first cooling method,
graduated, the tested beams were leaved to cool in air while in the second method, sudden, water
splash was used to reduce the temperature. Eight of the tested beams were divided in to four groups,
each were burned to one of the adopted temperature for about half an hour and cooled by the
adopted cooling methods (one by sudden cooling and the other by graduated cooling). After burning
and cooling the beams were tested under the effect of repeated load (loading — unloading) for five
cycle and then up to failure.

As a compared with the non- burned beam, the results indicated that the ultimate load capacity of
the tested beams were reduced by (16, 23, 54 and 71)% after being burned to (200, 300, 400 and
500) °C , respectively, for a case of sudden cooling and by (8, 14, 36 and 64)% , respectively, for a
case of graduated cooling. It was also found that the effect of sudden cooling was greater than that in
a case of graduated cooling.

Regarding the failure mode, there was a different between the non-burred beam and the other ones
even that all of them had the same geometric layout, compressive strength and reinforcement details.
The failure mode for all burned beams was combined shear- flexure failure which was belong to the
reduction in the compressive strength of the concrete due to the effect of the temperature rising ,
while the failure mode of the non-burned beam was flexure failure which was compatible with the
preliminary design. It was also detected that the residual deflection proportion directly with the
temperature, as the temperature increase to (200, 300, 400 and 500) °C the residual deflection
compared with the non-burned beam increased by (32, 48, 326 and 358)% for a case of sudden
cooling and by (13, 29, 303 and 332)% for a case of graduated cooling. Another effect was appear
represented by the method of cooling, the results showed that the sudden cooling had more effect on
the residual deflection than the graduated cooling by (15-6)% approximately. To vanish the residual
deflection, numbers of cycle (loading-unloading) were required. It was found that this number
increase as the temperature of burning increased and it’s also larger in a case of sudden cooling.

Key words: concrete beam, self- compacted, fire flame, repeated load.
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1. INTRODUCTION

Exposure to high temperatures resulting from the fires is one of the common things in concrete
and steel buildings. In such case, concrete composition will suffer from self-deterioration due to the
difference in the thermal expansion of its components. Fletcher et al 2007, stated that, the free water
evaporates when concrete heated, and above 100 °C, approximately, there will be a releasing of
water that chemically bonds in the hydrated calcium silicate. In some cases, the surface layer of
concrete specimen is not able to resist the pressure of the water and steam, and spalling occurs.
Shrinkage of the hydrated cement paste will accurse due to the released water if the concrete dose
not spall, while both the reinforcing bars and the coarse aggregate will subject to thermal expansion.
Consequently, stresses will develop in the composite material and form micro cracks through the
matrix. Above approximately 400 °C the crystals calcium hydroxide begin decomposing into
calcium oxide and water process reaching its highest intensity at above 535 °C.
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Venkatesh, K. 2014, indicated that the compressive strength of the concrete decrease slightly up to
400 °C, then it decreased rapidly when it reached about 600 °C then it began to diminish
continuously as temperature increased more and more till approximately disappeared at 1000 °C.
Many theoretical researches or finite element models have been conducted to study the behavior of
different structural elements exposed to high temperature, Obaidat and Haddad 2016, Lakhani et.
al. 2014, Neno et. al. 2013, but a very little experimental works were carried out to investigate the
behavior of burred beams under the effect of repeated load, therefore an experimental program was
performed to find the behavior, ultimate load and the residual deflection of self-compacted concrete
beams subjected to fire flame under the effect of repeated load.

2. EXPERIMENTAL PROGRAM:

Three stages were included in the program of the experimental work. In the first stage, nine

beams were castled and cured using self-compacted concrete of (50 Mpa) compressive strength and
mix proportion as illustrated in Table 1, the properties of the consuming materials were illustrated
in Table 2 up to Table 10. All the tested beams had the same geometric layout and reinforcement
details (0.15x0.15) m as cross section and (1.00) m total length, Fig. 1.
Burning the beams was the second stage of the experimental program, eight of the tested beams
were divided into four groups each were burned to one of the adopted temperature (200, 300, 400
and 500) °C using a steel furnace that manufactured by 3mm thick plate bents like two L-shape with
a capacity of two specimens, Fig. 2. The clear space around the beam was 500mm height by 400mm
width and 2600mm length. These dimensions provide enough space around the beam to reach the
fire flame from the sources and to ensure that the flame are not concentrated on a limited area but
distributed on a wide area of the beam bottom and sides. Fire sources were designed as a network of
methane burners nozzles, the nozzles were allocated, four in each side of the furnace. Two
thermocouples were used, one for each beam, to monitoring the temperature. The rate of
temperature increasing was adopted to be the same for all burning possess (3-5°C /min),
approximately, and after reaching the adopted temperature of 200, 300, 400 and 500 °C, the beams
kept at the same temperature for half an hour. During the burning process time-deflection was
measured by a dial gauge of 0.01 mm sensitivity placed at the mid-top point, Fig. 2.Then after the
burned beams of a cetin group were cooled by the adopted methods ( one gradually by leaving at lab
temperature and the other suddenly by using water splash). The last stage was the repeated loading
test. Each beams was tested under the effect of repeated load for five cycle then after up to failure.
The adopted peak load of each cycle was (2500 KkN), approximately.

