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Assessing Durability of Roller Compacted Concrete

Prof. Saad Issa Sarsam Lect. Dr. Abeer Abdulgader Salih Sura Dheyaa Tawfee
Department of Civil Engineering Department of Civil Engineering Department of Civil Engineering
College of Engineering College of Engineering College of Engineering
Baghdad University Baghdad University Baghdad University
Email: saadisasarsam3@yahoo.com drabeeraslih@yahoo.com

ABSTRACT

Roller Compacted Concrete (RCC) is a technology characterized mainly by the use of rollers for
compaction; this technology achieves significant time and cost savings in the construction of dams and
roads. The primary scope of this research is to study the durability and performance of roller compacted
concrete that was constructed in the laboratory using roller compactor manufactured in local market. A total
of (60) slab specimen of (38x38x10) cm was constructed using the roller device, cured for 28 days, then 180
sawed cubes and 180 beams are obtained from RCC slab. Then, the specimens are subjected to 60 cycles of
freezing and thawing, sulfate attack test and wetting and drying. The degree of effect of the type of coarse
aggregate (crushed and rounded), cement type (OPC and SRPC) and cement content on the durability of
RCC were investigated. The results indicated that RCC that contain SRPC has beneficial effects on
properties of RCC as compared to RCC that contain OPC after durability testing. Based on the testing
results, it was concluded that the resistance of RCC specimens to freezing and thawing, wetting and drying
and sulfate attack test increase as cement content increase. The results also indicate that using RCC that
contain crushed aggregate has a positive effect on the overall properties of RCC, as compared with RCC that
contain rounded aggregate after durability testing.

Keywords: roller compacted concrete, durability, freezing and thawing, sulfate attack test, wetting and
drying.
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1. INTRODUCTION

The American Concrete Institute (ACI) defines RCC as “concrete compacted by roller compaction;
in its unhardened state, will support a roller while being compacted.” Properties of hardened RCC can be
similar to those of conventionally placed concrete. The term “roller compaction” is also defined by ACI as “a
process for compacting concrete using a roller, often a vibrating roller. USACE , 2000.

Kreuer ,2006, defined Roller Compacted Concrete as a dry concrete consisting of more aggregate
and less cement paste than conventional concrete. Because cement is the most expensive constituent of
concrete, RCC is less expensive in terms of cost of materials.

Due to its dry nature, RCC has a zero slump and it is placed without forms or finishing. RCC
pavements do not require joints, dowels, or reinforcing steel. Relatively large quantities of RCC pavement
can be placed rapidly with minimal labor and equipment, enabling speedy completion of tightly scheduled
pavements.

RCC is used for the construction of dams and pavements, Chun et al , 2008. RCC first was used to
build dams. Besides the reduced construction cost resulting mainly from labor and equipment savings, its
principal advantage for mass construction is the low cement content of the mixture which greatly reduces
problems due to the heat of hydration of cement, PCA , 2004.

RCC pavement is much stronger and durable than asphalt pavement. RCC will not rut from high axle
loads, or shove or tear from turning or braking of operating equipment. It will not soften from heat generated
by hot summer sun or material stored on RCC floors. RCC resists degradation from materials such as diesel
fuel, Naik et al , 2001.

The primary differences in proportions of RCC pavement mixtures and conventional concrete
pavement mixtures are, ACI 325-10R-, 1995.

* RCC is generally not air-entrained;

* RCC has lower water content;

* RCC has lower cement paste content;

* RCC generally requires a larger amount of fine aggregate in order to produce a combined aggregate that is
well-graded and stable under the action of a vibratory roller. RCC pavements, like all other types of concrete
elements, can be subjected to many types of deterioration such as abrasion/erosion, freezing and thawing,
wetting and drying, and other factors such as alkali-silica reaction, and sulfate attack. RCC is now
increasingly used for the construction of pavements exposed to very severe loading and environmental
conditions, PCA , 2004.

RCC is not just more economical than the currently used pavement alternatives, but has also shown
high durability and early gain of mechanical strength in both the field and the laboratory, Kreuer 2006.

RCC has been used in Iraq in mid-eighties below the foundations of the medical drug factory near
Mosul and also in the AL-Adaim Dam, Ahmed , 2001. Another reported use was in the construction of extra
lane for Mosul- Duhok highway in 1988, Sarsam , 2002.

1.1 Objective of the Study
The objective of this research is to assess durability and performance of a test slab that was constructed
by using roller compactor machine. The main aims of this study are as follows:
1- Studying degree of effect of freezing and thawing cycles, wetting and drying cycles and sulfate
attack on the modulus of rupture of RCC slabs.
2- Investigating degree of effect of cement type and cement content on the performance of RCC slabs
during durability testing.

2. EXPERIMENTAL WORK
2.1 Material Characteristics
2.1.1 Cement

Both ordinary Portland cement (OPC) and sulfate resisting Portland cement (SRPC) manufactured in
Irag with a commercial name of (Tasluga, Al-jesser) is used for RCC mixes throughout the present work.
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2.1.2 Aggregate

Crushed gravel with a nominal size of (19 mm) brought from Nibaai region is used in this work. The
aggregate is washed and cleaned by water. Later, it is air dried and separated into different sizes. Fine
aggregate (passing sieve No.4 BS.) brought from Al-Ukhaider region are used in this work. The sand is
washed and cleaned by water. Later, it is air dried and separated into different sizes.

2.1.2.1 Gradation of Coarse and Fine Aggregate

Dense gradation usually used for asphalt concrete pavement in Irag has been adopted for this
investigation. The coarse and fine aggregates are sieved to different sizes; the desired weight of each size of
aggregate is taken and combined to satisfy the requirements of gradation. The design over all gradation of
aggregate is selected by using of State Commission of Roads and Bridges SCRB , 2004. The grain size
distribution is illustrated in Table 1.

2.1.3 Water

The water used in RCC mixes was drinking water of Baghdad area. This water was also used for
curing.

2.2 Mix Design and Proportions of RCC Samples

The concrete mix is designed according to previous experience Abdullah , 2011. .Three different
percentages of cement content has been selected (10 %, 12 %, and16 %) by weight of air dried aggregate and
three different percentages of moisture content are used. The details of dry density at different moisture and
cement contents are summarized in Table 2. Four types of mixes are adopted with three percentages of
cement and
three percentages of moisture content for each mix; the types of mixes are as following:

1- Crushed aggregate + Natural sand + Ordinary Portland cement
2- Crushed Aggregate + Natural Sand + Sulfate resisting Portland cement.

2.3 Casting of RCC Slab Samples
2.3.1 The Molds

The steel molds manufactured in local workshop are used in this investigation. It consists of four
sides made from angle section steel of (100x100x10 mm) with steel plate of (650x600x10 mm), the sides
and plate are connected together by bolts and two handles are welded with the plate to easy lift the mold and
put on the vibrating table, the total weight of one mold is 51kg. A slab specimen having size of
(380%380x100mm) is obtained from this mold. Molds details of slab specimens are shown in Fig.1.

2.3.2 The Roller Device

The device consists of a steel roller of 160mm diameter, 330 mm in length and 15 kg in weight is fixed by
two bolts with device ,steel box of (600 x460x180) mm is used to add various standard weights up to 138kg
for applying loads on the roller to simulate the field conditions ,this box is connected by welding above the
device, and two small wheels connected in the back direction for easy transporting the device during the
work and two hands support is welded in the back of the device to easing push the device during the rolling
as shown in Fig.2 The total weight of this apparatus is 36 Kg.
2.3.3 Mixing

Before mixing the materials molds are prepared by cleaning, and their internal surfaces are covered
by using nylon sheets to prevent loss of the water or material from sides during the rolling and to prevent
adhesion with concrete after
hardening, after that for two minutes the cement and aggregate are dried mixed by hand mixing then a hole is
formed at the mixture in the middle .Then required amount of water is poured and mixed for five to six
minutes to achieve homogeneous mixture.
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2.3.4 Compaction
2.3.4.1 Compaction by vibrating table

The mixture is placed in the mold and subjected to initial compaction on a vibrating table for 3
layers of 30 seconds time interval.

2.3.4.2 Compaction by using a roller device:

The mold is fixed in front of the roller compactor device and subjected to three stages of rolling
based on the work done by Sarsam ,2002. Abdullah ,2011. and Abdulrahim ,2011. for each stagel0
passes is applied .This number of passes is suitable to achieve the good rolling with low labor , and the
rolling action is taken in x-x direction , then the same sequence have been repeated in the y- y direction as
shown in the Fig.3 . This is to insure the compaction of the slab sides. The first stage represent the initial
compaction in the field, a total load of 1.1 kg/cm width (by using roller compactor weight only) is applied
with 10 passes of the roller in each direction. The concrete is settled in a level position and completely fill
the slab mold and gives a level surface, the compaction by using a roller device is shown in Fig.4.

The second stage may simulate the intermediate field compaction; a total load of 3.2 kg/cm width
(by using 6 standard loads each load of 11.5 kg plus roller compactor weight) is applied with 10 passes of the
roller in each direction. The final stage represents the finishing compaction in the field a total load of
5.3kg/cm width (by using 12 standard loads each load of 11.5 kg plus roller compactor weight) is applied
with 10 passes of the roller in each direction.

2.3.5 Curing

After molding and finishing the compaction, the surface of casted samples is leveled by hand
trawling and covered with polyethylene sheet to prevent evaporation of moisture from the fresh concrete, and
left in lab
at room temperature of 30+5°c to next day for setting then, the samples are taken out of the molds. Then, the
specimens are immersed in the curing tank for (28) days at 30+5°c. Part of RCC slab specimens after 28 day
curing is shown in Fig. 5.

2.3.6 Cutting of RCC slab specimens

By using the procedure of ASTM C42/C42M-(2003) sawed cubes and beams are obtained from RCC
slab specimens, a total of 180 cubes of (100x100x100 mm) are obtained from slab specimens, and 180
beams of (380x80x100mm) are also obtained from slabs specimens. Samples obtained from RCC slab is
shown in Fig. 6.

2.4 Durability Investigations
2.4.1 Freezing and thawing test

The freezing and thawing test is carried out according to ASTM C-666-(2002) procedure B, (rapid
freezing in air and thawing in water). Freezing and thawing tests are started by placing the specimens (4
cubes and 4 beams from each mixes) in the thawing water at the beginning of the thawing phase of the cycle
at temperature 30 = 3 o C for 2 % hr to ensure that the specimens are completely thawed then, the specimens
are taken out of water and are placed in deep freezer at temperature ( -11%+ 1o C) for 4 £ % hr as the
beginning of the freezing phase of the cycle. This procedure is repeated for 60 cycles of freezing and
thawing.

2.4.2 Sulfate attack test
Resistance of RCC specimens to disintegrate by saturated solution of sodium sulfate is determined
according to ASTM C -88 (1999).

2.4.3 Wetting and drying cycles

The RCC specimens are subjected to cycles of wetting and drying in the light of many research
works Mahmoud ,1977. AL-Delaimee , 1989. Ahmed, 2001, and Riyadh , 2005. The cycles are started
by placing the specimens (4 cubes and 4 beams from each mixture) in the oven at temperature 70 o C for 24
hr. Then, it is removed from oven and it is immersed in water for 24 hr at

4
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28 o C .The alternate immersion and drying of specimens are repeated for 60 cycles.

2.5 Modulus of Rupture Test

The modulus of rupture is determined by using sawed beams of sizes (380x100x80) mm according
to ASTM C293-(2003).

3. ANALYSIS AND DISCUSSION OF TEST RESULTS
3.1 Effect of Type of Cement and Cement Content on Modulus of Rupture of RCC
during Freezing and Thawing Cyclic

Modulus of rupture of RCC that made of sulfate resisting Portland cement shows higher values than
that RCC made of ordinary Portland cement before and after subjected to freezing and thawing cycles as
shown in Table 3.

When testing beam specimen with 16% sulfate resisting Portland cement at 60 cycles of freezing and
thawing the modulus of rupture is higher than that of specimens that have ordinary Portland cement by
14.285% as shown in Fig.7.This happens because the strength is developed rapidly for finer cement since the
rate of hydration depends on the fineness of cement particles, where the surface area of cement represents the
material available for hydration. This affects the resistance of cement paste and amount of water that able to
freeze in it.

It can be seen that the modulus of rupture of sawed beams which obtained from RCC slab samples
increases with increasing cement content. Specimens tested after 60 cycles of freezing and thawing shows
increasing in modulus of rupture as cement content increase, the range of this increase is (22.43 -11.36%) for
(OPC) .This may be attributed to the cement availability for hydration filling the voids, this will give better
permeability and create stronger bonds within the concrete matrix and thus provide more resistance to frost
damage in concrete were based up on the expansion of ice upon freezing and the subsequent stress , This
agrees with stutzman , 1999. The durability can be improved by increasing cement content, Balaguru and
Ramakrishnan , 1986.

Table 4 shows percentage of decrease in modulus of rupture of RCC that subjected to alternate
freezing and thawing cycles, while Fig. 8 shows the relationship between percentages of decrease in modulus
of rupture with cement content for RCC made of OPC and SRPC.

The result also shows that the modulus of rupture of RCC decreases as the cycles increase. It can be
seen from Table 4 that the modulus of rupture at 60 cycles for beam specimens with 10% ordinary Portland
cement shows maximum reduction of 12.213% , while beam specimens with 10% sulfate resisting Portland
cement shows maximum reduction at 60 cycles of 6.619% . The reason of decreasing in strength is internal
damage result from freezing and thawing cycles causes microscopic cracks in the cement paste leading to
change in mechanical parameters of the concrete. This agrees with Petersen , 2007.

3.2 Effect of Type of Cement and Cement Content on Modulus of Rupture of RCC
during Wetting and Drying Cyclic It is clear from the test results that the modulus of rupture of RCC
made of SRPC cement is higher than that OPC before and after subjecting specimens to cycles of wetting
and drying as shown in Table 5 .

When 16% sulfate resisting Portland cement is used the results show modulus of rupture higher than that
ordinary Portland cement by 14.602% at 60 cycles of wetting and drying. This may be attributed to that

the rate of hydration will be reduced at each drying period for ordinary and sulfate resisting Portland
cement but the strength of sulfate resisting Portland cement still developed faster than that ordinary Portland
cement because SRPC is finer than OPC and the rate of hydration depends on the fineness of cement
particles. Fig. 9 shows the relationship between modulus of rupture and number of cycles for RCC made of
ordinary and sulfate resisting Portland cement.

From the results in Table 5, it can clearly be seen that the modulus of rupture increases with
increasing cement content before and after cycles of wetting and drying. The percentage of increasing in
modulus of rupture is 21.815% when ordinary Portland cement content changes from 10% to 12% and
9.885% increasing in modulus of rupture when cement content changes from 12% to 16%. This trend may be
attributed to higher cement content created stronger bonds within the concrete matrix and this provide more
resistance to microcracks that result from drying process.

5
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Table 6 shows percentage of decrease in modulus of rupture of RCC that subjected to wetting and
drying cycles, Fig.10 shows the relationship between percentage of decrease in modulus of rupture with
cement content for RCC made of OPC and SRPC.

It can be seen that the modulus of rupture decrease as the cycles increase. The percentage of decrease
in modulus of rupture at 30 and 60 cycles for RCC made of 12% ordinary Portland cement is 4.545% and
9.350% respectively than modulus of rupture at zero cycle, and the percentage of decrease in modulus of
rupture at 30 and 60 cycles for RCC made of 12% sulphate resisting Portland cement is 3.899% and 8.050%
respectively than modulus of rupture at no cycle. The reduction in strength is due to induces microcracks in
RCC material and the rate of hydration will be reduced at each drying period.

3.3 Effect of Type of Cement and Cement Content on Modulus of Rupture of RCC
during Sulfate Attack Cyclic

It is clear from the test results that modulus of rupture of RCC made of SRPC is higher than that
RCC made of OPC before and after subjecting 60 cycles of wetting in sodium sulfate solution and drying as
shown in Table 7 . RCC made of 16% SRPC shows modulus of rupture higher than RCC made of OPC by
17.227% at 60 cycles .This is because sulfate resisting Portland cement have lower content of C3A that
react with sulfate ion and form ettringite. Fig. 11 shows the relationship between modulus of rupture and
number of cycles for RCC made of ordinary and sulfate resisting Portland cement.

It is clear from the test result that the modulus of rupture before and after 30 and 60 cycles of wetting
in sulfate solution and drying increase as cement content increase , specimens tested after 30 cycles and that
content 12% and 16% OPC shows increasing in modulus of rupture as compared to reference RCC mix at
10% by 19.7% and 30.4% respectively ,and specimens tested after 60 cycles and that content 12% and 16%
SRPC shows increasing in modulus of rupture as compared to reference RCC mix at 10% by 21.26% and
33.8% respectively. This happens because at high cement content the concrete is higher density than that low
cement content and this leads to make the concrete less permeability and the resistance of concrete to sulfate
attack is depended on its permeability, Neville , 1995.

It can be seen from Table 8 that after 30 and 60 cycles of immersion in sodium sulfate solution and
drying RCC made of 12% ordinary Portland cement shows percentage of decrease in modulus of rupture by
6.103% and 12.597 % respectively than that modulus of rupture at no cycles, and specimens which have
12% sulfate resisting Portland cement shows after 30 and 60 cycles of immersion and drying percentage of
decrease in modulus of rupture by 4.150% and 7.924% respectively than that modulus of rupture at zero
cycles. The reduction in modulus of rupture can be attributed to the same reasons of decrease in compressive
strength. Fig. 12 shows the relationship between percentage of decrease in modulus of rupture with cement
content for RCC made of OPC and SRPC.

4. CONCLUSIONS

1- The modulus of rupture RCC mixes decrease with the increase in freezing and thawing cycles,
alternating wetting and drying cycles, and with increasing the number of immersion cycles in
sodium sulfate solution and then drying.