3. RESULTS AND DISCUSSION

Results discussion considered two main items. The first focus on the output data of the burning
stage. In this stage, cracks were generated on all beam surfaces with an intensity increased with the
increasing of burning temperature, Fig. 4 up to Fig. 11. For an individual beam the generated cracks
were more distributed in the bottom surface (tension zone) due to the deflected shape produced by
increasing the temperature and these cracks were mostly extended towered the side surfaces of the
beam Fig. 4 up to Fig. 11.There was also an increasing in the maximum crack width with the
increasing of the fire temperature to reach 0.45 mm in a case of 500 °C and sudden cooling,
Table 11. The results of this stage also improve the effect of the cooling method on the intensity of
the generated cracks. Sudden cooling had more effect to generate cracks due to the variation in the
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rate of temperature rising and rate of temperature reducing (sudden cooling) which had a damage
effect on the bond between concrete composite materials. Another phenomena was appeared in this
stage this is the spalling of the concrete surfaces, all the beams that burned up to 400 °C and greater
in addition to the beam that burned up to 300 °C with sudden cooling were spalled, Fig.6 up to
Fig. 11. This is usually belong to the rapid varying in the interior temperature caused by sudden
cooling and/or high burning temperature that expand the consuming materials of the concrete (sand
and gravel) and steel reinforcement, DeHaan, John D, 2006, NFPA 921, 2004, Lentini, John
J.,2006.

During this stage, middle deflection of the tested beams was recorded versus the measured
temperature. The trend of the deflection-temperature curves, Fig. 12, showed the compatibility
between the curves in a case of individual temperature (same temperature and different method of
cooling) and between cases of different temperature. This improve the control of the temperature
rising rate that adopted in the test.

Repeated-load test was the second stage to be discussed. The results of this stage improved the
effect of both temperature rise and method of cooling on the ultimate load capacity of the burned
beams. Regarding the burning temperature, there was indirect proportion with the ultimate load
capacity, increasing the temperature to (200, 300, 400 and 500) °C produced a reduction in ultimate
load capacity by (16, 23, 54 and 71)% in a case of sudden cooling and by (8, 14, 36 and 64)% in a
case of graduate cooling. While the effect of cooling method demonstrate that sudden cooling had
more influence on the reduction of ultimate load capacity.

Even that the preliminary design of all the tested beams was checked to be flexure failure, the failure
mode of all the burned beams was combined shear-flexure mode with different degree of
participation between shear and flexure failure. As the burning temperature increase the percentage
of shear failure increase and shear cracks began to generate in earlier stage of loading, Fig. 13. This
is belong to the decrease in the compressive strength of concrete due to the breakdown of interfacial
bond which is caused by the incompatible volume change between the concrete components during
heating and cooling , Georgali, B. and Tsakiridis, P. 2005, Koksal, et. al. 2011.

Regarding the residual deflection, there was a variation in the behavior of the tested beams during
the repeated-load. It was detected that the increasing in the burning temperature cause an increasing
in the residual deflection by (32, 48, 326 and 358)% as the temperature increase to (200, 300, 400
and 500) °C for a case of sudden cooling and by (13, 29, 303 and 332)% for a case of graduated
cooling and number of cycle that required to vanish the residual deflection.

4. CONCLUSIONS:

1. As a compared with the non- burred specimen, the results indicated that the ultimate load
capacity of the tested specimens were reduced by (16, 23, 54 and 71)% after being burned to
(200, 300, 400 and 500) °C , respectively, for a case of sudden cooling and by (8, 14, 36 and
64)% , respectively.

2. The effect of sudden cooling on the ultimate load capacity was greater than of that in a case of
graduated cooling and this variance was reduced as the temperature increased.