2- The resistance of RCC to freezing and thawing cycles, wetting and drying cycles and sulfate
attack test increases with increasing cement content.

3- RCC made of sulfate resisting Portland cement gave better durability than RCC made of
ordinary Portland cement when subjecting the specimens to 60 cycles of freezing and
thawing. Modulus of rupture was higher for samples containing sulfate-resisting cement, as
compared with ordinary Portland cement by 14.285% at 16% cement content.

4- Resistance of RCC mixes to sulfate attack test cycles was improved when using Sulfate
resisting Portland cement as compared with the ordinary Portland cement, the modulus of
rupture of samples exposed for 60 cycles and containing Sulfate resisting cement is higher
than the resistance of samples containing ordinary Portland cement by 17.227% at 16%
cement content.

5- Resistance of RCC containing sulfate-resisting cement is better than specimens containing
ordinary Portland cement when exposed to cycles of wetting and drying. The increase in the
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modulus of rupture of the samples containing Sulfate resisting cement when exposed to 60
cycles of wetting and drying is 14.602% at 16% cement content.
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Mcr, Crushed Aggregate + Sand + 12% SRPC
Mcr; Crushed Aggregate + Sand +16% SRPC
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Table 1. Grain size distributed used for RCC.

Sieve Size (mm) % Passing by Weight
19 98
12.5 85
9.5 76.5
4.75 62.5
0.6 26.5
0.075 9

Table 2. Details of the design mixes of RCC Samples,Abdullah, 2011.

Moisture Dry Density (gm. /cm®)
content % Cement content %
10 12 14 16 18

4 2.167 - - - -
5 2.240 2.270 2.290 - -
6 2.270 2.390 2.320 - -
7 2.330 2.350 2.355 2.268 2.360
8 2.310 2.330 2.346 2.272 2.370
9 2.268 2.300 2.320 2.260 2.320
10 - - 2.290 2.240 -
11 - - - 2.190 -

Table 3. Modulus of rupture of freezing and thawing cycles for RCC made of (OPC) and (SRPC).

Mix Modulus of Rupture (MPa)
Symbol | Number of freezing and thawing cycles
No cycle 30 cycles 60 cycles

Mc, 6.55 6.16 5.75
Mc, 7.7 7.41 7.04
Mcs 8.31 8.1 7.84
Mcr; 7.1 6.88 6.63
Mcr2 7.95 7.72 7.43
Mcr3 9.3 9.2 8.96
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Table 4. Modulus of rupture after alternate freezing and thawing cycles for RCC made of (OPC)

and (SRPC).
Mix Modulus of Rupture (MPa)
Symbol Number of wetting and drying cycles
No cycles | 30 Cycles 60 Cycles
Mc, 6.55 6.15 5.73
Mc, 7.7 7.35 6.98
Mcs 8.31 8 7.67
Mcr; 7.1 6.73 6.37
Mcr2 7.95 7.64 7.31
Mcr3 9.3 9.05 8.79

Table 5. Modulus of rupture of wetting and drying cycles for RCC made of (OPC) and (SRPC).

Mix symbol | Percent decrease after 30 cycles | Percent decrease after 60 cycles
Mc, 6.1 12.5
Mc, 4.5 9.3
Mcs 3.7 1.7
Mcry 5.2 10.2
Mcr2 3.8 8.0
Mcr3 2.6 5.4

Table 6. Modulus of rupture after alternate wetting and drying cycles for RCC made of (OPC)

and (SRPC).
Mix symbol | Percent decrease after 30 cycles | Percent decrease after 60 cycles
Mc, 5.9 12.2
Mc, 3.7 8.5
Mc; 2.5 5.6
Mcr; 3.0 6.6
Mcr2 2.8 6.5
Mcr3 1.0 3.6
Table 7. Modulus of rupture of sulfate attack test for RCC made of (OPC) and (SRPC).
Mix symbol | Percent decrease after 30 cycles | Percent decrease after 60cycles
Mc; 7.7 15.2
Mc, 6.1 12.5
Mc; 5.1 10.5
Mcry 5.7 11.6
Mcr2 4.1 7.9
Mcr3 3.0 6.3
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Table 8. Modulus of rupture after sulfate attack test for RCC made of (OPC) and (SRPC).

Mix Modulus of Rupture (MPa)
Symbol | Number of freezing and thawing cycles
No cycle 30 cycles 60 cycles

Mc, 6.55 6.16 5.75
Mc, 7.7 7.41 7.04
Mcs 8.31 8.1 7.84
Mcr; 7.1 6.88 6.63
Mcr2 7.95 7.72 7.43
Mcr3 9.3 9.2 8.96

Figurel. RCC mold . Figure 2. The roller device.

Diraction of 2nd

Passing Course

Direction of 1st
Passing Course

Figure 3. The rolling directions. Figure 4. The compaction with a roller device.
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Figure 5. Part of RCC slab specimens. Figure 6. Part of samples obtained from RCC slab.
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Figure 7 . Variation in modulus of rupture with No. of cycle after freezing and thawing for RCC
made of (OPC) and (SRPC).
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Figure 8. percentage of decrease in modulus of rupture with cement content for RCC made
of(OPC) and (SRPC) after freezing and thawing cycles.
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Figure 9. Variation in modulus of rupture with No. of cycle after wetting and drying for RCC
made of (OPC) and (SRPC).
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Figure 10. percentage of decrease in modulus of rupture with cement content for RCC made of
(OPC) and (SRPC) after wetting and drying cycles.
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Figure 11. Variation in modulus of rupture with No. of cycle after sulfate attack test for RCC
made of (OPC) and (SRPC).
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ABSTRACT

For many years, the construction industry damages have been overlooked such as
unreasonable consumption of resources in addition to producing a lot of construction waste but
with global awareness growth towards the sustainable development issues, the sustainable
construction practices have been adopted, taking into account the environment and human
safety. The research aims to propose a management system for construction practices which
could be adopted during constructing different types of sustainable buildings besides
formulating flowcharts which clarify the required whole phases of sustainable buildings life
cycle. The research includes two parts: theoretical part which generally ,handles the
sustainability concepts at construction industry and specially buildings .But the practical part
comprises investigating the professional opinions in construction industry about applications
possibility of sustainable requirements and global criteria to construction of sustainable
buildings in Irag where the weakness and strength points in the essential requirements for
achieving the sustainable construction practices have been diagnosed and the development need
has been specified. The utilized statistical analysis of questionnaire results show readiness of
buildings sectors to implement the sustainable practices. The different strategies and techniques
in the proposed management have been employed for getting the sustainable procedures of
sequences practices within project life cycle.

Key words: system, practices, sustainable buildings, phases.
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1- INTRODUCTION
The present global environmental conditions are consequence of the increasing consumption of
natural resources whose depletion exceeds what is physically possible to sustain in the long
term. The effects resulting in damage of eco-systems are very evident. Therefore the need arises
to find clean friendly sources for energy with environment and other strategies for protecting
both of the environment and the opportunities of next generation for sharing with these
resources within sustainability frame.

The construction sector is complex and has, therefore, a tendency to resist changes
towards sustainability. Designers and project managers are facing barriers to the application of
sustainability, e.g. lack of pro-active sustainable measures, conflicts in real and perceived costs
and inadequate implementation expertise.

The sustainable construction practices are modern subject and the sustainable construction
captures interesting position of the researchers but until now there is no management system for
sustainable construction practices. In this research the researcher will propose management
system for managing them during sustainable buildings life cycle therefore this research is
considered the first thesis interested in this subject. The research scope of the sustainable
buildings includes commercial buildings, public services (non-housing) buildings, multi-
residential buildings and managerial buildings.

2- SUSTAINABLE CONSTRUCTION

The goals of sustainable construction are to maximize resource efficiency and minimize waste in
the building assembly, operation, and disposal processes. Sustainable construction seeks to
dovetail the construction industry into the global sustainable development movement by moving
it onto a path where it adheres to principles that are able to provide a good quality of life for
future generations , Panagiotakopoulos,2005.

2-1 Management of Sustainable Construction

The management team of a sustainable construction work project should consider the entire
process from an early design stage towards the final product, and the benefits and negative
impacts regarding the triple bottom-lines of sustainability that are to be expected during the
lifetime of the final product, i.e. the facility , Persson , 20009.

2-2 The Sustainable Construction Practices

Sustainable construction practice refers to various methods in the process of implementing
construction projects that involve less harm to the environment - i.e. prevention of waste
production, increased reuse of waste in the production of construction material - i.e. waste
management, beneficial to the society, and profitable to the company ,Akadiri, 2011. To create
a competitive advantage using environment-friendly construction practices and the whole life-
cycle of buildings should be adopted also, Akadiri et al., 2012.

3- LIFE CYCLE OF SUSTAINABLE BUILDING

The term “Sustainable buildings” is often used interchangeably with “green buildings” or “eco-
buildings” ,ADUPC,2010. Construction activities affect the environment throughout the life
cycle of a construction project. This life-cycle concept refers to all activities from extraction of
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resources through product manufacture and use and final disposal or recycle, i.e. from “cradle to
grave” , Akadiri, 2011.

The Whole Building Life-Cycle that guides current practices comprises processes of
feasibility ,design, construction, operation, renovation, and demolition of buildings
,Panagiotakopoulos,2005, Randolph et al., 2008, and Mer'eb, 2008. Bauer et al.,2010,
attempted to extend this thinking even further by considering the regenerative and productive
reuse of products and materials in what they call a “cradle-to- cradle” approach.

As a result of advance, the researcher supposes the sustainable buildings life cycle should
include the phases: planning, design, procurement, implementation, operation and maintenance,
post operation and maintenance (which could include deconstruction / reusing / disposal/
demolition).

3-1 Cost of Sustainable Buildings

The opinions about the cost of sustainable buildings are divided into three attitudes:

1) Halliday, 2008, refers the overriding assumption that sustainable building inevitably costs
more or is less profitable based on the market-driven economies and doesn’t adopt them besides
the innovation required has a cost implication of time, planning, risk and enhanced information
requirements, and the innovators will be penalized and their profit margins reduced when put in
direct competition with unsustainable practices.

2) Persson , 2009, opposes ,Halliday, 2008, by saying "there is a common misunderstanding
that sustainability in construction works is more expensive in terms of investment costs
compared to ‘normal’ mainstream buildings.”, based on survey conducted by the World
Business Council for Sustainable Development in 2008 which investigated the difference in
investment cost between a ‘normal’ building and a certified sustainable building which is about
17% for the last and ,Persson , 2009,added that the initial costs do not necessarily increase if
energy consumption (one of the most significant factors in building sustainability) is reduced by
about 50%.

3) Myers, 2008, takes the neutral side when he clarified that cost-benefit analysis is a way of
appraising an investment proposal. It involves taking into account the external costs and benefits
of a proposed development as well as the conventional private costs and benefits. This is done
by estimating monetary values for aspects such as health, time, and pollution.

3-2 Tools of Sustainable Buildings Projects Management

The researcher notes some tools are used numerously in management of sustainable buildings
projects which are:

1) Life-cycle cost analysis

Life-cycle cost - sometimes also called - Whole-Life Cost (WLC) is the assessment of all
relevant costs and revenues associated with a building over an agreed period, including
procurement, operation and sometimes disposal. Whole-life cost looks at the life cycle from the
start of design and construction, and might include: procurement costs, operating costs,
recurring, end-of-life and revenue ,Halliday, 2008.

2) Value engineering

In sustainable perspective, in value engineering all alternatives can be compared using life-cycle
costing because the alternatives for each project component (systems, materials, plant, and
processes) are defined to satisfy the same basic function or set of functions. When the
alternatives all satisfy the required function, then the best value alternative can be identified by
comparing the first costs and life-cycle costs of each alternative for achieving lowest life-cycle
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cost consistent with the required performance. Value engineering has been used at sustainability

issues as siting factor, energy issues, water, facility costs ,Federal Facilities Council, 2001.

3) Computer simulation

During the planning and construction process, computer-based simulation programs are used

,Bauer et al., 2010. Site and Project Planning Group, 2002, showed that computer simulation

is used at pre-design, schematic design, design development, construction, commissioning, post-

occupancy. Computer simulations serve to define the following practices ,Bauer et al., 2010:

a. Maximum and minimum air temperature settings or indoor heating and/or cooling load, for
thermal indoor comfort.

b. The operating behavior of a given building under real-life and variable conditions for
defining energy efficiency.

c. For evaluation and optimization of a building and its envelope.

d. Using most efficiency water strategies.

4) Rating systems

Rating systems have been developed to measure the sustainability level of green buildings and

provide best-practice experience in their highest certification level. With benchmarks, the

design, construction and operation of sustainable buildings will be certified using several criteria

,Bauer et al., 2010.

It is important to realize that any scheme is very good mechanism for encouraging design
teams, particularly those unfamiliar with the issues of sustainable design, to focus on a client
aspiration ,Halliday, 2008.These systems often provide a defined format for projects to compare
to a baseline to determine how they measure up against other projects , Sarté, 2010.

The researcher could draw out some of the most criteria repeatedly, which could search
within the following axes: sustainable site, water efficiency, energy and atmosphere, materials
and resources, indoor environmental quality and innovation in design.

4- MANAGEMENT OF CONSTRUCTION PRACTICES DURING SUSTAINABLE
BUILDINGS LIFE CYCLE

The ways of management the sustainable construction practices could be explored and
categorized them during sustainable buildings life cycle phases as follows:

4-1 Planning phase

Every project starts with a vision and a set of objectives. Once the structure is agreed on, a
project has been defined and agreed upon, the next step is to establish appropriate design
strategies to meet those goals ,Sarté, 2010. Planning initiate with feasibility study which is
carried out by assessing the client’s objectives and providing advice and expertise in order to
help the client define more precisely what is needed and how it can be achieved ,The Chartered
Institute of Building, 2002.

Federal Facilities Council, 2001, states that ecologically and culturally sensitive areas
should be considered at sustainable site planning. The cost plays essential role in water planning
For example, in the tertiary treatment levels, they have improved water quality but they have
come at a high energy cost ,Sarté, 2010.

USGBC, 2009, states that the requirements like on-site renewable energy self-supply,
minimum and optimize energy performance, measurement and verification should be considered
at this phase.

In selecting sustainable materials, designers should aim to maximize durability, energy
efficiency, recyclability, maintainability, and use of local materials to minimize the use of
hazardous materials, and synthetic chemicals by using a strategy in the choice ,Akadiri ,2011.
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Life-cycle assessment (LCA)could be used as a method to measure and evaluate the
environmental burdens associated with a product system or activity, by describing and assessing
the energy and materials used and released to the environment over the life cycle ,Halliday,
2008.

The planning phase, must take into account outdoor air quality levels, all the possibilities
and limits of air supply in respect to natural ventilation via the windows, filtering and cleaning
of outdoor air ,Bauer et al., 2010. Besides using passive cooling strategies, it includes
,Halliday, 2008.

4-2 Design Phase

Green buildings incorporate three critical factors: energy, environment /ecology, and human
health. These factors are keys to the design process ,Panawek, 2007. In sustainable site design
the land, its hydrology, and the complex diversity of living systems are interdependent and
cannot be isolated from the design process, Sarté, 2010.

Site design begins with the analysis of the site and environmental conditions and integrates
them into the program and design solution. Integrating the natural attributes of the site can
reduce energy consumption considerably ,Williams, 2007.

Federal Facilities Council, 2001, considers the following issues:
1) Specifying measures of water use can be taken to ensure is as efficient as possible.
2) Specifying measures to reduce, control, and treat surface runoff.
3) Incorporating rainwater collection cisterns and separate gray water systems for below-
ground irrigation to eliminate the use of potable water.

Designers can therefore help reduce operational energy consumption of buildings by
adopting designs that reduce heat losses through the building envelop, reduce cooling and
heating loads and by introduction of energy saving measures ,Ndungu , 2008.

The efficient utilization of resources as possible needs to specify the use of renewable and
recycled sources in order to close the life-cycle loop of materials and select materials with the
least environmental impact throughout their entire lifetime Akadiri ,2011.

Design of indoor environment considers the following ,Bauer et al., 2010:

1) Assuring optimal air quality.
2) The amount of daylight reaching the room.
3) The solar protective device’s automation.

4-3 Procurement Phase

Federal Facilities Council, 2001, states that the following should be considered at procurement
phase:

1) Stipulation on specification design criteria.

2) The contract method that will best support the achievement of sustainability objectives.

3) Implications of the choice of project delivery method.

4) Implications of the contract selection procedure.

5) The types of incentives and clauses.

6) Types of evaluations used.

7) The side responsible for sustainable construction practices.
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8) The required level of commissioning, the liability for failures to meet the requirements and
the remediation method in the failures case.

4-4 Implementation Phase

Implementation stage is the actual execution of what has been planned to be a development
project. Implementation is made according to projects agreement and memorandum. During the
implementation process complexity and risks come to closer, bureaucratic problems, and
conflicts could emerge ,Oyoko et al., 2008.

Halliday, 2008, mentions that particular attention should be paid to the commissioning
operations — not just of innovative technology. Checking that products are of the required
quality and that they work as specified is essential. It will become clear at this point how
important it is to specify all the testing regimes at the tender period.

The following the procedures could be taken in the construction phase ,Federal Facilities
Council, 2001:

1) Evaluation, analysis, and consideration of change orders that may affect facility
sustainability.

2) Study on value engineering of change proposals.

3) Implementation of monitoring procedures.

4) Reduction or elimination of the production of harmful waste.

5) Protection of construction workers from the hazard waste.