3. There was a different in the failure mode between the non-burred specimen and the other ones
even that all of them had the same geometric layout, compressive strength and reinforcement
details. The failure mode for all burred specimens was combined shear- flexural failure which
is belong to the reduction in the compressive strength of the concrete due to the effect of the
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temperature, while the failure mode of the non-burred specimen was flexural failure which
was compatible with the design.

It was detected that the residual deflection proportion directly with the temperature, as the
temperature increase to (200, 300, 400 and 500) °C the residual deflection compared with the
non-burned beam will be increased by (32, 48, 326 and 358)% for a case of sudden cooling
and by (13, 29, 303 and 332)% for a case of graduated cooling.

Method of cooling affected the residual deflection. The result showed that the sudden cooling
had more effect on the residual deflection than the graduated by (15-6)%, approximately.
After burning, cracks were performed on the concrete surface of the beams especially in
tension zone (bottom surface), and these cracks increase in length, width and depth as the fire
flame temperature increase.

. Method of cooling had an effect on the intensity and width of the generated cracks, the sudden

The required number of cycles to vanish the residual deflection proportion directly with the
fire temperature and sudden cooling method.
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Figure 1. Geometric layout and reinforcement details of the tested beams.
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B.V.

Figure 4. Surface of specimen T200S after fire test.
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Figure 5. Surface of specimen T200G after fire test.




Number 9 Volume 22 September 2016 Journal of Engineering

B.V.

Figure 6. Surface of specimen T300S after fire test.
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Figure 7. Surface of specimen T300G after fire test.
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Figure 8. Surface of specimen T400S after fire test.
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Figure 9. Surface of specimen T400G after fire test.
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Figure 10. Surface of specimen T500G after fire test.
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Figure 11. Surface of specimen T500S after fire test.
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Figure 12. Deflection — temperature curves at burning test.
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Figure 13. Crack pattern of specimens after repeated — load test.
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Figure 13. Crack pattern of specimens after repeated — load test (Continue).
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Figure 14. Load- central deflection of specimen WOF tested under repeated load
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Figure 15. Load- central deflection of specimen T200S tested under repeated load.
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Figure 16. Load- central deflection of specimen T200G tested under repeated load
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Figure 17. Load- central deflection of specimen T300S tested under repeated load
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Figure 18. Load- central deflection of specimen T300G tested under repeated load
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Figure 19. Load- central deflection of specimen T400S tested under repeated load
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Figure 20. Load- central deflection of specimen T400G tested under repeated load
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Figure 21. Load- central deflection of specimen T500S tested under repeated load
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Figure 22. Load- central deflection of specimen T500G tested under repeated load
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Table 1. Details of the adopted mix .
Mix Ratio Mix Proportion (kg/m° « o
( by weight) whe Water Cement | Sand | Gravel SP SF
1:2.35:259 | 0.29 163.3 563 750 883 2.4 3%

*1t /100 kg of cement (Max limit is 2.7).
** Replacement by weight of cement.

Table 2. Chemical composition of cement.*

No. | Compound Composition Cgrrr;i)rgslict?!m % Weight Ira?\lloslp;(/:qgggon
1 Silica SiO; 20.28
2 Alumina Al,O3 5.00

3 Iron Oxide Fe,03 3.44

4 Lime CaOo 63.80

5 Magnesia MgO 2.33 5 (max)
6 Sulfate SO3 2.4 2.8 (max)
7 Insoluble residue I.R 1.27 1.5 (max)
8 Loss on ignition L.O.1 3.00 4.0 (max)
9 Tricalcium aluminates CsA 0.58

10 Lime saturation factor L.S.F 0.93 0.66 —1.02
11 | Tricalcium alumina ferrite C,AF Not available

12 Tricalcium silicate CsS Not available

13 Dicalcium silicate C,S Not available

14 Fe,O3- Al,O; | Not available

*All the test were conducted by the National Center of Laboratories and Researches (Baghdad).

Table 3. Physical properties of cement.*

No. Physical Properties Test Result | Iragi Specification No. 5 /1993
1 SpeCIflﬁ/lsel{[Lfgg;a r?]rze:/(;l(g(Blalne 392 230 ( min)
Setting time (Yicale’s Method )
2 | Initial time setting : (hour: mint) 2:25 00:45 (min)
Final time setting : (hour: mint) 3:50 10:00 ( max)
3 Autoclave Expansion % 0.08 0.80 (max)
Compressive Strength, Mpa
4 7 days 21.41 15.00 ( min)\
28 days 27.81 23.00 ( min)
*All the test were conducted by the National Center of Laboratories and Researches
(Baghdad).
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Table 4. Physical properties of the fine aggregate.*
No. | Physical Properties | Test Result | Iragi Specification No. 45/ 1993
1 Specific gravity 2.63
2 | Sulfate contained % 0.22 0.5 (max)
3 Absorption 0.50

*All the test were conducted by the National Center of Laboratories and Researches (Baghdad).