4-5 The Occupancy (Operation and Maintenance) Phase

The constructed works are expected to be in service for a long time. Maintenance is defined,
according to Standard of International Organization for Standardization (ISO 15686-1), as:
“Combination of all technical and associated administrative actions during service life to retain
a building or its parts in a state in which it can perform its required functions” ,Hallberg ,

2005.

The most important job in maintenance is to make regular checks which might betray a
more serious durability threat. Simple visual checking is often all that is required, but it should
be thorough and regular. In this way almost all serious problems can be spotted early and dealt
with cheaply and simpl, Halliday ,2008.

4-6 Post Operation and Maintenance Phase

At the end of life phase, sustainability issues that need to be considered are the reduction of
waste when the buildings are demolished. All avenues to recover materials by recycling and
reuse should be explored ,Ndungu, 2008. Accordingly the researcher handled the following
aspect:

1) Deconstruction

The processes of dismantling a building or site have shifted from demolition to deconstruction
,Calkins, 2009. Deconstructing a building is the careful dismantling of that building so as to
make possible the recovery of construction materials and components, promoting their reuse and
recycling ,Couto et al., 2010. A good deconstruction contractor will be able to reclaim/recycle
75%-95% of the site and building if salvage or recycling markets are available nearby ,Calkins,
2009.

2) Source-separated recycling

Source-separated recycling (also called source separation) is the alternative to commingling. The
highest benefits of recycling come from separating waste materials at the jobsite , transporting
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and recycling them individually into a different container which is then transported by a
recycler, transfer site, or directly to individual markets ,Chiras, 2006.

3) Reclaiming_and reusing of materials and products

Reusing materials can add a layer of meaning to a project, revealing the cultural history of a
place, which is often difficult to achieve with mass production due to the following ,Calkins
,2009:

a. Finding appropriate types and quantities of materials.

b. There is often additional design time.

c. A reclaimed material will not be found in a catalog with all specifications listed.

4) Demolition

The demolition reduces the building or site to debris without preserving the integrity of its
components for reuse ,Calkins, 2009. During the demolition, rubble and debris are hauled away
and disposed into the sea and sometimes at abandoned quarries ,Ndungu, 2008.

5- FIELD SURVEY

There is a common misunderstanding supposes that the sustainable construction of the buildings
IS more expensive in terms of investment costs compared to traditional buildings and adoption of
sustainable construction in construction works will lead to delay or confusion in methodology.
Therefore, proposing a management system for the construction practices during sustainable
buildings life cycle aims to correct this misunderstanding and encourage adoption of the
sustainable construction practices and solve the avoidance of sustainable buildings.

As a result, the researcher embarked in testing the research hypothesis through field
survey .The field investigation passed two stages, as follows:
1-Open questionnaire stage: through personal interview.
2-Closed questionnaire stage: by using questionnaire form.

The closed questionnaire form includes investigation the requirements of sustainable
construction practices through six axes of sustainability: site, water efficiency, energy
efficiency, and indoor environmental quality, innovation in design and awareness and education.
Four determinants facing application the requirements of sustainable construction practices have
been used in survey which is application's possibility, difficulty types, influence on cost and
influence on time. The results of the first two determinates have been discussed depending on
frequency distribution but the last two determinates have been discussed depending on the
evaluation of statistical analysis results.

5-1 Statistical Analysis

The statistical analysis is used for analyzing the closed questionnaire results related with
participants responses to the two determinants of using axes requirements which concern
requirement influence on cost and on time by considering each response type of (always, often,
some times and no) a class could give it evaluation range and extraction the class evaluation of
degree (class center) as clarified in Table 1.The researcher used the following statistical
features:

First: — The arithmetic mean

The weighted mean is used to evaluation every requirement of questionnaire axes .It has been
calculated from the following equation ,Moore et al., 2009:

M= Yi=2Xi* Fi/N )

where:
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M = Responses weighted mean about requirement influence on cost or time.

Xi =Evaluation degree of responses class (i) about requirement influence on cost or time.
Fi = Responses frequency for class (i) about requirement influence on cost or time.

N= Sample size in each requirement.

The above equation is applied to influence of every requirement on each the cost and time.

Second: — The conformance ratio

It is used in influence evaluation for every axis of questionnaire axes on the cost and time .It
represents congruence extent of axis influence with the ideal status depending on responses
frequency for sample individuals by applying the following equation ,Al- Ani, 2006:

Cr=M/ Xmax 2

Where:

Cr = Axis conformance ratio.

M = Arithmetic mean of responses weighted mean.

Xmax= The maximum evaluation degree which represents the maximum class center for the
responses evaluation (8.75).

The analysis and evaluation of the questionnaire results for every axis of questionnaire
axes depend on conformance ratio computed for every axis whose value varies from (1.25/8.75 -
1) where the median of these ratios is the average of (0.42) and (0.72) and equals (0.57) and it is
considered the lower limit to axis analysis, then the upper quartile will be computed for the
values (0.14-1) as follows:

a- If (Cr <0.57), then evaluation of axis influence is (poor) therefore the required development
would be (must).

b- If (0.57< Cr < 0.86), then evaluation of axis influence is (accepted-middle) therefore the
required development would be (wanted).

c- If (Cr > 0.86), then axis evaluation is (good-very good) therefore the required development
would be (desired).

Based on results of total weighted mean listed in Table 2, all axes have Cr < 0.86 thus all
axes affect cost and time therefore the supposed actions which make the axes affect cost and
time need development. Also from Fig. 1, it could be noted there is relation between the axis
influence on cost and time since whenever the axis affect cost, it affect time too.

As a conclusion from analysis the closed questionnaire results, the building construction
sector has the readiness for inclusion of the sustainability aspects but it suffers from absence of
management system because of some of difficulties which are summarized by technical
difficulties in the first place, followed by managerial difficulties are due to lack of awareness of
sustainability targets in addition fear of effect on cost and time of project if the sustainable
construction practices have been applied. But the proposed actions of management system could
overcome both lack of awareness and some of these effects.

Then the comprehensive view of extent of acceptance of building construction sector has
been reached .In addition, the light is shed on fields that need to be developed .Based on the
results, the researcher could diagnose the weaknesses and strengths in managing the sustainable
construction practices.
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6- THE PROPOSED MANAGEMENT SYSTEM OF SUSTAINABLE BUILDINGS

The management system is an approach used to organize the activities and the resources to
perform the actions according to a specified cost and time program relating to certain objectives.
Since sustainable building life cycle consists of six phases, previously mentioned, the researcher
has tracked the construction practices through the sustainability aspects during life cycle phases
to find out the procedures and at the end to formulate the proposed management system.

The proposed management actions are based on management strategies and techniques
that constitute most difficulties facing the construction practices, as well as the cost and time
management through the placed plans and requirements that precede the intended actions, where
every criterion of sustainable site, water efficiency, energy and atmosphere, materials and
resources, indoor environmental quality, and innovation in design comprise many construction
practices.

6-1 The Proposed Planning Actions for Sustainable Buildings

The planning phase is considered the first phase in the project. The project —owner requirements
should be defined to clarify the project scope by the planning consultant and the project team
(project manager, engineers, geotechnical specialists, other specialists, land surveyors, cost
estimator and quantity surveyors etc.). At this point the sustainability features begin to originate
from environmental and sustainability objectives such as energy targets, the systems
performance requirements, operation and maintenance, occupants' requirements, owner and user
requirements that are stipulated in project —owner requirements document as shown in Fig. 2.

Fig. 2 shows the main planning actions for sustainable buildings including the following:
1- Establishing the sustainability vision, objectives, and measurements and implementing
systems approach.
2- Feasibility study and cost estimations
3- Site selection
4- Value engineering
5- Schematic design
6- Developing the basis of design (BOD)
7- Cost efficiency management system

6-2 The Proposed Design Actions for Sustainable Buildings
For advancing sustainability in design, the following could be achieved:

1- Integrate sustainability vision and values into design.

2- Implement sustainability objectives, measurement system, systems thinking models and
sustainability framework.

3- Implement sustainability approaches.

4- Applying Life cycle assessment for sustainability features.

As shown in Fig. 3, for conversion to sustainable design the sustainability axes such as
sustainable site, water efficiency, energy and atmosphere, material and resources and indoor
environmental quality, and innovation in design have been considered. Each of these axes
includes more than design set. Fig. 3 shows actions that should be followed in each axis and
how the researcher employed the construction practices related to them in the design phase.
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6-3 The Proposed Procurement Actions for Sustainable Buildings

The procurement in construction life cycle of sustainable buildings is related to purchasing of

materials, plant, and the correct choice of suppliers and subcontractors. The actions related to

procurement could include the following:

1- Integrate sustainability vision and values into procurement.

2- Implement sustainability objectives, measurement system, systems models and sustainability
framework.

3- Commit to green purchasing policy.

4- Implement sustainability.

5- Engaging procurement in design for a sustainable supply chain

As a result, the researcher summarized the procurement actions in a proposed flowchart in
Fig. 4.

6-4 The Proposed Implementation Actions for Sustainable Buildings

The following activities must be followed:

1- Integrate sustainability vision and values into construction.

2- Implement sustainability objectives, measurement system, and sustainability framework.
3- Implement sustainability approaches.

4- Manage and minimize CO, emissions in construction.

Fig. 5 describes actions which must be undertaken for managing the implementation of
sustainable buildings which are characterized by performing all the previously arranged plans
starting from performing time management and ending in performing operation and handover
plan.

The most time-consuming activity in the project is the creation of the physical
constructing of practices. Fig. 6 explains the work mechanism that is followed in
implementation according to sustainability axes. It is obvious from Fig. 6 focusing on testing
efficiency of all of the installed systems and sustainable practices insures of achieving the cost
saving at its performing and environmental targets that are planned before. Many of the
management process have been permeated and schemed at the planning phase.

6-5 The Proposed Operation and Maintenance /Occupancy Actions for Sustainable

Buildings

The suggested operation and maintenance actions are as follows:

1- Integrate sustainability vision and values into operation and maintenance stage.

2- Implement sustainability objectives and measurement system.

3- Start early in planning and design to provide operation and maintenance input to project
development.

4- Implement sustainability approaches.

5- Individual behaviors and individual ownership

This phase is very important in achieving the planned and designed savings therefore it

should be of interest. As a result the researcher suggests the flowchart in Fig. 7 for the operation
and maintenance actions.
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After operational building life has been finished, the structural element should be
sustained through reusing of them at the same site and rehabilitation the capable elements by
friendly—environmental materials

6-6 The Proposed Post-Operation and Maintenance Actions for Sustainable Buildings

The sustainability's tendency doesn’t end with building occupancy and benefits harvested that
had been looked forward but this stage could be exploited to service the building's sustainability
in materials arena ,through construction waste management including reusing, recycling
,reprocessing and safety disposal.

Fig. 8 represents the proposed actions for post-operation and maintenance that the
researcher proposes where advanced planning for deconstruction or salvage before demolition is
crucial for its success.

Building deconstruction supports the waste management in its sequence of preferred
options for the management of generated waste materials. If a building is still structurally sound,
durable and flexible enough to be adapted for a different use, then waste can be reduced by
reusing the whole building. If components and materials of a building can be recovered in high
quality condition, then they can be reused. If the building materials are not immediately
reusable, they can be used as secondary feedstock in the manufacture of other products, i.e.,
recycled. The aim is to ensure that the amount of waste that is destined for landfill is reduced to
an absolute minimum. This approach closes the loop in material flow thereby contributing to
resource efficiency.

At last, the proposed management system flowchart during sustainable buildings life cycle
is summarized as shown in Fig. 9.

7- CONCLUSIONS

1. As a result of undertaking closed questionnaire, it was determined there was awareness lack
about realizing the benefits of a sustainable approach in construction in Iraq which has led to
absence of sustainable construction practices.

2. There is a huge lack in understanding the techniques of sustainable construction.

3. There is a relationship between some sustainable construction practices therefore application
some of them will be reflected positively or negatively on other practices whether in direct or
indirect way.

4. When the aim is to reduce site pollution, achieve indoor environment quality, reduce using
the materials and resources this really leads to additional costs but on other hand the increase in
cost could be balanced by the efficient use of materials and resources in construction phase,
operation and maintenance phase and in the next-phase, moreover efficient use of water, energy
at operation phase could save cost too.

5. Although application of the management system of sustainable construction practices may
increase initial costs of buildings through design and construction phase, it will lead to cost
savings greater than initial investment besides the environmental and social benefits. These
savings are due to reduced water costs, lowered energy use, lowered, and decreased waste
disposal, reduced operation and maintenance costs, and savings resulting from increasing
productivity.

6. Some of sustainable construction practices affect time but as noted in the proposed
management system more than sustainable practice can be applied at the same time with each
other in addition to traditional practice as a result time as possible as could be saved.
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7. Adopting the sustainability principles, especially at the post-operation and maintenance
phase (deconstruction /disposal), could help in providing work opportunities and reduce the
unemployment.

8- RECOMMENDATIONS

The following recommendations have been drawn to enhance the proposed management system
for sustainable construction practices:

1.  Applying the proposed management system in all details and actions to the future
sustainable buildings projects in Iraq.

2. It should be of interest to develop the current techniques in construction practices in Iraq to
be sustainable.

3. Itis necessary to make the competition basis between the constructed company according to
its commitments about implementing the sustainability's' principles by introducing the related
plans within the bid.

4. Holding training courses and workshops to spread the sustainability aspects for both private
and public sectors in collaboration with professionals who have experience in construction
sustainability from abroad that are very advanced at this arena.

5. Establishing Iragi sustainable buildings council which will be in charge of rating the
sustainable buildings projects and giving recognized certification for this purpose as well as
issuing guides for specifying the sustainable buildings similar to what is done in other countries
like Abu Dhabi, USA, and Australia etc..
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Table 1. Distribution evaluation degree on responses classes.

Response Class

Evaluation Range

Evaluation Degree

No (10 - 7.51) 8.75
Sometimes (7.5-5.1) 6.3
Often (5-2.51) 3.75
Always (25-0) 1.25

Table 2. The evaluation of influence of axes on cost and time compared with ideal condition.

(Researcher)
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Table 2. continued.
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Figure 1. Conformance ratio of axis influence on cost and time compared with ideal condition.

Figure 2. The proposed planning actions flowchart (researcher).
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Figure 3. The proposed design actions flowchart (researcher).

Figure 4. The proposed procurement actions flowchart (researcher).
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Figure 5. The proposed implementation actions flowchart (researcher).
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Figure 6. The proposed work mechanism in implementation phase of sustainable
buildings (researcher).
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Figure 7. The proposed actions of operation and maintenance for sustainable buildings
(researcher).
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Figure 8. The proposed actions of post-operation and maintenance for sustainable buildings
(researcher).

Design actions
flowchart in Fig.3

Figure 9. Summary of the proposed management system flowchart during sustainable
buildings life cycle (researcher).
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Design and Implementation of ICT-Based Recycle-Rewarding System for Green
Environment

Dr. Mohammed Issam Younis
Department of Computer Engineering
College of Engineering / University of Baghdad
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ABSTRACT

This paper proposes a collaborative system called Recycle Rewarding System
(RRS), and focuses on the aspect of using information communication technology (ICT) as a
tool to promote greening. The idea behind RRS is to encourage recycling collectors by paying
them for earning points. In doing so, both the industries and individuals reap the economical
benefits of such system. Finally, and more importantly, the system intends to achieve a green
environment for the Earth. This paper discusses the design and implementation of the RRS,
involves: the architectural design, selection of components, and implementation issues. Five
modules are used to construct the system, namely: database, data entry, points collecting and
recording, points rewarding, and web modules. The RRS has been deployed at the Universiti
Sains Malaysia (USM) to encourage the collectors to support the green environment.

Keywords: RFID, recycling, information engineering, software engineering, ICT.
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1. INTRODUCTION

During the past decade, radio frequency identification (RFID) systems have been incorporated
into a wide range of industrial and commercial systems, Chen, et al., 2010. Its low cost
provides a wide spectrum of applications that have never been seen in literature, Akyildiz, et al.,
2002. RFID is a form of automatic contactless data capturing technique that uses radio
frequency electromagnetic waves. An RFID system is comprised of a transponder (tag), a
reader, and a host computer (software application), which is usually connected to a distributed
database. The readers are usually placed in certain places to recognize the tags, Ali, et al., 2010;
Mahmood, et al., 2013. A wide scale of applications is well studied in the literatures , Nambiar,
2009; Idris, et al., 2009; and Lien, et al., 2012. These applications involve, but are not limited
to, supply chain, production and manufacturing, healthcare and medicine, construction,
hospitality, parking management, transportation, attendance, tracing, and tracking. Thus, RFID
becomes cost effective because the price of individual tags is reduced with the increase in
manufactured volumes. Other opportunities will arise as the technology develops. Building on
earlier works, this paper proposes the use of RFID in developing a recycling rewarding system
(RRS).

Recycling involves processing the used materials into new products to prevent the wastage of
potentially useful materials, reduce the consumption of fresh raw materials, reduce energy
usage, reduce air pollution (from incineration) and water pollution (from land filling) by
decreasing the need for conventional waste disposal, and lower greenhouse gas emissions
compared with virgin production , Murphy, 1993. Recycling is a key component of modern
waste reduction and is the third component of the “Reduce, Reuse, and Recycle” waste
hierarchy , EPA, 2013.

To understand the environmental effects of recycling, consider the fact that recycling 1 kg of
aluminum saves up to 6 kg of bauxite, 4 kg of chemical products, and 14 kWh of electricity ,
EPA, 2013. In other words, aluminum recycling provides up to 95% savings for both energy ,
Murphy, 1993. and air pollution , EPA, 2013. As another example, cited from Proclamation
7250 on America Recycles Day: “Buying recycled products conserves resources, reduces water
and air pollution, saves energy, and creates jobs. Producing 1 ton of paper from recycled pulp
saves 17 trees, 3 cubic yards of landfill space, and 7000 gallons of water. It also reduces air
pollutants by 60 pounds, saves 390 gallons of oil, and conserves 4200 kilowatt hours of
energy—enough to heat a home for half a year. Estimates show that 9 jobs are created for every
15,000 tons of solid waste recycled into new products” , Clinton, 1999. Thus, the importance
of recycling on green environment is summarized as follows:

e Recycling reduces our reliance on landfills and incinerators.

e Recycling protects our health and environment when harmful substances are removed

from the waste stream.
e Recycling conserves our natural resources because it reduces the need for raw materials.

An economic value creation in a proactive green manufacturing strategy results from an
incremental contribution margin due to the sales of products made from regenerated materials.
This measure identifies whether the take-back and regeneration of end-of-life products can also
be justified from an economic viewpoint aside from the environmental considerations , Azzone,
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and Noci, 1998 A; Azzone, and Noci, 1998 B. A second approach for firms involves cost
savings. Some examples of potential cost savings include reducing energy consumption, waste
reduction, lowering pollution emissions, smaller environmental fines, improving economic
efficiency, and decreasing environmental cleanup costs , Characklis, and Richards, 1999.

Advances in manufacturing technology have enabled most recycled products to compete both
in price and quality, with products made from virgin materials. However, only 12% of
consumers are True Greens (regularly involved in recycling), 68% are Light Greens (sometimes
involved in recycling), and 20% are Never Greens (never involved in recycling). The so-called
True Greens are still a minority, whereas the Light Greens are the majority of consumers. Thus,
there is a need to encourage the majority of consumers to be True Greens , Hanas, 2007. One
way to achieve this objective is through rewards.

Earlier studies on the role of rewards in environmental management indicate a positive effect
on environmental performance , Daily, et al., 2007; Zutshi, and Sohal, 2003; and Chinander,
2001. For instance, supervisor support behaviors advocating rewards motivate employees to
introduce novel environmental initiatives, Ramus, 2002. Massoud et al. advocate the utilization
of the Scanlon Plan as catalyst to green organizations. This institutionalization serves as a
potential mechanism to enhance the environmental performance of a firm. In summary, the
model is based on the following features: 1) collectiveness and cooperation, 2) employee
participation, 3) quantifiable performance and bonus measures, and an equitable reward system.
A firm predetermines with its employees an allocation ratio for gains in productivity or cost
savings. Employee participation plays an ultimate role in gauging the fairness of the ratio, and
as a result, the ratio remains open to adjustments, Massoud, et al., 2008.

Recycling is important for green environment because it has economical benefits and provides
job opportunities. However, the persons involved in the recycling process, especially the item
collectors, need to be encouraged. Thus, a rewards system is required to make them satisfied.
This will improve recycling significantly, Ramus, 2002; Massoud, et al., 2008. Moreover,
both the industries and individuals will reap the economical benefits of such system. Finally
and more importantly, the system intends to achieve a green environment for the Earth.

Motivated by such goal, this paper proposes a collaborative system, that is, an RFID-based
RRS. The remainder of this paper is organized as follows: Section 2 presents the specification
of the RRS; Section 3 gives the architectural design; Section 4 discusses the implementation
issues; and finally, Section 5 gives the conclusion and suggestions for future works.

2. RRS SPECIFICATION
To state the RRS specification, an inspection technique is used, by considering the following
scenario for recycling in the inspection phase.

A collection center (e.g. a university) is responsible for collecting the recycling material, storing
the recycling items, declaring the types of material, determining the points for each material
and the formula to convert the points to benefits, and reporting the amount available in stock
for each type of material. Recyclable materials include different kinds of glass, paper, metal,
plastic, textiles, and electronics. The types of materials, their corresponding points, and the
formula are controlled by the supervisor of the center. The materials to be recycled are brought
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to a collection center by the collectors. Any person who would like to collect points should
register himself/herself in a collection center. After registration, the collector brings the material
and identifies himself/herself to the system. The weighting operator weighs the material and
selects the type of the collected material from a computerized dialog to update the points for the
corresponding collector in the system. The collector can withdraw his/her points from any
branch of the collecting center (e.g. a cafeteria in a university). Finally, the industrial tracker
tracks the amount of the recycled items available in stock in the recycling center and their
corresponding price formula.

The RRS system involves many actors. The role of each actor is illustrated below:

e Supervisor Member(s) — The role of the supervisor is to administrate the whole system.
The tasks include the following:

1. Select the materials to be collected.

2. Consult the environment, ICT, and economical experts to derive a suitable
formula for earning and withdrawing points. There are two formulas based on
economics: the first formula is for buying the collected materials from the
collectors, and the second formula is for selling the collected materials to the
industry.

3. Decide on the scalability of the center and the members involved in the system
(i.e., number of branches for the collecting center, number of operators and their
salaries, method for announcement of the available materials, and their price
formula).

e \Weighing operator — The role of the weighing operator is to obtain the collected
materials from the collector or to give the collected materials to the industry. In both
cases, the weighing operator selects the material to be weighted and the corresponding
(buying or selling) formula.

e Cashier — When the collector wants to withdraw points, he/she identifies himself/herself
and then enters the amount of points to be withdrawn. The system calculates the
corresponding cash to be given to the collector. Similarly, when an industry wants to buy
a material from the collection center, the person who represents the industry identifies
the firm, selects the type of the desired materials, and enters the required amount. The
system calculates the corresponding cash to be received from the firm.

e Registrar — The role of the registrar is to assign an identity and enter the information (i.e.,
user name, identity, contact address, e-mail, and mobile phone number) for both the
collectors and industries involved in the recycling system.

e Collectors — They are the people involved in collecting the recycled materials. The
collectors should register themselves in the collecting center. The collectors are familiar
with the materials and the corresponding formula to earn the points. They can withdraw
their points from the cashier.

e Industries — These are the firms involved in buying the collected materials from the
center. The industrial trackers (employees), similar to the collectors, are familiar with
the amount of the materials and their corresponding formula to buy from the center. The
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employees either track the availability of the materials or provide material information
according to the strategy of the center.

3. RRSARCHITECTURAL DESIGN

To simplify the work of the operators and save time for the individuals, RRS uses an RFID tag
for user identification. This process can significantly improve the automation of identifying the
persons in the system. Clearly, many tags are required, and the tag type should have a short
distance between the tag and the RFID reader, consume less power, and have low cost, Ali, et
al., 2010. For these reasons, the passive tags are chosen for person identification.

The RRS consists of five modules, namely, database, data entry, points collecting and recording,
points rewarding, and a web module. Each module is described as follows.

3.1. Database Module

The database module is used to store, update, and retrieve all the information on the tags of the
industrial firms as well as the collectors and their corresponding points. The database also
includes the type of recycling material, the points awarded for each material, the amount
available for each type, and the formulas for selling/buying items. For scalability purposes, the
database is shared logically with other RRS modules and connected through a reliable network.

3.2. Data Entry Module

The data entry module is the software used to enter data into the database through a graphical
user interface (GUI). The data entry module consists of two sub-modules that are described as
follows:

3.2.1. Registrar data entry module — The registrar uses this module to enter the information
for each industry/collector into database, and activate their corresponding identities in the
system.

3.2.2. Supervisor data entry module — The supervisor uses this module to add/remove
material, update the points for each material, and enter/update the name for the payment
algorithm (e.g., buying and selling).

3.3. Points Collecting and Recording Module

This module consists of a weighing machine, a passive reader, and a PC. The PC is connected
physically to the weighing machine and the passive reader. The PC running the points
collecting and recording application software. In addition, this module is logically connected to
the database. This module works as follows.

When the collector brings a material for recycling, the operator weighs the material using the
weighing machine. Next, the collector presents his/her tag to an antenna attached to the passive
reader. The passive reader detects the tag and sends the detected information to the PC. The
application software asks the operator through the GUI about the type of the material, in
addition, informs the operator the weight of the material. The application then queries the
database and determines the points for the corresponding material. Next, the application
software displays the old and new points of the collector. The operator can select the type of
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material or cancel the detection process. When the operator presses the proceed button in the
GUI, the application software updates the database for both the collector points and the
available recycling weight of the selected material (i.e., the new weight is added to the old
weight). Otherwise, the operator can cancel the transaction. Similarly, the operator can select to
withdraw material when a firm would like to buy a material. The procedure is similar for the
firm except that the updates of available material are subtracted from the total available
material.

3.4. Points Rewarding Module

This module consists of a passive reader and a PC. The PC is physically connected to the
passive reader. The PC running the points rewarding application software is logically connected
to the database. This module is used by the cashier and works as follows.

In the case of the collector, the cashier selects the collector transaction. The collector then
presents his/her tag to an antenna attached to the passive reader. The passive reader detects the
tag and sends the detected information to the PC. The application software sends a query to the
database and then retrieves the total amount of points. The software calculates the
corresponding money of the retrieved points (using the buying formula). The software then
displays the user name, total points, and the corresponding money. The application software
asks the collector to enter the amount of money to be withdrawn. If the collector agrees on the
withdrawn transaction (by clicking proceed), the total number of points and the total money are
updated. The cashier gives the cash to the collector. To terminate the transaction, the operator
can press a cancel button.

Similarly, in the case of a firm, the cashier selects the firm transaction. The employee then
presents his/her tag to an antenna attached to the passive reader. The passive reader detects the
tag and sends the detected information to the PC. The application software sends a query to the
database and then retrieves the total amount of materials and their corresponding points. The
application software asks the employee to select the material(s) and the desired weight through
the GUI. Next, the software calculates the corresponding money of the desired amount of
materials (using the selling formula). The software then displays the firm name, the weight of
materials, the corresponding points, and the amount of money. If the employee agrees on the
transaction (by clicking proceed), the total amount of the selected materials is updated. The
cashier takes the cash from the employee. To terminate the transaction, the cancel button is
pressed.

3.5. Web Module

This module consists of a web server and has a logical connection to the database. The web
module retrieves the information stored in the database and displays the name of materials, the
corresponding points, the total available amounts of the materials, and the formulas for buying
and selling. The web module also displays the desired information for remote users. The user
can be the collector (to check their points or the buying formula) or the industry (to see the
items provided by the collection center and the corresponding amounts and selling formula).

4. RRS IMPLEMENTATION
This section describes the implementation issues for RRS. It should be noted that various
implementations are possible.
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The weighing machine is chosen as a third-party commercial machine. MySQL server is
selected as the database server and Apache Tomcat as the web server. An in-house USMUHF
passive reader serves as the RFID reader, Ali, et al., 2010. The Java programming language is
used for the software application. These components are selected for their cross-platform
functionality, that is, they support different hardware and operating systems.

The weighing machine is connected to the PC using the serial communication port (RS232),
whereas the passive RFID reader is connected to the PC through the LAN. The application
software has a configuration management feature. This feature is useful in setting the serial port
and the TCP/IP port during the first run of the application.

A typical entry to the database for the supervisor is illustrated in Table 1. The first column
presents the materials, the second column presents the green points for each material, and the
third and fourth columns are the buying and selling formulas, respectively. The entry for the
buying/selling formula shows the class name and the corresponding method to be invoked for
the calculations. The algorithm for buying and selling is simple, that is, paying one cent and
two cents, respectively, for each point.

Aside from the monetary benefits, the supervisor offers other incentives for collectors. For
example, any collector with more than 300 points can own a locker for one semester for free.
Moreover, a gift worth 1000 Malaysian Ringgit (RM) will be given to the green student who
can collect the maximum earning points during the semester.

The points collecting and recording GUI starts in the waiting state of the module, that is, no tag
is detected. When the tag is detected for a collector, the GUI shows the identity of the tag, the
earned points, and the weight displayed by the weighing machine in grams (g). Finally, the GUI
enables the operator to select the type of material or even cancel the operation as depicted in
Fig. 1(a). When the operator selects the material, a dialog will appear to verify the information
entered. The weight shown by the weighing machine, the tag identity, the current points, the
points to be given, and the total cumulative points will be shown on the display. The operator
can press the “Proceed” button to confirm the information or press the “Cancel” button to
terminate the operation and return to the waiting state, as shown in Fig. 1b. The updating of the
points is conducted using the following formulas:

New Points = Weight (kg) * Green Point of the material D)
Total points=0ld points+New points (2)

For instance, when a collector (already with 78.2 points) brings 440 g of metal tin, the operator
presses the “Metal tin” button, Fig.1la, and then

New points= 440/1000 *15=6.6 points.
Total points=78.2+6.6=84.8 Fig.1b.

In the points awarding software, the card’s number (CN) can be entered in two ways: manually
or through the RFID tag-detection system (depends whether the passive reader is available at
the payment branch or not). After identifying the tag for a collector, the payment system
enables the cashier to check, enter the amount of points to be withdrawn by the collector, trace
the record of the collector, and finally proceed or cancel the transaction, as depicted in Fig. 2.
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Similarly, when a firm tag is detected, the dialog appears to the employee and enables him/her
to enter the desired amount for each material. Next, a dialog displays the total amount of points
and the corresponding cash to be paid to the center. For example, consider a firm that wants to
buy 1 ton of aluminum tin can, 500 kg of computer paper, and 100 kg of compact disc. In this
case:

Total Points=330*1000+500*48+55*100
=359,500 points.
Using the USM_Selling formula, the cash amount=RM 7190.00.

5. CONCLUSION

This paper presented a recycling system called RRS that aims to keep the environment green.
The use of low-cost passive tags significantly reduces the cost of modernization and
identification automation. This paper also presented the design and implementation of the
system. An incremental prototype was discussed as a case study. The modular design of the
system makes it scalable, easy to use, and extendable horizontally (by adding more
functionality to the system) and vertically (by supporting various implementations of the
system). For instance, instead of tracking the available material passively from the web site, an
alternative active tracking system can be achieved by sending an e-mail or SMS to the
interested firm or industry. Currently, a pilot testing of the system is undergoing in Universiti
Sains Malaysia (USM). As part of future work, a web-based material tracking and tracing
system is currently being developed to make the industry track and trace materials around
different universities and countries.
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Table 1. Typical data entry for supervisors in the USM recycling center.

Green Buying Selling
MATERIALS )
Points/kg Formula Formula
All types of paper 25 USM_Buy USM_Sell
Computer paper 48 USM_Buy USM_Sell
Mineral water bottles 50 USM_Buy USM_Sell
Aluminum tin can 330 USM_Buy USM_Sell
Glass bottles 2 USM_Buy USM_Sell
Metal tin (milk tin, biscuit tin) 15 USM_Buy USM_Sell
Mixed-plastics (PVC, water containers) 30 USM_Buy USM_Sell
Compact Disc (CD-ROM, Audio CD,
55 USM_Buy USM_Sell
VCD, DVD)
Mixed-metals 20 USM_Buy USM_Sell
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Universiti Sains Malaysia
School of Hectrical and Hectronic
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Entered Tag Identity : 32380
Earned Points : 8200

Weight (G): 440
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blass Bottles Metal tin PLASTIC

PAPER Mineral Water bottles
Al Types of Paper Mixed Plastics

(a) Tag detection and type selection process for an authorized tag.

Entered Information Check :

Identity : 92980

Type : Metal tin
| Points/KG : 15 , i

Weight (G) : 440

Od Points:  78.200
| New Points :  6.6500
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]
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Total Points :  84.800

(b) Confirmation dialogue

Figure 1. Snapshots of the points collecting and recording.
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AWARDING DETAILES @ Proceeding is done for 92980
Withdraw Points : |10 Corresponding Foney (RM) : 0.10

Remaining Points :  74.8
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0

Figure 2. Snapshot of the points awarding system.

47



Number 7 Volume 20 July - 2014 Journal of Engineering

Experimental Studies and Finite Element Modeling of Piles and Pile Groups
in Dry Sand under Harmonic Excitation

Saad Faik Abbas Al-Wakel Mahmoud Rasheed Mahmoud Ahmed Sameer Abdulrasool
Lecturer Assistant professor Lecturer
University of Technology-Baghdad University of Technology- University of Technology-
Saadfaik231@yahoo.com Baghdad Baghdad
ABSTRUCT

Foundations supporting reciprocating engines, radar towers, turbines, large electric

motors, and generators, etc. are subject to vibrations caused by unbalanced machine forces as
well as the static weight of the machine. If these vibrations are excessive, they may damage the
machine or cause it not to function properly. In the case of block foundation, if changes in size
and mass of the foundation do not lead to a satisfactory design, a pile foundation may be used.
In this study, the dynamic response of piles and pile Groups in dry sand is investigated
experimentally. The analysis involves the displacement response under harmonic excitation. In
addition, a numerical modeling by using finite element method with a three-dimensional
formulation is adopted to simulate the experimental model. The results of the numerical model
showed that a good agreement is achieved between the predicted dynamic response and that
measured from the experimental model.

Key words: dynamic analysis, finite element method, pile foundations.
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1. INTRODUCTION

In the recent years, there is a dramatic progress in the develop-merit of theories for dynamic
analysis of piles. The rapid development of pile analysis is prompted by the growing use of pile
foundations in traditional areas. As well as it’s used as a deep foundation for building, it’s used
also as a machine foundations and their large scale application used in new application of civil
engineering such as nuclear power plants and offshore towers. Many methods have been used to
examine the foundation behavior under dynamic loadings; they are basically classified as
experimental and theoretical approaches. The experimental approach includes models and field
studies on existing foundations while the theoretical approach includes analytical and numerical
solutions.

There are various types of dynamic tests of piles are conducted, they differ primarily according
to the size of piles, test medium, technique employed, and aim as following , Novak, 1987.