Table 5. Grading of the fine aggregate.

Sieve size (mm) % Pass_ing Limit of Iragi Specification No. 45/1993
by Weight | Zone 1 Zone 2 Zone 3 Zone 4
10 100 100 100 100 100
4.75 100 90-100 90-100 90-100 95-100
2.36 91.8 60-95 75-100 85-100 95-100
1.18 76.5 60-90 55-90 75-10 90-100
0.60 51 30-70 35-59 60-79 80-100
0.30 12.2 5-34 8-30 12-40 15-50
0.15 2.7 5-20 0-10 0-10 0-15
75x10°® 2.66 5 max
Table 6. Grading of the coarse aggregate.
Sieve Size (mm) | % Passing by Weight | Limit of Iraqi Specification No. 45 /1993
37.5 100 100
19 97.1 95-100
9.5 514 30-60
4.75 6.8 0-10
Table 7. Physical properties of the coarse aggregate.*
No. | Physical Properties | Test Result Iragi Specifilga;:igon No. 45/
1 Specific gravity 2.63
2 | Sulfate contained % 0.04 0.1 (max)
3 Absorption 0.7

*All the test were conducted by the National Center of Laboratories and Researches (Baghdad).
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Table 8. Chemical composition of silica fume.*
No. | Compound Composition Chemical Composition % Weight
1 Silica SiO, 92.03
2 Alumina Al,O3 0.18
3 Lime CaOo 0.70
4 Iron Oxide Fe,03 1.10
5 Magnesia MgO 2.10
6 Sulfate SO; 0.85
7 Loss on ignition L.O.I 3.78

*All the test were conducted by the S. C. Geological Survey and Mining.
Table 9. Chemical requirements of SF according to ASTM C1240-03.

Chemical Composition Test Result | Limit of ASTM C 1240-03
Silica (SiOy), min 92.03 85.00
Loss on ignition (L.O.1) , max 3.78 6.00

Table 10. Technical description of GLENIUM51*.

Form Viscous liquid
Color Light brown
Relative density 1.1
PH 6.6
Viscosity 128 +/- 30 CPS
Transport Not classified as dangerous
Labelling No hazard label required

*Data sheet of the Manuscript.

Table 11. Details of the tested beams.

Beam T%mp. Cooling Ultimate Resi_dual Max. crack width | Max. pu rning
Sample C load KN | deflection mm | after burning mm | deflection mm
NC | - | - 14000 031 | - -
T200S 200 Sudden 11700 0.41 0.25 1.55
T200G 200 Graduated | 12900 0.35 0.10 1.52
T300S 300 Sudden 10800 0.46 0.30 242
T300G 300 Graduated 12000 0.40 0.20 2.5
T400S 400 Sudden 6500 1.32 0.40 3.05
T400G 400 Graduated 8900 1.25 0.35 2.95
T500S 500 Sudden 4100 1.42 0.45 3.81
T500G 500 Graduated 5100 1.34 0.35 3.80
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ABSTRACT

The efficiency evaluation of the railway lines performance is done through a set of indicators
and criteria, the most important are transport density, the productivity of enrollee, passenger
vehicle production, the productivity of freight wagon, and the productivity of locomotives. This
study includes an attempt to calculate the most important of these indicators which transport
density index from productivity during the four indicators, using artificial neural network
technology. Two neural networks software are used in this study, (Simulnet) and (Neuframe), the
results of second program has been adopted. Training results and test to the neural network data
used in the study, which are obtained from the international information network has showed that
the error rate in the training and the testing process was about (10%) and that the results of the
network query has given the results of acceptable accuracy statistically so that it was better than
results obtained from multiple linear regression equation for the same data.