(1) Full scale field tests

In these tests full scale piles are installed in natural deposit. Sometimes the piles are
instrumented with strain gauges to monitor strains and thus axial forces or bending moments.
Often the piles are loaded by a rigid concrete or steel test body. The purpose of this loading is to
lower the pile resonant frequencies and to bring them within the frequency range of the exciter, if
an exciter is used, and to lower the damping ratio which facilitates the analysis of the
experimental data.

(2) Small prototype field tests

Field experiments with small prototype piles are less demanding than full scale experiments in
terms of equipment, cost and effort, and make it easier to control the conditions of experiments
while still allowing for unobstructed propagation of elastic waves.

(3) Small scale laboratory tests

Small scale laboratory tests are conducted with very small model piles in test bins or tanks. The
small scale laboratory tests are popular because they are inexpensive, easy to organize, and
independent of the weather. Their deficiencies are their inability to work with an undisturbed
natural deposit (which limits the experiments to artificially prepared deposits of sand or
remolded clay), the difficulty in achieving meaningful confining pressure on which soil stiffness
depends and, finally, the limited size of the test box.

2. THE DYNAMIC RESPONSE OF PILE FOUNDATIONS

Das , 1983. presented a method to determine the natural frequency of vertical vibration of the
pile using elastic waves in a bar method. The benefit derived from the use of piles depends on
several factors such as the type of piles to be used, the length of piles, and the portion of load
carried by each pile. The problem was treated as a vertical rod fixed at the base (i.e., at the rock
layer) and free on top.

Novak , 1987. Studied the dynamic behavior of pile and pile groups experimentally. Three types
of test are conducted: steady-state vibration tests using a mechanical oscillator, free vibration
(plucking) tests, and static deflection tests. The excitation forces are produced by means of a
Lazan mechanical oscillator. A typical set of vertical response curves measured with different
intensities of harmonic excitation is considered. The experimental response curves are compared
with theoretical predictions. The first observation made is that the vertical stiffness of the pile
strongly depends on the tip condition unless the pile is quite long or the soil very stiff. Assuming
an end bearing pile, where the floating tip condition is more proper, may result in a very
substantial overestimation of stiffness and a significant underestimation of damping. A proper
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relaxation of the tip, depending on the stiffness of the stratum underlying the tip, is necessary.
This observation is in good agreement with theoretical results.

El-Marsafawi et al. 1992. conducted a field experiments on group of piles supporting rigid
foundations and subjected to harmonic loading. The objective is to investigate the ability of
linear elastic theories of pile-group modeling to predict the response curve characteristics
including the resonant frequency and amplitude. Harmonic vibration tests are conducted on the
pile group in vertical and horizontal directions. In addition, a single pile is tested under harmonic
loading in the vertical direction and in free vibration in the horizontal direction. The theoretical
results are also verified using the more rigorous direct analysis approach. The comparison with
the experiments shown that, the linear theory gives a good estimate of the group stiffness but
overestimates damping of the group.

Boominathan and Lakshmi , 2000. studied the influence of pile-soil interaction on dynamic
characteristics of pile groups. The vertical vibration tests are conducted in a carefully designed
small scale pile test facilities at the laboratory. The analysis of the test results indicate that the
group stiffness increases with increase of frequency up to limiting frequency and then decreases.
The damping constants are substantially high at the low frequencies and decreases with the
increase of the frequency. In addition, it is found that the stiffness is increasing and the damping
is decreasing as the spacing between the piles decreases.

3. PROPERTIS OF MATERIALS USED IN THE EXPERIMENTAL MODEL

The materials used in this study are divided into two parts they are; dry sand and reinforced
concrete for the pile foundation. The standard tests are performed to determine the physical
properties of the sand as follows:

(1) Relative density: The test is carried out according to the (ASTM-D4253 and D4254)
specification.

(2) Specific gravity: The standard test for the specific gravity of the soil particles is performed
according to (ASTM-D854) specification using water the pycnometer method. The physical
properties of the soil are shown in Table 1.

(3) Grain size analysis: The test is carried out according to the (ASTM-D422) specification; the
grain size distribution of the soil is shown in Fig. 1.

(4) Direct shear test: The direct shear test is used to obtain the stress-strain relationship. In
addition, the angle of internal friction (@) of the sand with a unit weight of 15.0 kN/m? is
obtained from the same test.. The mechanical properties of the soil obtained from the test are
shown in Table 2.

The tests performed to determine the properties of the concrete and the reinforcement is:

(1) Compression test: The standard test of compressive strength according to (ASTM-C39M)
specification is performed for three samples of cylinders.

(2) Tensile test: The Tensile test of the reinforcement is carried out according to the (ASTM-
E8M) specification.

4. PRPARATION OF EXPERIMENTAL MODEL

The experimental tests are conducted on deep foundations under the effect of harmonic vertical
mode of waves with two groups of piles. In addition, a deep foundation consists of single pile is
tested. A steel mold is used to construct the frame of the deep foundation. The mold for the
single pile consists of two parts linked together with screws. The molds of the experimental
model with two and four piles consist of three parts linked together with screws. The
reinforcement of the pile consists of four bars with 3.0 mm in diameter and the length of the bar
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is 545.0 mm. The spacing between the reinforcement of the pile center to center is 8.0 mm. The
yield strength of the reinforcement (fy) is 290 MPa.

A circumferential wire is used as stirrups, and the spacing between stirrups is 136.0 mm center to
center. The cap is reinforced in two directions where the number of bars in each direction is 9
bars. The length of each bar is 206.0 mm with diameter of 2.0 mm. The space between the
reinforcement center to center is 24 mm and the cover of cap reinforcement is 7.5 mm. The yield
strength of the reinforcement (fy) is 175.0 MPa. In addition, the end of each bar is twisted in the
vertical direction with length of 15.0 mm, and the reinforcement of the pile and cap are linked
together with a wire. The molds and the reinforcement of the experimental model are shown in
Plate 1. Four screws are used to link the mechanical oscillator with the cap of the foundation to
act as a one unit where the screws are fixed at the bottom of the cap. A steel base plate is used to
ensure the spacing between the bolts to put a mechanical oscillator at a specific location, and
then the plate is lifted up.

A concrete with mix of (1:1.5:3) is used to construct the model of the pile foundation, the gravel
is passing through a sieve No.6 (3.35 mm). Chowdhary and Dasgupta , 2009. Recommended
that the water-cement ratio shall be not exceeding 0.45 for a machine foundation. In this work,
the water-cement ratio (w/c) was 0.4. An additive of Structuro 520 (Suporplasticisers) is added
to the concrete mix with a ratio of 1 liter/m3. This additive allows producing a concrete with a
high performance and workability. The concrete of the pile and cap is board continuously and
integrally, and then the mold is placed on a vibration table for 45 second to ensure that no voids
in the concrete and to have a smooth surface of concrete. After 24 hours, the concrete of the pile
foundation is cured for a 28 days.

5. SET-UP OF THE EXPERIMENTAL MODEL

The group interaction factor which has been observed to have a significant effect on the dynamic
response on the system especially for the pile spacing between 2.5D to 3D where D is the overall
diameter of the pile. To ignore the effect of group interaction factor, the distance between the
piles center to center is at least more than 5D , Chowdhary and Dasgupta, 2009. In this study,
the distance between the piles center to center was 6D.

The model of the deep foundations consists of pile with a square cross-section of width 25.0 mm
and length of 550.0 mm. The cap of the piles is made of a reinforced concrete of thickness 30.0
mm. The base of the cap is rising 50.0 mm above the soil surface to avoid the effect of pile raft
condition. The layout of the deep foundation is shown in Fig. 2. A container of steel plate with
dimensions of (600x600) mm and 700 mm height is used, so that the distance from the edges of
the cap and tip of the piles to the boundary of the container is more than 5D of the pile which is
satisfying a non-reflection wave. This behavior can be examined by the numerical model when
the displacement response for this type of foundation returns to zero (i.e., no reflection of the
wave at the boundary).

To prepare the soil of the experimental model, a sandy soil passing through sieve No.18 (1.0
mm) and retained on sieve N0.100 (0.150 mm) is used. In the first stage, a soil of 130.0 mm
thickness is placed in the steel container to prepare the bed of soil. Then, the pile foundation is
placed in the container so that the base of the cap is resting on a steel plate with fixed ends as
shown in Plate (2). After that, the container is filled with sand by five layers with thickness of
100 mm for each layer. The density of the soil used 15.0 kN/m?® is specified previously. The
required amount of the soil is weight, and then put in the container. The general procedure of
ASTM-D4253 is adopted to obtain the dry unit weight of the soil. A surcharge load of 37.32
kg/m® is added on the surface of the soil to avoid vertical movement of surface particles. An
external source of vibration with frequency of 3600 cycles/min is applied up to the soil is
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occupying a specific volume (cross-section area of the container with height of the layer) to give
the required density of the soil. The time required to apply the vibration was found in the
laboratory experimentally and depends on the thickness of layer which is 37 seconds for the bed
layer and 30 seconds for each other layers. The steel plate which supports the foundation is
removed during the test.

To create a small scale model of a dynamic system, a mechanical oscillator consists of an
electrical motor having a maximum rated speed of 6500 rpm through a shift is used to introduce
a harmonic vertical mode of sinusoidal wave. The mechanical oscillator consists of a rotating
disc manufactured from steel with diameter 70.0 mm and thickness 5.0 mm. A single mass (me)
is placed on the rotating disc at an eccentricity, e of (25.0) mm from the axis of rotation. This
arrangement rotates in one direction when it is driven by a motor having a maximum rated speed
of (6500) rpm through a shift, where such an arrangement induces a dynamic force at the base of
the oscillator.

The speed of the motor and hence the mechanical oscillator can be varied which, in turn, causes
a change in frequency of vibration. In addition, a mechanical assemblage is fixed on the disc of
the mechanical oscillator and connected to a tachometer to measure the frequency of the
dynamic system. The dynamic force induced is a frequency dependent for a given mass on the
rotating disc. By varying the mass by means of an external control, it is possible to change the
amplitude of dynamic force for a specific frequency. The amplitude of vertical dynamic force
produced as in Eq. (1):

Fo=mee w? (1)
where w = circular frequency of the dynamic system,

The displacement response of the foundation can be measured by a vibration meter which
converts the electrical signal to a displacement. The main objective of the apparatus is to apply a
harmonic vertical mode of vibration on a pile foundation to determine the displacement
response. The frequency of the dynamic force is controlled by a speed control unit which is
connected to the mechanical oscillator. The displacement of the foundation is measured by the
vibration meter. For all tests, the displacement response is measured at the edge and center of the
cap. The amplitude of the applied dynamic force is + 99.41 and + 155.34 N and the circular
frequency (®) is 209.4 and 261.7 rad/sec, respectively. The displacement of the foundation is
recorded when the steady state is occurred.

The results of the experimental model which are represent the frequency versus displacement of
the pile foundation at the edge and center for different values of amplitude of dynamic force are
shown in Tables 3 and 4. From results of the experimental model, it can be stated that the
maximum amplitude of displacement of the deep foundations occurs at the center of the
foundation. In addition, as the number of piles increases this will lead to a decrease in the
displacement response of the pile foundation due to increase the mass of foundation.

6. THE NUMERICAL SIMULATION OF THE EXPERIMENTAL MODEL BY USING
FINITE ELEMENT METHOD

The Finite element method is one of the most popular numerical methods used for obtaining an
approximate solution for complex problems in various fields of engineering. In this study, a
numerical modeling in prototype scale using a three-dimensional condition is adopted to
simulate the physical model. In addition, the numerical simulation is performed by using the
finite element method with Tcl command language which is implemented in OpenSees program.
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The basic equations of the displacement field in three dimension for the elastic analysis of the
finite element method can be written as in Eq. (2), Zienkiewicz and Taylor, 2005:

u =YL, Ny (2a)
v =YL Ny, (2b)
w =Y, Njw; (2¢)

where: N; = the shape function at a given node, u;, v; and w; are the nodal displacement.

In matrix form Eq. (3):

{u}=[N]){d;} ©)

The strain vector can be derived as in Eq. (4)

(e} = [BI{d}) @

where [B] = nodal strain-displacement matrix.

Then stiffness matrix [K] can be as in Eq. (5)
K= fv [B]'D [B] dv (5)

where D = elastic coefficient matrix.
The general equation of motion as in Eq. (6)
[MI{u} + [Cl{a} + [K{u}={F} (6)

where [M] = the mass matrix, [C] = the damping matrix, [K] = the stiffness matrix, {ii} =
nodal acceleration vector, {u} = nodal velocity vector, {u} = nodal displacement vector, and
{F} = applied load vector.

The considerations of similitude lead to model scale listed in Table 5, the linear dimensions are
scaled 1 to it and the stresses are represented 1 to 1 , Novak, 1987. In this study, the scale factor
(n) was 10. For the full scale model, the dimensions of the pile cap are (2.25x 2.25) m with
thickness of 0.3 m. The length of pile is 5.5 m with a cross-section of (0.25x 0.25) m. A brick
element of 8-node linear isoparametric is used for the finite element discretization. Each node of
element has three degrees of freedom for displacements. To achieve a three-dimensional
analysis, the boundary conditions are applied so that the bottom of the soil is fixed in
displacement while the top surface of the soil is set to be free. To model the steel container, the
constraint on displacement in X and Z directions is applied on nodes at the boundary in Y-Z and
X-Y planes, respectively and the finite element mesh is shown in Fig.3.

The response of pile foundations is greatly affected by the behavior of soil, in which piles are
embedded. Considerable research has been conducted for the analysis of pile groups, in most of
the literature the behavior of the soil is assumed elastic , Maheshwari and Watanabe, 2005.The
poisson's ratio of the fine-grained sand used in the numerical model is 0.25 , Kaniraj, 2008.
According to the laboratory experiments the modulus of elasticity of the soil as shown in
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Table 2.

The material properties of the concrete of foundation, as shown in Table 6, are calculated
according to the ACI code (ACI-318-83), where the compression strength of the concrete, f; is
44.24 MPa. The unit weight of the reinforced concrete is 24.0 kN/m°.

The dynamic load is applied at the surface of the foundation for a specific node at the edge and
center of the cap. The foundation is subjected to a steady state load of sinusoidal function of the
form F = F, sin (ot) with amplitude of force 9.941 and 15.534 kN and circular frequency of
20.94 and 26.17 rad/sec, respectively. To cure the artificial oscillation, the numerical damping is
introduced into the analysis which is achieved by using y = 0.6 and B = 0.3025 in the Newmark
algorithm, Jeremic, 2006. The time step (At) of the dynamic analysis for circular frequency
20.94 and 26.17 rad/sec are 0.19882 and 0.31068 second, respectively with a total of 50 steps are
performed.

The displacement responses of the deep foundation with a group of four piles obtained from the
numerical model are shown in Figs. 4 to 7 From these figures, it can be seen that the
displacement reaches maximum amplitude and then rumbling is occurred after that it is return to
zero. This behavior can be attributing to the decay of the wave with time, i.e., the reflection of
the wave at the boundary is not occurred. The comparison between the displacement response of
the foundation with group of four piles which is obtained from the experimental and the
numerical model is shown in Tables 7 and 8 By comparing these results it can be seen that, a
good agreement is achieved.

7. CONCLUSIONS

(1) From the experimental model it can be stated that the maximum amplitude of displacement
of pile foundations occurred at the center. In addition, for a specific frequency, the
amplitude of displacement of the foundation increased with increasing the amplitude of
dynamic force.

(2) The displacement response of the pile foundation under effect of dynamic force, decreases
with the increasing in number of piles due to the increase in the mass of foundation

(3) The numerical modeling using the finite element method can be used to analyze pile
foundations under effect of harmonic excitation.
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Table 1. Physical properties of the sand.

Parameters Value Units
Max dry unit weight, Yary max 16.7 KN/m®
Min dry unit weight, Yary min 14.3 kN/m®
Relative density (%) 325
Specific gravity, Gs 2.661 -

Table 2. Mechanical properties of the sand.

Parameters Value Units
Modulus of elasticity, E 40202 KN/m?
Angle of internal friction, @ 34°

Table 3. Displacement of the pile foundation at the edge obtained from

the experimental model .

Type of Frequency Amplitude of Amplitude of Displacement
Model (rad/sec) Dynar?ll\lc) Force (mm)
Single Pile 261.7 155.34 0.635
Group of 209.4 99.41 0.471
Two Piles 261.7 155.34 0.581
Group of 209.4 9941 0.048
Four Piles 261.7 155.34 0.053
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Table 4. Displacement of the pile foundation at the center obtained from
the experimental model .

Amplitude of Amplitude of Displacement
Type of Frequency Dynamic Force Edge (mm)
Model (rad/sec) y ’
(N)
Single Pile 261.7 155.34 0.810
209.4 99.41 0.502
Group of
Two Piles 261.7 155.34 0.710
209.4 99.41 0.051
Group of
Four Piles 261.7 155.34 0.057

Table 5. Scales for centrifugal modeling (after Novak, 1987).

Quantity Full scale Centrifugal model
Linear dimension 1 1/n
Time ( in dynamic terms ) 1 1/n
Force 1 1/n?
Stress 1 1
Strain 1 1
Density 1 1
Frequency 1 n
Table 6. Material properties of the concrete.
Parameters Value Units
Poisson’s ratio, v 0.20 _
Modulus of elasticity, E 31261184 kN/m?
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Table 7. The displacement response of the pile foundation at the edge.