Key Words: Indicators, Railway Lines, Transport Density Index, Neural Networks
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ey alaY) Jalae e (min ) 505 dppn e ded ojliie) (Y clldy hiva (D) dobedll & G3lhall sl e
Dlia) LIS a¥) Lali) clpise 5% Lovie Jaall 480 Gl (66 Y o) ilaidl)

JA) ABUS Guludial 8y s cila e 455l8a ARG §ghail)

JS Aba) L) pe 2amiall JLadl) lasd) Alalee Cilajdiey Lpsanll A0l Cilajia Dl sshaall sda (paus
(Aasall claaliall) adiaall usd (o Gftial Cpabis Galag o @Al Aygiaal)l cyloa) AaE Hladinl sas e
Pl L IR il (e US lshad sl

Ho: g = 0; Hy: fg £ 0 ALl A dlly aal) Baji
a=0.05 2(0) Watl) Lygine s5ine @

:(11) o) Aslad) aladinly Covay (Test Statistic (z)) JLaY) y55« o

Z= [11]
S/vn
n=150
21 =1.7713 ; 2z, =4.5476 : & in)ladl HLEAY) ji%e Hlasa Q\G:\lgé

05a 05a
0 2w 1.96 = (2g-0.05) 4 Alsaal) Al @
Z) < Zg-0.05 5 Z2 > Z0~0.05 10 GEDBA e iy @

Aagadall claalia) (s 3ol Glluay idlan¥) Gal zi (4) Ay Jgaad) cans
4 laal) gilis AcBlia :day)l) 5ghadl)
A8l 5 AlaY) clild) s Jaill 2861 Gulea) Galanssll G Gl o (4) Ay Jsaad) Al Rl e o
G ¢(0.05) dysine ssime Gan grine e (B s LelihaY] sl ASU dlatnl Glajde sy Jall
hall laal) Alilee cilapde Canay Jal) A86S, Al Ul caua Jall ASES Ganlal) cdansll G 34
bl s i Gl O Y (7)) 2la¥) Joles A ooy Tam IS JaaV) (ginnn ¢ (30 ppl) lad coneial)
058y @) Lali) Cdse aladinly aall SIS0 Jagladl Jall LU 06 o) ) udy Lee clisine B Jiay Legin
i) adl) sVl AlaSiul die Juadl dpaal) il alasil
Aal a7 dsadll 7 Uikialy Apwluad] Jdas e )a) 1 dualdd) 3ghil)
b Julas (§
Ay Aaphall ey Gpulual) Qs el b Led aipe A1l il e puatie JSU Jall A8ES dulia e Gl
:(Tofan, 2009) Jaadl & Ll
Al skl o3y Jidi (f) 5 V) sdie oy Jidi (i) o G (Py) ol il Cauas (j) Asbde sie IS (1
o O Bl pell Asllaall Al X Auadal) Badally JAAYI Bae (p Jaghll ()5l Adladl) Aadll Cajuay ellbg
ZVAY s 5 463 538a])
(XPi) sl 55 disall 338al) G (Py) af g sanae o Jlaa) 2k IS (Py) asf anii () Lida 5330 JSI (2
(Qj) Ll Juanil
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Foll Jpanl (S)) a8 s &3 ¢(S) ole Jemail (j) af IS e Aalil (Qy) o gans (i) Sl 328 U< (3

-(2S)
G i) Rl e JIasl e IS i s Juasl (TS) gendl e (S) oS 0 Rad S mli (4
L3

() 1aa i (5) oy Jgad) coms
dalil o) (Simulnet) zaliy Glajie Geca il Zpuluall Jidad e il Zpulual) st 455l die La a3l
L;Mg_é.dm_)&;ﬂ\Q&J‘w@hﬂ\%gﬁ&\,ﬂ\@&@z\,@gjdﬁﬂ\&ém‘;&\);EJZSY\JALJ\@S)L.GJ\

(gAY EEN Jalgall yueal Jaul) 486K Al
tAgmand) Al a7z dgadl) gz Lk (o
b il 6 aly Jeaall ) AEY) c¥aleal) e Jaidiall ol g dgailly dpanll A8 bl Jia (Say

t(olsY)
Input Scaling of (Xi) = (Xi — Xmin) / (Xmax — Xmin) [12]
Hidden Layer Model : hj = ®(3i wij X;) [13]
Output Layer Model : yx = cI)(ZJ Wik hj) = O wik (i wij Xi)) [14]

where the sigmoid function is : ®(t) =1/ (1 +e 99)
sleiil amyy At al ) Lehiad Gl e 3K clluad Alie a8 ) <D a8 Jead (12) a8y daled)
2 Jae s @iy (cla il damiall ) sl Jlasinl duSae ddeny Glajad) ad Jisad sl cilbiloal)
.(Neuframe) =<l & (Encoder) Jisaill saag Jac udi ga dlalaal)
t0) s ) Janl) Ay 8 gt o JASY) lyitie X i) Gipia dhala aalas
T = wi X (Summation includes wy))
te = 25 Wik hj = 35 wik D(t) (Summation includes w)