Experimental Numerical )
Scaled ) ) Measured Predicted
Frequency Amplitude of | amplitude of ) )
Frequency ) ) Displacement | Displacement
(rad/sec) Dynamic Dynamic
(rad/sec) (mm) (mm)
Force (kN) Force (kN)
209.4 20.94 0.09941 9.941 0.0485 0.0543
261.7 26.17 0.15534 15.534 0.0535 0.0609
Table 8. The displacement response of the pile foundation at the center.
Experimental Numerical .
) ) Measured Predicted
Freguenc Scaled Amplltude of Amplltude of . .
quency
Frequency ) ) Displacement | Displacement
(rad/sec) Dynamic Dynamic
(rad/sec) (mm) (mm)
Force (kN) Force (kN)
209.4 20.94 0.09941 9.941 0.051 0.0547
261.7 26.17 0.15534 15.534 0.057 0.0628

Plate 1. The molds and reinforcement of the experimental model .
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Plate 2. The pile foundation with the steel plate under the cap .
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0.1 1
Particle size in mm
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Figure 1. Particle-size distribution curve from the grain size analysis test of sand.
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Figure 3. Three-dimensional finite element model.
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Figure 4. Displacement of foundation with group of four piles at the edge
(Point A) of the numerical model (scaled frequency = 20.94 rad/sec).
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Figure 5. Displacement of foundation with group of four piles at the center

(Point B) of the numerical model (scaled frequency = 20.94 rad/sec).
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Figure 6. Displacement of foundation with group of four piles at the edge
(Point A) of the numerical model (scaled frequency = 26.17 rad/sec).
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ABSTRACT

When embankment is constructed on very soft soil, special construction methods are
adopted. One of the techniques is a piled embankment. Piled (stone columns) embankments provide
an economic and effective solution to the problem of constructing embankments over soft soils. This
method can reduce settlements, construction time and cost. Stone columns provide an effective
improvement method for soft soils under light structures such as rail or road embankments. The
present work investigates the behavior of the embankment models resting on soft soil reinforced
with stone columns. Model tests were performed with different spacing distances between stone
columns and two lengths to diameter ratios of the stone columns, in addition to different
embankment heights. A total number of 21 model tests were carried out on a soil with undrianed
shear strength = 10 kPa. The models consist of stone columns embankment at spacing to diameter
ratio equal to 2.5, 3 and 4. Three embankment heights; 200 mm, 250 mm and 300 mm were
conducted. Three earth pressure cells were used to measure directly the vertical effective stress on
column at the top of the middle stone column under the center line of embankment and on the edge
stone column for all models while the third cell was placed at the base of embankment between two
columns to measure the vertical effective stress in reinforced soft soil directly. The embankment
models constructed on soft clay treated with ordinary stone columns at spacing ratio equal 2.5
revealed maximum bearing improvement ratio equals (1.21, 1.44 and 1.7) for 200 mm, 250 mm and
300 embankment heights, respectively and maximum settlement improvement ratio equals (0.78,
0.67 and 0.56) for 200 mm, 250 mm and 300 embankment heights, respectively.

Keywords: stone columns, soft clay, embankment, laboratory models.
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1. INTRODUCTION

The stone column method is the most effective soft soil improvement with undrained shear
strength cu > 15 kN/m?. Stone columns have higher drainage ability and stiffness than sand drains.
Therefore, ground reinforcement by stone columns solves the problems of the soft soil by providing
advantage of reduced settlement and accelerates consolidation process. Another advantage of this
method is the simplicity of its construction. In extremely soft soil conditions, (c, < 15 kN/m2), lateral
support can be problematic for stone columns , Kempfert, 2003.
Stone columns provide the primary functions of reinforcement and drainage by improving the
strength and deformation properties of the soft soil. Stone columns increase the unit weight of soil
(due to densification of surrounding soil during construction), dissipate quickly the excess pore
pressures generated and act as strong and stiff elements and carry higher shear stresses , Madhav et.
al., 1994, Yoo, 2010. Juran and Guermazi , 1988. performed a series of special modified triaxial
tests on soil reinforced with stone columns to study the effect of area replacement ratio (a;) on the
settlement reduction ratio. The results showed that the increase of replacement ratio from 0.04 to
0.16 results in a significant increase of the resistance of reinforced soil to the applied vertical load
and reduce the settlement reduction ratio. Rao et al. , 1997. conducted a series of tests on stone
columns installed in remolded soft clay with different soil consistencies (I¢) to study the effect of
many parameters such as length to diameter of stone column, effect of the placement moisture
content of the surrounding soil, the influence of spacing and the number of columns within the group
on the ultimate bearing capacity. The study showed that the most effective length to diameter ratio
was found to be ranged from 5 to 10. The consistency of soil (Ic = L.L-wn/Pl) is one of the main
factors that affect the load carrying capacity of the stone columns and controls the bulb formation.

Al- Shaikhly , 2000. carried out laboratory model tests to investigate the effect of grain size of
backfill material, effect of length of stone columns and effect of area replacement ratio. The optimal
size of backfill material for achieving the maximum value of improvement ranged from (11-14) % of
the column diameter. For all types of the backfill material, the bearing ratio increased with increasing
both the area ratio (a;) and the length to diameter of the columns ratio (L/d).

Al-Qayssi , 2001. conducted model tests to improve the behavior of stone columns by using different
patterns of reinforcement consisting of two and three discs connected to a central shaft. Influence of
spacing between stone columns, effect of footing shape, effect of area replacement ratio and number
of stone columns on ultimate bearing capacity was studied. The circular footing demonstrated a
higher bearing ratio at failure followed by the square then by the rectangular model footings. The
bearing ratio increased with increasing spacing from 2d, 2.5d and 3d c/c for all the three shapes of
model footings. The area replacement ratio showed an insignificant influence on the efficiencies of
the single stone column. Increasing number of stone columns caused a delay in the development of
the bulging shape and hence improves the granular behavior. The bearing ratios for two and three
discs giving an increase of 12% and 40% respectively over the single unreinforced stone columns.
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Al-Waily , 2008. and Fattah et al. 2011. conducted a testing program to study the influence of
stone column number (single, two, three, and four stone columns) , L/d ratio and undrained shear
strength of bed soil on the stress concentration ratio and the bearing improvement ratio (Qireareq/
Qunireated) OF Stone columns. The experimental tests showed that the stone columns with L/d=8
provided a stress concentration ratio n of 1.4, 2.4, 2.7, and 3.1 for the soil having a shear strength
cu=6 kPa, treated with single, two, three, and four columns, respectively. The values of n were
decreased to 1.2, 2.2, 2.5, and 2.8 when the L/d=6. The values of n increase when the shear strength
of the treated soil was increased to 9 and 12 kPa. The value of the bearing improvement ratio
decreases with increasing the shear strength of the treated soil.

2. EXPERIMENTAL WORK
2.1 Soil Used

A brown clayey silt soil was brought from a depth of 5 m from the site of a bridge in the sport
city within Al-Basrah government. The soil was subjected to routine laboratory tests to determine its
properties, these tests include: grain size distribution (sieve analysis and hydrometer tests) according
ASTM D422 specifications, Atterberg limits (liquid and plastic limits) according to ASTM D4318
and specific gravity according to ASTM D854 specifications. The results show that the soil consists
of 6% sand, 46% clay and 48% silt as shown in Fig. 1. The soil is classified according to the Unified
Soil Classification System USCS as (CL). Table 1 shows the physical and chemical properties of the
soil used.

2.2 Crushed Stone

The crushed stone, used as a backfill material was obtained from a private mosaic factory. The
size of the crushed stone was chosen in accordance with the guidelines suggested by Al-Shaikhly
2000, where the particle size is about 1/7 to 1/9 of the diameter of stone columns. The particle size
distribution is shown in Fig. 2, the particle sizes range between 2 to14 mm and found to have @
value of 41.5° from direct shear test at a dry unit weight of 14.4 kN/m® corresponding to a relative
density of 55%. The stone is uniform as its uniformity coefficient is less than 4 and considered as
poorly graded. The physical properties are presented in Table 2.

2.3 Sub-base (Embankment Fill Material)

The granular sub-base was brought from Al-Nibaee quarry, north of Baghdad. The sub-base is
commonly used as a fill material for embankment construction. Fig. 3 shows the grain size
distribution of sub-base according to (B.S.1377:1990, Test 7B). The physical and chemical
properties of the sub-base used are shown in Table 3. The sub-base is classified as class (B)
according to the Iragi SORB ,2003. and as (GW) according to USCS.

3. MODEL DESIGN AND MANUFACTURING

To study the behavior of soft clay reinforced by ordinary stone columns underneath embankment;
an experimental setup with an approximate scale of 1/20 to 1/30 of the prototype was designed and
manufactured to achieve this goal. The setup consists of: steel container, loading frame, hydraulic
system, load cell with load indicator, earth pressure cell, piezometer, strain gauge with strain
indicator, footing model, dial gauges and data acquisition.
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3.1 The Test Setup

Steel container: A movable steel container was constructed to host the bed of soil and all
accessories. The internal dimensions are 1500 mm length, 800 mm width and 1000 mm depth. The
container was made of steel plates 6 mm in thickness braced externally by angles at their corners,
edges and each side. The front side was made from tough glass. The container was provided with
four wheels that allow it to move freely, the container is sufficiently rigid and exhibited no lateral
deformation during preparation of soil and during the test. Plate 1 shows details of the container.
Loading frame and axial loading system: The steel frame consists of two columns and a beam, each
column is fixed at bottom by casting in a concrete slab. The axial pressure is applied through a
hydraulic system which consists of three hydraulic jacks; one in the middle and the others on sides,
used to apply the load on the embankment model, the location of the hydraulic jack is shown in Plate
1. The maximum stress that can be applied on a model footing (250 mm %500 mm) reaches about
400 kPa. The pressure is measured by a load cell 50 kN in capacity connected to the digital load
indicator as shown in Plate 2.

Earth pressure cell and readout: Earth pressure cells provide a direct means of measuring total
pressure in or on bridge abutments, diaphragm walls, fills and embankments, retaining walls
surfaces, sheet piling, slurry walls and tunnel lining. They may also be used to measure earth bearing
pressure on foundation slabs and footings and at the tips of piles. Plate 3 shows the earth pressure
cell model 4800 manufactured by GEOKON company in U.S.A which is used in this study. Earth
pressure cells are constructed from two thin stainless steel plates welded together around their
periphery and separated by a narrow gap filled with hydraulic fluid. A length of stainless steel tubing
connects the fluid filled cavity to a pressure transducer that converts the fluid pressure into an
electrical signal transmitted by cable to the readout. They can be positioned in the fill at different
orientations so that soil pressure can be measured in two or three directions. The vibrating wire
readout box model GK404 manufactured by GEOKON company in U.S.A, used with earth pressure
cell and piezometer, is portable, low-power, hand-held that is capable of running for more than 20
hours continuously. It is designed for the readout all GEOKON vibrating wire gages and transducers.
Plate 4 shows the readout device. The model GK404 provides 6 excitation positions (A-F) with
display resolution of 0.1 digits. It is displaying the reading of one connector so that a suitable
selector was manufactured to read all the instruments at the same time.

3.2 Preparation of Model Tests
3.2.1 Preparation of soil

Prior to the preparation of the soil bed in the container, the variation of shear strength of the clayey
soil versus time after mixing at different liquidity indices should be obtained. Therefore; six samples
with different liquidity indices were prepared individually; each sample was placed in five layers
inside a CBR mould. Each layer was tamped gently with a special hammer to extract any entrapped
air. The samples were then covered with polythen sheet and left for a period of eight days. Each day,
the undrained shear strength was measured by a portable vane shear device, Plate 5. These tests
provide the time required for the remolded soil to regain strength after a rest period following the
mixing process, Fig. 4. The shear strength of soil decreases with the value of liquidity index and the
influence of time decreases with liquidity index, Fig. 5 shows the variation of shear strength of soil
with liquidity indices after 96 hour curing.

According to the results obtained from Fig. 5, the soil was prepared in the manufactured container
at undrained shear strength cu of 10 kPa and liquidity index of (0.48) corresponding to water content
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of (34.5%). To perform soil preparation, 660 kg of air dried soil was divided into 30 kg groups; each
group was mixed separately with enough quantity of water to get the desired consistency. The
mixing operation was conducted using a large mixer manufactured for this purpose till completing
the whole quantity. After thorough mixing, the wet soil was kept inside tightened polythen bags for a
period of one day to get uniform moisture content. After that, the soil was placed in a steel container
(1500%x800%1000) mm in eleven layers; each layer was leveled gently using a wooden tamper of
dimensions (50x100) mm. This process continues for the eleven layers till reaching a thickness of
560 mm of soil in the steel container. After completing the final layer, the top surface was scraped
and leveled to get, as near as possible, a flat surface, then covered with polythen sheet to prevent any
loss of moisture as shown in Plate 6. A wooden board of area similar to that of the soil surface area
(1500x 800) mm was placed on the soil bed. The prepared soil was left for a period of four days to
regain its strength reaching (10 kPa) as was suggested by , Fattah et al. 2011.

3.2.2 Installation of the stone columns

The position of the stone columns to be placed correctly in their proper locations was marked using
a special frame manufactured according to the proposed configuration patterns of stone columns. A
hollow steel pipe with external diameter of 70 mm coated with petroleum jelly was pushed down the
bed to the specific depth (560 mm in fully penetrated stone column with L/d=8 and 350 mm for
partially penetrated stone column with L/d=5) with the aid of the loading system. Plate 7 shows
process of the installation of the stone column. To remove the soil inside the casing, a hand auger,
manufactured for this purpose was used. After that, the casing was removed carefully. The stones
were carefully charged into the hole in ten layers and compacted at relative density of 55% using 50
mm diameter rod to achieve a dry unit weight of 14.4 kN/m® by a tamping rod. Spacing between
stone columns for each configuration pattern is shown in Plate 8.

3.2.3 Installation of embankment fills

The construction of the embankment fill was started after installation of ordinary stone columns.
A predetermined weight of sub-base was mixed with water by a mixer at optimum moisture content
of 6.3%, this weight of sub-base is sufficient to create a uniform layer 50 mm thick. Each layer was
compacted gently by a wooden tamper of size 7575 mm to attain a placement maximum dry unit
weight of 21.84 kN/m® until the desired embankment depth is obtained. Then the top layer was
leveled using a piece of plywood. The final upper width of the embankment is 300 mm. Plate 9
shows the process of preparation of the embankment.

3.2.4 Model testing procedure

The model tests were carried out on natural soil and soil improved with stone columns. The load
cell and load readout used in testing program were calibrated by applying different known static
loads and measuring values through the load cell before using. A footing (250 mmx600 mm) in
dimensions was placed in position on the surface of the embankment model so that the center of the
footing coincides with the center of the load cell and hydraulic jack. Two dial gauges with accuracy
of (0.01 mm/division) were fixed in position to measure the settlements of plate and one dial gauge
was placed in the toe of embankment to measure the soil heave as shown in Plate 10. Loads were
then applied through a hydraulic jack in the form of load increments and measured by the load cell
and recorded by load readout. During each load increment, the readings of the three dial gauges were
recorded. The dial gauge readings were recorded at the end of the period of each load increment.
Each load increment was left for (5 minutes) or till the rate of settlement became constant. Plate 11
presents the tested models after completion of the tests.
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4. PRESENTATION AND DISCUSSION OF TEST RESULTS

The investigation focuses on influence of parameters like, spacing of stone columns, length of
stone column and height of embankment on overall behavior of soft soil treated by stone columns.
The analysis of results of all model tests regarding the applied stress and the corresponding
settlement is illustrated in terms of (g/cy) vs (S/B). The (g/cy) represents the ratio of applied stress to
undrained shear strength of the soft clay, denoted as "bearing ratio™ and (S/B) represents the
corresponding vertical settlement as a percent of the model footing width, denoted as "settlement
ratio”. To obtain the degree of improvement achieved by each improvement technique, the results are
plotted in the form of (g/cy): /( g/cy)unt denoted as "bearing improvement ratio”, where (g/cy): is
improved bearing ratio and (qg/c)unt IS unimproved bearing ratio.

The improvement in settlement achieved by the model tests is presented in the form of (S¢/Sun)
"settlement of treated soil to settlement of untreated soil at the same applied stress™ denoted as
"settlement improvement ratio”, plotted against the bearing ratio (g/cy).

4.1 Definition of Failure

The failure point is defined when the settlement reaches 36% of the diameter of the stone column
or 10% of the width of the model footing. This definition is compatible with Terzaghi,1947, Hughes
and Withers,1974, Al-Mosawe et al., 1985 , and Fattah et al. 2011.

4.1.1 Model tests on untreated embankment

Three model tests were conducted on beds of untreated soil with undrained shear strengths of 10
kPa at different embankment heights (200 mm, 250 mm and 300 mm). These tests are considered as
reference to obtain the degree of improvement gained after introducing any other type of
improvement technique.

Fig. 6 shows the relationship between the pressure (g) and the surface settlement of embankment
(S) for model test, the figure illustrates that the mode of failure of model test is close to local shear
pattern, due to the rapid rate of deformation. In this test, the footing model is resting on compacted
layer (sub-base) of width relatively = the footing width. The ultimate bearing capacity obtained is 35
kPa, 33 kPa and 30 kPa for the model tests of embankment height 200 mm, 250 mm and 300 mm
respectively based on the failure criterion of (10% of footing width). Fig. 7 shows the bearing ratio
plotted against settlement ratio. The figure demonstrates that the soil bed underneath the 200 mm
embankment height exhibited higher bearing ratio. The bearing ratios at failure (g/c,) for the
embankment- soft soil model are 3.5, 3.3 and 3.0 corresponding to the settlement ratio of 10% of the
footing width and for embankment heights 200, 250 and 300 mm respectively. The results
demonstrate a substantial decrease in bearing ratio with increasing thickness of embankment; this is
due to the increase in the settlement induced by the load from embankment and applied stress.

4.1.2 Model tests of embankment treated with stone columns

Bearing capacity: This series consists of eighteen model tests performed with 200, 250 and 300 mm
embankment overlying soft clay and immediately underneath the model footing. Figs. 8 to 10 show
the relationship between pressure and embankment surface settlement. The results show increase in
the surface settlement with increasing spacing of columns for applied pressure. The maximum
bearing capacity of soil was observed for soft soil improved with stone columns at (s/d =2.5) and the
minimum bearing capacity was for soft soil improved with stone columns at (s/d =4). This may be
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explained by the reduction in area ratio from 12.53 % to 4.89 %. Similar conclusions were obtained
by Han and Gabr ,2002, and Murugesan and Rajagopal ,2006. In addition, it can be noticed that
a higher embankment height resting on stone columns would result in a higher bearing pressure.
Heave at the end of embankment versus horizontal distance from center line of embankment for
different spacing and two L/d ratios are shown in Figs. 11 to 14.

Bearing ratio verses settlement ratio: The variation of bearing ratio (g/c,) versus settlement ratio
(S/B) is shown in Figs. 15 to 17. The results show the effect of ordinary stone columns on bearing
ratio of soil. The spacing ratio (s/d =2.5), demonstrates higher bearing ratio at failure, as compared
with spacing ratio (s/d = 4). Such behavior may be explained due to the confinement effect provided
by the surrounding soil and the adjacent stone columns. As spacing ratio decreased, the confinement
stress provided by the surrounding soil increases. Since the stone columns are stiffer than the
surrounding soil, the stress concentration on the stone columns increases with decreasing the spacing
of stone and embankment height due to soil arching. The values of bearing ratio at failure are
summarized in Table 4. The present results are in agreement with the results obtanied by Juran and
Guermazi ,1988, Craig and Al-Kahafaji ,1997, Rahil ,2007, Al-Waily ,2008 and Fattah et al.
2011.

Bearing improvement ratio verses settlement ratio: To evaluate the amount of improvement
achieved by the ordinary stone column for different spacings over untreated soil, the bearing
improvement ratio (qi/qunt) Versus settlement ratio S/B% is presented in Figs. 18 to 20. Peak values
of improvement ratio are observed at nearly S/B about 2% to 4% then drops down and decreased
with increasing settlement ratio. This behavior is attributed to the load transfer mechanism, the stress
is transferred to the stone columns expressing these peak values then it is gradually transferred to the
surrounding soil implied by the drop in the improvement ratio. Also, it can be noticed that the stone
columns with spacing ratio (s/d= 2.5) has higher improvement ratio for different embankment
heights, which is attributed to the increase in area replacement. Table 5 summarizes the values of
bearing improvement ratio at failure.

Settlement improvement ratio versus bearing ratio: Variation of settlement improvement ratio
(St/Sunt) versus bearing ratio (g/c,) for different column spacings and embankment heights is shown
in Figs. 21 to 23.The results imply a decrease in settlement improvement ratio as the bearing ratio
increases until reaching (g/c,) equals 1.48 to 2.8, then a gradual increase in settlement improvement
ratio takes place, the decrease in settlement improvement ratio shows the level of improvement. This
behavior may be attributed to the fact that the decrease in settlement improvement ratio to about
(g/cy) equals 1.48 to 2.8 associated by the increase in bearing ratio and beyond these values, the
excess bulging leads to decrease in load carrying capacity. Also the lower improvement values (high
degree of improvement) are observed when the embankment model is treated by ordinary stone
columns at (s/d = 2.5) compared with the model at (s/d= 4) that revealed a high value of settlement
improvement ratio for different heights of embankment. Settlement improvement ratio at failure is
summarized in Table 6. The results are in agreement with the results of Craig and Al-Kahafaji
1997, Rahil, 2007, Al-Waily, 2008, and Fattah et al. ,2011.

Stress on column versus settlement: The vertical effective stress on column was measured at the top
of the middle stone column under the center line of embankment and on the edge stone column using
earth pressure cell for all models. The stress-settlement behavior of the stone columns for all spacing
ratios is the same as shown in Figs. 24 to 26. The bearing capacity of the stone columns at failure
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corresponding to settlement ratio of 10% increases with decreasing spacing distance between the
columns, as shown in Table 7. These results agree with Hewlett and Randolph, 1988, Low et al.,
1994, Chen et al., 2007, Britton and Naughton, 2008 and Ellis and Aslam, 2009, who measured
the stress using different experimental models for piled embnkment.

The highest vertical effective stress is obtained in case of the least spacing (s/d = 2.5) is used
under the embankment of height 300 mm. This phenomenon is due to the stress concentration
occurring between the adjacent columns as well as due to the confinement effect provided by the
surrounding soil and the adjacent stone columns therefore, the stress concentration on the stone
columns increases with decreasing the spacing of columns. The decrease in vertical effective stress
on the stone column as the spacing increases is due to the yielding of the stone column. Once
yielded, the stiffness of the column decreases, its radial deformability increases due to dilitancy.
Otherwise, the yielding of the column reduces the transfer of vertical load from the soil.

Stress on soft soil versus settlement: The vertical effective stress (c'yc) in reinforced soft soil was
measured at the base of embankment between two columns using earth pressure cells. The
relationship of the vertical effective stress with surface settlement of embankment is shown in Figs.
27 to 29. The vertical effective stress in the reinforced soft soil increases at a high rate with
increasing spacing between stone columns and decreasing embankment fill height. This may be due
to the excess bulging that occurs in the stone column which leads to decrease in load carrying
capacity. Directly after the embankment construction stages have been finished, the vertical stress in
the reinforced soft soil increases at a very small rate, and as stone columns spacing decreases, the
vertical stress in the reinforced soil decreases and high stress values are generated in the stone
column. This is due to the stress transfer from the soft soil and concentration of the stress in the stone
column (soil arching phenomenon). Table 8 summarizes the values of vertical effective stress on soft
soil at failure corresponding to settlement ratio of 10%. These results agree with Hewlett and
Randolph, 1988, Low et al., 1994, Chen et al., 2008, Britton and Naughton, 2008, and Ellis and
Aslam, 2009, who measured the stress using different experimental models for piled embankment.

5. CONCLUSIONS

The following points are drawn from the test results:

1. The mode of failure for embankment model resting on untreated very soft clay with cu =~ 10 kPa is
close to local shear failure and the mode gradually changes toward the general shear with using stone
columns.

2. The bearing ratio increases with decreasing spacing distance between the stone columns at any
embankment height. The rate of increasing in bearing ratio of treated models was found to be within
the range (1.08 to 1.2); (1.23 to 1.42) and (1.37 to 1.65) of untreated models for embankment model
height of 200 mm, 250 mm and 300 mm, respectively.

3. The bearing improvement ratio increases with decreasing spacing ratio of stone column for given
embankment. Higher improvement ratio was achieved for the models treated with stone columns at
S=2.5d at any embankment high. The higher values of (qg: / qunt) was found to be (1.21, 1.44 and 1.7)
for embankment model of height 200 mm, 250 mm and 300 mm, respectively while lowest
improvement was observed at spacing s = 4d especially for embankment height 200 mm.

4. The improvement in settlement ratio increases as the spacing ratio of stone columns increases. The
lowest value of settlement improvement ratio at failure was observed at s=2.5d for a given
embankment height, which represents higher degree of improvement.
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Table 1. Physical and chemical properties of natural soil used.

Property Value
Liquid limit (LL) % 47
Plastic limit (PL) % 23
Plasticity index (PI) % 24
Specific gravity (Gs) 2.7
% Passing sieve No. 200 94

Sand content % (0.075 to 4.75 mm) 6
Silt content % (0.005 to 0.075 mm) 48

Clay content % (< 0.005 mm) 46
Maximum dry unit weight (kN/m?) | 18.24
Optimum moisture content (%) 13
Soil symbol according to USCS CL
Total soluble salts (%) 6.13
SO3 (%) 0.6
Organic matter (%) 1.09
Gypsum content (%) 1.17
pH 8.34
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Table 2: Physical properties of the crushed stone.
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Table 3: Physical and chemical properties of
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the sub-base material used.

Property Value
Maximum dry unit weight (kN/m®) 15.7
Minimum dry unit weight (kN/m°) 13
Dry unit weight (kN/m") at

Dr =55% 144
D10 (mm) 3.8
D3o (mm) 6
Deo (Mmm) 7.5
Coefficient of uniformity (C,) 1.97
Coefficient of curvature (C;) 1.26
Angle of internal friction (&°) 41.5
Specific gravity (G;) 2.65
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Figure 1. Grain size distribution of clayey soil used.

72

Diameter (mm)

Figure 2. Grain size distribution of
stone used.

Property Value
CBR (%) 51
Maximum dry unit weight (kN/m®)  21.84
Optimum moisture content (%) 6.3
Do (mm) 0.15
D3o (mm) 1.5
Deo (Mm) 12
Coefficient of uniformity (C,) 80
Coefficient of curvature (C) 1.25
Angle of internal friction (&°) 40
SO3 (%) 0.23
Total soluble salts (%) 2.93
Gypsum content (%) 0.494
Organic matter (%) 0.057
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Figure 3. Grain size distribution and loading system.

sub-base material used.
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Plate 3. Earth pressure cell model 4800.
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Plate 4. Readout of pressure cell.
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Figure 4. Variation of undrained shear strength
with time after mixing.
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Plate 5. Portable vane shear device.
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Plate 6. Soil preparation inside the manufactured
container.

74
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installation.
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Plate 8. Configuration of patterns of stone
columns, S= 3d.

\ T - i
Plate 10. Model testing procedure. Plate 11. Stone columns failure (S=3d, L/d=8).
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Figure 6. Bearing pressure versus surface Figure 7. Bearing ratio versus settlement
settlement for untreated embankment model. ratio for untreated embankment model.
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Figure 11. Settlement distribution at the base of embankment model 200 mm high constructed on
soft soil treated by stone columns and L/d = 8.
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Figures 12. Settlement distribution at the base of embankment model 200 mm high constructed on
soft soil treated by stone columns and L/d = 5.
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Figures 13. Settlement distribution at the base of embankment model 300 mm high constructed on
soft soil treated by stone columns and L/d = 8.
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Figures 14. Settlement distribution at the base of embankment model 300 mm high constructed on
soft soil treated by stone columns (OSC) and L/d = 5.

Table 4. Bearing ratio at failure for embankment model constructed on soft clay treated by stone
columns.

Bearing ratio, g/c,

Spacing
H=200 mm | H=250 mm | H=300 mm
L/d ratio 5 8 5 8 5 8
Untreated 35 3.3 3.0
soil

S=25d 41 42| 43 47 | 46 | 50
S=3d 39 40| 42 43 | 43 | 45
S=4d 365 38 38 405 40 | 41

Table 5. Bearing improvement ratio at failure for embankment models constructed on soft clay
treated by stone columns.

Bearing improvement ratio, ¢¢/qunt

Spacing
H=200 mm | H=250 mm | H=300 mm
L/d ratio 5 8 5 8 5 8
S=2.5d 1.2 | 121 1138)143 |163| 1.7
S=3d 111 | 1.15 1 1.30) 1.36 | 1.42 155
S=4d 1.06 | 1.09 1201 1.23 |1.35| 1.43
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Table 6. Settlement improvement ratio at failure for embankment models constructed on soft clay
treated by stone columns.

Settlement improvement ratio, S¢/Synt
Spacing

H=200 mm H=250 mm | H=300 mm
L/d ratio 5 8 5 8 5 8
S=2.5d 0.88 |0.78| 0.72 | 0.67 | 0.61] 0.56

S=3d 0.89 {081 0.78 | 0.70 | 0.70 | 0.62
S=4d 096 091 088 |0.72|0.74) 0.70

Table 7. Vertical effective stress on stone column at failure for embankment models constructed on
soft clay treated by 7stone columns.

Stress on column (kPa)

H=200 mm | H=250 mm | H=300 mm
L/d 5 8 5 8 5 8

S=25d 16 | 188 236 31 25 36
S=3d 15 17 1198 | 236 | 228 | 31
S=4d |116 | 133 | 145|198 | 175] 21

Spacing

Table 8. Vertical effective stress in soil at failure for embankment models constructed on soft clay
treated by stone columns.

Stress in soil (kPa)

H=200 mm | H=250 mm | H=300 mm
L/d 5 8 5 8 5 8

S=25d 23 | 225198 | 18 | 183 16.2
S=3d | 272 265|248 | 239 | 22 | 205
S=4d 305|275 | 27 | 258 246 | 23

Spacing
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Figure 15. Bearing ratio versus settlement ratio for embankment model 200 mm high resting on soft
soil treated by stone columns.
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Figure 16. Bearing ratio versus settlement ratio for embankment model 250 mm high resting on
soft soil treated by stone columns.
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Figure 17. Bearing ratio versus settlement ratio for embankment model 300 mm high resting on
soft soil treated by stone columns.
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Figure 18. Bearing improvement ratio versus settlement ratio for embankment 200 mm high resting
on soft soil treated by stone columns.
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Figure 19. Bearing improvement ratio versus settlement ratio for embankment 250 mm high resting
on soft soil treated by stone columns.
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on soft soil treated by stone columns.

81



@) Number 7 Volume 20 July - 2014 Journal of Engineering

a/cu
(0] 1 2 3 4 5 6
1.1 ) ) ) ) ) )
1
0.9 \ Q%e
g 0.8 E%::.\‘
A -
A 0.7
— x u\& —- S=2.5d, L/d=8
0.6 —&— S=3d, L/d=8
- \ —@— sS—=4d, L/d=8
0.5 —=— s=2.5d, L/d=5
: —A— S=3d, L/d=5
= —&— s=4d, L/d=5
0.4

Figure 21. Settlement improvement ratio versus bearing ratio for embankment 200 mm high resting
on soft soil treated by stone columns.
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Figure 22. Settlement improvement ratio versus bearing ratio for embankment 250 mm high resting
on soft soil treated by stone columns.
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Figure 23. Settlement improvement ratio versus bearing ratio for embankment 300 mm high resting
on soft soil treated by stone columns.
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Figure 27. Vertical effective stress in soil at failure versus surface settlement for embankment model
of 200 mm height constructed on soft soil treated by stone columns.
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Figure 28. Vertical effective stress in soil at failure versus surface settlement for embankment model
of 250 mm height constructed on soft soil treated by stone columns.
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of 300 mm height constructed on soft soil treated by stone columns.
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ABSTRACT

A multivariate multisite hydrological data forecasting model was derived and checked
using a case study. The philosophy is to use simultaneously the cross-variable correlations,
cross-site correlations and the time lag correlations. The case study is of two variables, three
sites, the variables are the monthly rainfall and evaporation; the sites are Sulaimania, Dokan, and
Darbandikhan.. The model form is similar to the first order auto regressive model, but in
matrices form. A matrix for the different relative correlations mentioned above and another for
their relative residuals were derived and used as the model parameters. A mathematical filter was
used for both matrices to obtain the elements. The application of this model indicates it's
capability of preserving the statistical characteristics of the observed series. The preservation was
checked by using (t-test) and (F-test) for the monthly means and variances which gives 98.6%
success for means and 81% success for variances. Moreover for the same data two well-known
models were used for the sake of comparison with the developed model. The single-site single-
variable auto regressive first order and the multi-variable single-site models. The results of the
three models were compared using (Akike test) which indicates that the developed model is
more successful ,since it gave minimum (AIC) value for Sulaimania rainfall, Darbandikhan
rainfall, and Darbandikhan evaporation, while Matalas model gave minimum (AIC) value for
Sulaimania evaporation and Dokan rainfall, and Markov AR (1) model gave minimum (AIC)
value for only Dokan evaporation).However, for these last cases the (AIC) given by the
developed model is slightly greater than the minimum corresponding value.