(6) # dsia I A5V 1.0 55l (9) Gad o Gl o
tie; = — 0.180214505+0.686261652x;+ 0.046266174 x; — 0.526911164 x3 + 1.463035512 x4
tio = 0.635897702 - 1.360412268 x; — 0.245728395 x, — 0.908420545 x3 — 2.04127738 x4
ti3 = 0.379851428 + 0.105046876x; — 0.072760153 x, — 0.160273296 x3 — 1.948132277 x4

:dleAG_“\;g
hy = ®(te) =1/ (1+e )
hy = O(t) =1/ (1+e?)
hs = O( ) =1/ (1+e )

te-1 = — 0.069630097+ 2.273622393 h; — 3.029695331 h, — 2.257864264 h;
S Clajie o s dia
Vi = @(ter) = 1/ (1+e ()
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Lanll 403 (ge (Neuframe) galiy aladinly 4ahaiul & (C7) 4l oosuls zalin dakid (6) ) Jgaad) s

Ayl o3a (e dalil

el lnayly 4Bl
coblatll S 3 Jalsall By o gl Gy JE ASES e Al FEV) Jalal) Lo sLUE Al ol Al cay
LAY D Jalgal) il Ja) A Tl (530 b SUlal) Cilisys

Crmlaal) Galasgl) o Gl W) (1) slad¥) ol Aad Canmy Tam (IS Jani¥) (gsise () (e pl) xd caaial
OsSs V) LaliY) Chdne aladinly aall G aglaal Jall LUS 508 o) ) ady Lee clisins B Jiay Legin

caaxiall Jadll jlaai¥l aladiuly 4t Juadl dgpasl) IS aladiul
Goinds dilee o Al ly Jaall Gyl o 52kl A dada e 5008 Lypanll SIS o Liay) dusall iy

:zumb.ﬂ\ JJLAAA
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synapse wj
Xi \' dendrite
X2 —
g cell body
Xi —
Input B
nputs
P —t y = f(Zi wi xi)
—
—q
terminal button
—4
—
o
X12

Input Nodes

Input to Hidden
Weights

Hidden Nodes

Hidden to Output
Weights

Output Nodes

Outputs
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Forward Pass Back Pass
Xi
L wij = Wij + Awjj
Wij n
Awij
4 ]
hj = f (Zi wij xi) 5
U L}
Wik = Wik + Awijk
Wik
4 L}
U Awik
L}
yk = f (Zk Wik hj) Bk

Outputs

adll aal)l) LAY @d clidall Basia ASul) .4 o8 JSi
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.(Neuframe 4) zaliy aladic) ¢pe Aaall) Luand) Al @il AadA L1 Jgan

Back Propagation Network
The network has 3 layers.
Layer 1 has 4 Linear nodes.
Layer 2 has 3 Sigmoid nodes.
Layer 3 has 1 Sigmoid nodes.

Layer 1 : Input Layer

Layer 2 : Hidden Layer Layer 3 : Output Layer

Training Error = 0.101831
Test Error = 0.105764

Weights:

Layer 2

Node 1 Bias is | -0.180214505
Node 1 Weight from 1 is | 0.686261652
Node 1 Weight from 2 is | 0.046266174
Node 1 Weight from 3 is | -0.526911164
Node 1 Weight from 4 is | 1.463035512
Node 2 Bias is | 0.635897702
Node 2 Weight from 1 is | -1.360412268
Node 2 Weight from 2 is | -0.245728395
Node 2 Weight from 3 is | -0.908420545
Node 2 Weight from 4 is | -2.04127738
Node 3 Bias is | 0.379851428
Node 3 Weight from 1 is | 0.105046876
Node 3 Weight from 2 is | -0.072760153
Node 3 Weight from 3 is | -0.160273296
Node 3 Weight from 4 is | -1.948132277
Layer 3

Node 1 Bias is | -0.069630097
Node 1 Weight from 1 is | 2.273622393
Node 1 Weight from 2 is | -3.029695331
Node 1 Weight from 3 is | -2.257864264

15



Number 9

SR S e o oo Lo Ulaa¥) Agpeant) ASuE)) et gl L2 Jsia

Volume 22 September 2016

Journal of Engineering

Input Traffic Density Network
Employee Wagon Locomotive (D@tal-Base Query
Prod. Coach Prod. Prod. Prod. (TestaTl;?)get) Output

610.39 9634.74 443.29 41109.55 3973.7 4456.35
2209.93 7128.52 963.67 49960.4 4245.69 5666.38
378.91 1981.09 327.21 22170.21 1085.98 2232.91
1729.38 4408.72 1795.31 37391.89 3077.86 4725.12
547.46 3057.99 318.32 18925.38 3881.3 2045.56
668.77 3945.62 455.02 20101.61 4084.75 2309.16
99.09 1259.26 173.4 7156.57 517.15 743.7
260.86 1263.16 298.41 12013.16 693.24 1214.34
126.07 787.89 156.18 6137.63 757.33 674.3
215.17 666.67 347.54 10400 892.7 1066.56
471.8 4686.51 317.78 23590 1415.12 2507.95
322 4533.33 556.89 21000 658.04 2243.4
609.54 4392.52 694.09 31097.08 3485.58 3466.72
957.63 7902.12 1037.15 44753.77 4670.16 4963.98
581.33 429.2 664.78 22602 474.43 2477.89
688.45 5162.1 1065.45 57860.84 6367.17 5648.37
847.2 1313.95 461.73 10925.77 996.81 1484.66
336.95 13150.84 229.83 49408.78 3754.33 5014.57
272.6 1461.68 308.31 10918.29 369.64 1140.98
112.02 4258.62 4.38 10232.33 505.36 980.65
400.23 2308.04 577.55 18954.06 3566.77 2035.07
486.92 1908.57 604.52 16855.52 3187.57 1885.05
520.64 2622.05 542.99 19932.62 2313.54 2197.64
678.37 2421.58 744.09 37883.12 2054.95 4107.14
268.1 1178.77 122.88 8279.8 2484.25 877.97
990.63 6775.86 578.64 28303.57 1553.92 3442.59
339.33 1045.45 491.39 17551.72 561.81 1800.61
853.28 5301.37 715.26 29677.52 4119.2 3498.88
3404.85 225.18 1164.64 41841.27 5468.07 5441.53
857.01 3928.12 620.01 28796.69 2103.07 3347.93
1708.53 3794.3 672.12 36502.24 2253.04 4503.3
189.11 2842.61 43.49 25572.76 2270.97 2368.73
68.31 227.27 164.7 7008.7 147.13 698.31
1219.78 4053.44 1289.4 33733.49 2188.21 4162.22
1423.71 12495.59 1799.73 35258.91 1904.63 4595.74
865 3171 796 13535.35 7440 1891.15
173.21 2783.78 550.65 17744.44 586.81 1792.54
225.7 3435.16 293.86 12679.78 606.72 1302.98
311.02 4050 349.04 17313.33 698.12 1793.84
548.54 6517.79 359.54 37202.76 3170.38 3974.01
555.68 2876.29 529.59 19459.77 1521.22 2174.84
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336.84 4312.98 478.53 19354.75 1656.65 2057.17
455.42 4452.7 563.78 26580.04 1622.86 2882.85
383.6 5630.97 865.02 18591.6 2476.29 2185.54
191.48 2871.89 124.6 7313.75 126.95 813.17

671.82 377.3 185.04 15604.59 114.32 1681.41
116.57 3201.51 288.99 10251.99 1364.76 1048.28
169.37 4267.79 588.54 23320.87 2802.7 2384.02
447.06 3670.14 228.71 15567.88 3765.57 1656.99
59.63 613.72 77.09 4062.37 521.56 499.64

casial) Ll sy Aalaa qladal gilis .3 Jgan
m; 2.033614876
ms -0.002930185
ms -0.251881432
Ma 0.096333869
r° 0.841594808

DA (e gainal) Gl (e dgglead) Blag¥) G AN Agine JUEA) aladioly Lslaay) Ajal) milii 4 Jgea

Aagaial) @l lial)

Traffic Network Regression Network Query Regression Output —
Density Query Output Output — Traffic Density
Output Traffic Density

3973.7 4456.35 5061.65 482.65 1087.95
4245.69 | 5666.38 9043.41 1420.69 4797.72
1085.98 2232.91 2818.08 1146.93 1732.1
3077.86 | 4725.12 6653.87 1647.26 3576.01
3881.3 2045.56 2847.34 -1835.74 -1033.96
4084.75 2309.16 3170.31 -1775.59 -914.44
517.15 743.7 843.56 226.55 326.41
693.24 1214.34 1608.9 521.1 915.66
757.33 674.3 805.99 -83.03 48.66
892.7 1066.56 1349.95 173.86 457.25
1415.12 2507.95 3138.2 1092.83 1723.08
658.04 2243.4 2524.28 1585.36 1866.24
3485.58 | 3466.72 4047.57 -18.86 561.99
4670.16 | 4963.98 5974.36 293.82 1304.2
474.43 2477.89 3190.84 2003.46 2716.41
6367.17 5648.37 6690.51 -718.8 323.34
996.81 1484.66 2655.25 487.85 1658.44
3754.33 5014.57 5348.54 1260.24 1594.21
369.64 1140.98 1524.22 771.34 1154.58
505.36 980.65 1199.94 475.29 694.58
3566.77 2035.07 2487.59 -1531.7 -1079.18
3187.57 1885.05 2456.11 -1302.52 -731.46
2313.54 | 2197.64 2834.52 -115.9 520.98
2054.95 | 4107.14 4834.45 2052.19 2779.5
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2484.25 877.97 1308.43 -1606.28 -1175.82
1553.92 3442.59 4575.55 1888.67 3021.63
561.81 1800.61 2254.06 1238.8 1692.25
4119.2 3498.88 4398.5 -620.32 279.3
5468.07 5441.53 10660.87 -26.54 5192.8
2103.07 3347.93 4349.25 1244.86 2246.18
2253.04 4503.3 6810.48 2250.26 4557.44
2270.97 2368.73 2828.82 97.76 557.85
147.13 698.31 771.94 551.18 624.81
2188.21 4162.22 5393.59 1974.01 3205.38
1904.63 4595.74 5801.97 2691.11 3897.34
7440 1891.15 2853.2 -5548.85 -4586.8
586.81 1792.54 1914.78 1205.73 1327.97
606.72 1302.98 1596.4 696.26 989.68
698.12 1793.84 2200.57 1095.72 1502.45
3170.38 3974.01 4589.75 803.63 1419.37
1521.22 2174.84 2862.85 653.62 1341.63
1656.65 2057.17 2416.35 400.52 759.7
1622.86 2882.85 3331.65 1259.99 1708.79
2476.29 2185.54 2336.71 -290.75 -139.58
126.95 813.17 1054.16 686.22 927.21
114.32 1681.41 2821.76 1567.09 2707.44
1364.76 1048.28 1142.5 -316.48 -222.26
2802.7 2384.02 2430.28 -418.68 -372.42
3765.57 1656.99 2340.5 -2108.58 -1425.07
521.56 499.64 491.39 -21.92 -30.17
Mean 352.1262 1121.7474
Std. Deviation | 1405.66453 1744.217182
z (Test
Statistic) 1.771338883 4547571264
.. Z1 < 1.96 — difference | z, > 1. 96 — difference
Decision

is not significant

is significant

18




Number 9

Volume 22 September 2016

SR ZBUS Glaa 8 ALY cfpitiall el J0a% .5 Jgaa

Journal of Engineering

Input Absolute  |Hidden Wé?\br?fsll#reom Output
Nodes| Weights (from | Nodes g Node Pij Qij = Pij / i Pij
() linput to hidden)| () hiddento | =y
output)
1 0.686261652 1.56029986 | 0.252072756
2 0.046266174 0.105191808 | 0.016994162
3 0.526911164 1 2213622393 1.197997023 | 0.193541267
4 1.463035512 3.326390302 | 0.537391814
Y Pij| 6.189878992
1 1.360412268 4.121634695 | 0.298608531
2 0.245728395 0.744482171 | 0.053937028
3 0.908420545 2 3020695331 1 2.752237483 | 0.199397000
4 2.041277380 6.184448547 | 0.448057441
YiPij| 13.8028029
1 0.105046876 0.237181587 | 0.045947991
2 0.072760153 0.16428255 | 0.031825629
3 0.160273296 3 2.257864264 0.361875347 | 0.070104283
4 1.948132277 4.39861825 | 0.852122097
Yi Pij| 5.161957735
Input Variables S; =73 Qjj R.1% = (S;i/YSi) * 100%
Employee Productivity] 0.5966293 19.89%
Coach Productivity] 0.1027568 3.43%
Wagon Productivity| 0.4630425 15.43%
Locomotive Productivity| 1.8375714 61.25%

Aganl) AG,50 paly ) g dsalll clea .6 Jg2a

Hidden Layer

Wi; (Weight from node i in the input layer to the node j in the

Hidden Layer

Nodes ; : hidden Iayer? - Bias W,;
=1 =2 =3 1=4

j=1 0.686261652 | 0.046266174 | -0.526911164 | 1.463035512 | -0.180214505

j=2 -1.360412268 | -0.245728395 | -0.908420545 | -2.04127738 0.635897702

j=3 0.105046876 | -0.072760153 | -0.160273296 | -1.948132277 0.379851428

Wi« (Weight from node j in the hidden layer to the node k in the

Output Layer

Outﬁtétdlgayer