Key words: forecasting, multi-sites, multi-variables, cross sites correlation, serial correlation,
cross variables correlations, hydrology.

dadal)

Fald aaiat Al o Alls il 48T g Bt ) e s Ailida il el Ham sl el LA L 23 e (R
I ALYL 2l gl adgall A Gl puial o oaa g Al elli g AlKal) Ll Y SOl Y1 aladdny) e 23 sal)
OB 5 s Alalull & Al g plaall A8) ga AEDE A el 8 Al pall Al e 5N Ledual) dals YY)
Gl (JY Elae 8 ghan mdsaill | Ol ghiaal) dapay alae (K1 uduall Lol )Y 23 galy 4l z3 galll )
el o 3 pail 8,8 il ity Apadl) Il W) UGy iSlalae i A 5 ) il ) 0 Malae Jiai pualic

2l s S |l Aol Tl 91 G551 (pmn (5 LA 2o 5 g A 8 gamy e shaally
33 Zasad el ol g g gall Cila) (8 A g el ilaidll 5 (Bilall z3sail) G A3 )Eal) G aly (sl e (81,98 )
IS 73 5a &l paaiall Baamtiall ilalll @ 63 (e dlad B 5z Akl Adu)deddiiall Gl paiall (ja st JSTaal gl sl

85



@ Number 7 Volume 20 July - 2014 Journal of Engineering

=

Ob ) iy G padl 13gd anding (Al (SUS)) laal aladiuly Sidall g3 sail) ae z3laill oda gl A Hlie a3 &g
O ysritall Ay il iy L L) S o) Al 5 glaaiy jo 5 dgladad) 8 laall danilly JLaad 4l J8) ae ) 23 saill
bl 6 ppall sl e Jliy el LAY a8 il
1. INTRODUCTION
Weather generation models have been used successfully for a wide array of applications. They
became increasingly used in various research topics, including more recently, climate change
studies. They can generate series of climatic data with the same statistical properties as the
observed ones. Furthermore, weather generators are able to produce series for any length of time.
This allows developing various applications linked to extreme events, such as flood analyses,
and draught analysis, and hence putting proper long term water resources management to face
the expected draught or flood events. There exist in the literature many types of stochastic
models that simulate weather data required for various water resources applications in
hydrology, agriculture, ecosystem, climate change studies and long term water resource
management.
Single site models of weather generators are used for forecasting a hydrological variable at a
single site independent of the same variable at the near sites, and thus ignoring the spatial
dependence exhibited by the observed data. On the other hand single variable forecasting models
are used for forecasting a hydrological variable in a site independent of the other related
variables at the same site, thus ignoring the cross variables relations that physically exist between
these variables. Tobler, 1970, mentioned in the first law of geography that “everything is related
to everything else, but near things are more related than distant things.” The most commonly
used multi-sites stochastic weather models are of the form proposed by Richardson, 1981. for
daily precipitation, maximum temperature, minimum temperature, and solar radiation , Wilks,
1999.These models forecast a hydrological variable at multiple sites simultaneously, hence
simulate the cross sites dependency between these sites. The Multi-variables models are similar
to the multi-sites model but simulate the cross variables dependency that exists between some
variables at a certain site. The two models forms are similar but using cross sites correlations in
the first one , while the second one uses the cross variables correlations. Much progress had been
made principally in the last 20 years to come up with theoretical frameworks for spatial analysis
Khalili , 2007.Some models, such as space-time models have been developed to regionalize the
weather generators. In these models, the precipitation is linked to the atmospheric circulation
patterns using conditional distributions and conditional spatial covariance functions Lee et al.,
2010. The multi-site weather generators presented above are designed using relevant statistic
information. Most of these models are either complicated or some are applicable with a certain
conditions. In real situation both cross variables and cross sites correlation may exist between
different hydrological variables at different sites. There exist in the literature some relatively
recent some trials to account for the spatial variation in multi-sites. Calder, 2007, had proposed
a Bayesian dynamic factor process convolution model for multivariate spatial temporal processes
and illustrated the utility of the approach in modeling large air quality monitoring data. The
underlying latent components are constructed by convolving temporally-evolving processes
defined on a grid covering the spatial domain and include both trend and cyclical components.
As a result, by summarizing the factors on a regular spatial grid, the variation in information
about the pollutant levels over space can be explored. Al-Suhili et al., 2010, had presented a
multisite multivariate model for forecasting different water demand typesat different areas in the
city of Karkouk, north Irag. This model first relate the each demand type with explanatory
variables that affect its type, using regression models, then obtaining the residual series of each
variable at each site. These residual are then modeled using multisite Matalas models for each
type of demand. These models were coupled with the regression equation to form the multisite
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multivariate variation. The last two cited research are those among the little work done on
forecasting models of multi-sites multivariate types. However these model are rather
complicated, and/or do not model the process of cross site and cross variables correlation
simultaneously, which as mentioned above the real physical case that may exist. Hence
researches are further required to develop a simplified multisite multivariate model. In this
research a new straightforward multisite-multivariate approach is proposed to develop such a
model that describe the cross variables and cross sites correlation structure in the forecasting of
multi variables at multi sites simultaneously. This model was applied to a case study of monthly
data of two hydrological variables, rainfall and evaporation at three sites located north lIraq,
Sulaimania, Dokan, and Darbandikhan.

2. THE MODEL DEVELOPMENT

The multivariate multisite model developed herein, utilizes single variable lag correlations,
cross variables lag-correlations, and cross sites correlations.

In order to illustrate the model derivation consider Fig.1 shown. This figure illustrates the
concept of two variables, two sites and first order model. This simple form is used to simplify the
derivation of the model. However, then the model could be easily generalized using the same
concept. For instant, Fig. 2 is a schematic diagram for a multivariate multisite model of two
variables, three sites and first order time. The concept is that if there will be two-variables, two
sites, and one time step (first order), then there will exist (8) nodal points. Four of these represent
the known variable, i.e. values at time (t-1); the other four are the dependent variables, i.e. the
values at time (t). As mentioned before Fig. 1 shows a schematic representation of the developed
multisite multivariate model and will be abbreviated hereafter as MVMS (V, S ,0),where V:
stands for number of variables in each site , S: number of sites , and O : time order, hence figure
(1) can be designated as MSMV (2,2,1), while Fig. 2 MVMS (2,3,1).

This model can be extended further to (v-variables) and / or (s-sites) and / or (o- time) orders as
will be shown later .The model concept assume that each variable dependent stochastic
component at time t can be expressed as a function of the independent stochastic component for
all other variables at time (t), and those dependent component for all variables at time (t-1) at all
sites. The expression is weighted by serial correlation coefficient, cross-site cross-correlation
coefficient, cross-variable cross coefficient and cross-site, cross-variable correlation coefficient.

In addition to that; the independent stochastic components are weighted by the residuals of all
types of correlations. These residual correlations are expressed using the same concept of
autoregressive first order model (Markov chain). Further modification of this model is to use
relative correlation matrix parameters by using correlation values relative to total sum of
correlation for each variable, and the total sum of residuals as a mathematical filter ,as will be
shown later.

A model matrix equation for first order time lag, O=1, number of variables=V, and number of
sites=S, could be put in the following form:

[ €t]v*s,l = [P]v*s,v*s* [Et—l] vsl T [(5 ] V*s,v*s * [&t]v*s,l (1)
Which for v=2,5=3,and =1

[eder=[ples™ [er1der + 10166 * [Etl 62 (2)

Where :
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where:
p11 = p [(x1, x1), (s1, sl), (t, t-1) ]= population serial correlation coefficient of variable 1 with
itself at site 1 at site 1, for time lagged 1

p12=p [(x1, x2), (s1, s1), (t, t-1) ]= population cross correlation coefficient of variable 1 at site 1
with variable 2 at site 1, for time lagged 1

p13=p [(x1, x1), (s1, s2), (t, t-1) ]= population cross correlation coefficient of variable 1 at site 1
with variable 1 at site 2, for time lagged 1

p14=p [(x1, x2), (s1, s2), (t, t-1) ]= population cross correlation coefficient of variable 1 at site 1
with variable 2 at site 2, for time lagged 1

p15=p [(x1, x1), (s1, s3), (t, t-1) ]= population cross correlation coefficient of variable 1 at site 1
with variable 1 at site 3, for time lagged 1

p1e= p [(x1, x2), (s1, s3),(t,t-1) ]= population cross correlation coefficient of variable 1 at site 1
with variable 2 at site 3, for time lagged 1,the definition continues... , finally

pe6= p [(x2, x2), (s3, s3), (t, t-1) ]= population serial correlation coefficient of variable 2 at site 3
with variable 2 at site 3, for time lagged 1.

The designated (p 1,j ) is used for simplifying .That is variables at site 1 ,as 1, and 2,for this
model ( in general to 1,2,...v),then for variables at site 2,as 3 ,and 4 (in general from v+1 to 2v
and so on) hence (rl,v+1) stands for the correlation between variable 1 at site 1,and variable 1 at
site 2 and so on.

€: is the Stochastic dependent component.

&: 1s the Stochastic independent component.

cij. are the residual of the correlation coefficient pjj.

The matrix, Eq. (2) can be written for each term, for example, for the first term:
€1t = P11 ¥ €usitl) T P12 * €@sitn) T P13 * €asat1) T Pra * €@satnt

P15 * €1s3t-1) T PL6 * €2s3t-1) TO 11 Eusiy) TO12* Esty T 013* Eusay t 0147
Eason T o15™* Eusan T 016™ Epsay (8)

Similar equations could be written for the other variables. The correlation coefficient in each
equation is filtered by a division summation filter, as in the following equation:

Pij
r;; = ———, 9
PTij Y02V abspyj ©)

Where pr;; is the relative correlation coefficient of row i and column j of the matrix in
eq.(6). The corresponding o values are estimated using the following equation:
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Then these o are also filtered using equation similar to eq.(9) as follows:

L) B— (11)

Or;; = —
L) Z?z_f*s abSO',:,j

Then the model matrix equation is the same as that appear in Eq.(2), replacing p;; values by the
corresponding relative values pr;;in the matrix Eq.(6), and oi;j with the corresponding relative
values or;jj in the matrix Eq.(7) . The model can be generalized to any number of variables and
number of sites.

3. THE CASE STUDY AND APPLICATION OF THE MODEL.

In order to apply the new developed (MVMS) model explained above the Sulaimania
Governorate was selected as a case study. Sulaimania Governorate is located north of Irag with
total area of (17,023 km2) and population, 2009. 1,350,000. The city of Sulaimania is located
(198) km north east from Kurdistan Regional capital (Erbil) and (385) km north from the Federal
Iragi capital (Baghdad). It is located between (33/43- 20/46) longitudinal parallels, eastwards and
31/36-32/44 latitudinal parallels, westwards. Sulaimania is surrounded by the Azmar Range,
Goizja Range and the Qaiwan Range from the north east, Baranan Mountain from the south and
the Tasluje Hills from the west. The area has a semi-arid climate with very hot and dry summers
and very cold winters. Barzanji, 2003.

The variables used in the model among other meteorological recoded data are (rainfall and
evaporation) for monthly model as a two main variables that are expected to be useful for
catchment management and runoff calculation. Data were taken from three meteorological
stations (sites) inside and around Sulaimania city, which are Sulimania, Dokan dam, and
Darbandikhan dam meteorological stations. Dokan dam metrological station is located (61 km)
north east, and Darbandikhan dam metrological station is located (55 km) south east of
Sulaimania city. While Dokan dam meteorological station is located (114 km) north east of
Darbandikhan dam metrological station .The sites coordinates are given in Table 1, Barzinji
,2003.The Satellite image of the locations of the three stations showed in Fig.3.

The model was applied to the data of the case study described above. The length of record for the
two variables and the three stations is (27) years, (1984-2010). The data for the first (22), (1984-
2005) years were used for model building, while the left last 5 years data were used for
verification,(2006-2010). It is worth to mention that the data are on monthly basis. Moreover
since the analysis includes the rainfall as a variable which has zero values for June, July, August
and September, in the selected area of the case study, these months are excluded from the
analysis. Hence the model was built for the continuous period from October to May.

In order to give a general view for the data used the descriptive statistics (Mean, Standard
deviation Sd, Coefficient of Skewness Cs, Coefficient of kurtosis Ck, Maximum Max, Minimum
Min) were calculated for rainfall and evaporation of Sulaimania, Dokan dam, and Darbandikhan
dam meteorological stations and are shown in Table 2.

Before proceeding with the modeling process the data series should be checked for their
homogeneity . The split sample test suggested by Yevjevich, 1972, was applied for this purpose
for each data series to test the homogeneity both in mean and standard deviation values.
Different sizes of the subsamples were used for dividing the data sample into two subsamples
with (nl,and n2) as number of years for subsample one and subsample 2 respectively. That is
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(n1:n2) as (1,26),(2,25),(3,24), and so on. The split sample test result on estimated t-values that
was compared with the critical t-value. If the t-value estimated is greater than the critical t-value
then the data series is considered as non-homogeneous, Yeijevich, 1972 , and thus this non-
homogeneity should be removed. The results of this test had showed that there are some different
subsamples splitting (n1:n2) values that exhibit non- homogeneity exist, however these cases that
gives the maximum t-test values were considered for each of the 6- data series.Table.3 shows
these results, which indicates that non-homogeneity is exist in Sulaimania evaporation, Dokan
rainfall, and Derbendikhan evaporation data series, while the series of the other variables are
homogeneous. To remove this non-homogeneity the method suggested by Yeijevich,1972 was
used that using the following equation:

*

A2 — B2 x1i Sdz

H;; = Mean2 +

(12)
Where,
Hi; : is the homogenized series at year i,month j of the first sub-sample (old).
Xij: 1s the original series at year i, month j, of the first sub-sample .
Al, B1: are the linear regression coefficients of the annual means.
A2,B2 : are the linear regression coefficients of the annual standard Deviations.
Mean2,Sd2 : are the overall mean and standard deviation of the second sub-sample.
This implies that the data is normalized according to the second sub-sample, i.e., the most recent
one which is the correct way for forecasting. Table.4 shows the values of the of
Mean2,Sd2,A1,B1,A2,and B2, for the three non-homogeneous series.
The homogenized data were then retested to make sure that the transformation applied in
Eq.(12), had removed the non-homogeneity. Table.5 shows these results which ensure that the
data series are all now homogeneous.
The next step in the modeling process is to check and remove the trend component in the data if
exist. This was done by finding the linear correlation coefficient(r) of the annual means of the
homogenized series, and the t-value related to it. If the t-value estimated is located in the r=0
hypothesis rejecting area t> + or - critical t-value of 2.83 then trend exist otherwise it is not. The
following equation is used to estimate the T-values.

T_r\/ﬁ
V112

(13)

Where

Table 6 shows these results, which indicate the absence of the trend component in all of the data
series of the six variables.

Before proceeding into the modeling process the data should be normalized to reduce the
skewness coefficient to zero. The well-known Box-Cox transformation Box and Jenkin , 1976

was used for this purpose as presented in the following equation:

XN = % (14)
Where:

M : is the power

a : is the shifting parameter.

XN : is the normalized series.

Table.7 shows the coefficients of the normalization transformation of all of the six series. The
shifting parameter is selected to ensure avoiding any mathematical problem that may occur due
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to the fraction value of the power . The power value is found by trial and error so as to select its
value that reduce the skewness to almost zero value. Table 8 shows the statistical properties of
the series before and after normalization, which indicate that the skewness coefficients are
reduced to almost zero a property of the normal data.

The next step in the modeling process is to remove the periodic component to obtain the
stochastic dependent component of the series, which is done by using Eq.(15), as follows:

_XNi’j—ij
ei‘j_Tj (15)
Where:
€ij - 1S the obtained dependent stochastic component for year i, month j.
Xb; : is the monthly mean of month j of the normalized series XN.
Sd; : is the monthly standard Deviation of month j of the normalized series XN.

Table 9 shows the monthly means and monthly standard deviations of the normalized data series
XN. The €;; obtained series are then used to estimate the Lag-1 serial and cross correlation
coefficients p;jj, and o;;of matrix Eqgs.(6) and (7) respectively, which then used to estimate pr;;
and or;j using Egs.(9), and (11), respectively..

4. RESULTS AND DISCUSSION

The developed model above is used for data forecasting, recalling that the estimated parameters
above are observed using the 22 years data series (1984-2005). This model will be used to
forecast data for the next 5- years (2006-2010) since the data available are up to 2010, that could
be compared with the observed series available for these years, for the purpose of model
validation.

The forecasting process was conducted using the following steps:

1. Generation of an independent stochastic component (§) using normally distributed generator,
for 5 years,i.e., (5*12) values.

2. Calculating the dependent stochastic component (g;;) using Eq. (2) and the matrices of pr;; and
ori;j as shown in Eqgs. (9) and (11), respectively.

3. Reversing the standardization process by using the same monthly means and monthly standard
deviations which were used for each variable to remove periodicity using Eq. (15) after
rearranging.

4. Applying the inverse power normalization transformation (Box and Cox) for calculating un-
normalized variables using normalization parameters for each variable and Eq.(14).

In most forecasting situation, accuracy is treated as the overriding criterion for selecting a model.
In many instance the word “accuracy” refers to “goodness of fit,” which in turn refers to how
well the forecasting model is able to reproduce the data that are already known. The model
validation is done by using the following steps:

1. Checking if the developed monthly model resembles the general overall statistical
characteristics of the observed series.

2. Checking if the developed monthly model resembles monthly means, monthly standard
deviations using t-test for the means and F-test for the standard deviation.
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Furthermore the performance of the new multi-variables multi-sites model developed herein was
compared with the well-known single variable single site model, and multi-variables single site
model (MATALS model). This performance was made to investigate whether the new model can
produce better forecasted data series. For purpose of comparison of different forecasting models
performance, the Akaike (AIC), test given by the following equation:

Rss

AIC = 2K +nln=> (16)

Where:

n: is the number of the total forecasted values .

K: number of parameters of the model plus 1.

Rss: is the sum of square error between the forecasted value and the corresponding observed
value.

For each site and variable three sets of data are generated. The overall statistical characteristics
are compared with those observed, for each of the generated series. Table 10 shows these
comparisons. For all variables and sites the generated sets resemble the statistical characteristics
not exactly with the same values of the observed series but sometimes larger or smaller but
within an acceptable range. Table 11 shows the t-test and F-test summary for all of the variables
and sites. As it is obvious from the results of these tables, that the generated series succeed in (t-
test) for all of the monthly means, except for two months for Sulaimania rainfall, i.e. overall
succeed percent of (98.6%). This indicates that the model is successfully resembled the monthly
means values, with excellent accuracy.

Based on (F-test) which seek the variance differences between the observed and generated series;
the success percentage ranking of the generated series was: the best being for Sulaimania rainfall
(96%), followed by Darbandikhan evaporation (88%), Darbandikhan rainfall (83%), Dokan
evaporation (83%), Dokan rainfall (71%), and finally Sulaimania evaporation (67%). The overall
success percentage was (81%). These results of the F-test indicate that the model was
successfully resembled the monthly standard deviations, with a very good accuracy. As
mentioned above for purpose of the comparison of the model performance with the available
forecasting models, the Akaike , 1974 test was used. Before that six single variable single site
models were developed, one for each variable, and three single variable multi-site models,
Matalas ,1967 one for each site. These models were then used for forecasting monthly data for
the same period (2006-2010), forecasted by the developed model.

Table.12 shows the Akaike test results for all of the forecasted variables, in each sites, obtained
using these model and those obtained by the developed model. It is obvious that the developed
model had produced for most of the cases the lowest test value, i.e, the better performance. Even
though for some cases it has higher test value than the other models, but for these cases it is
observed that a very little differences are exist between these test values and the minimum
obtained one.

5. CONCLUSIONS

From the analysis done in this research, the following conclusion could be deduced:
1- The model parameters can be easily estimated and do not require any extensive
mathematical manipulation.
2- The model can preserve the overall statistical properties of the observed series with high
accuracy.
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The model can preserve the monthly means of the observed series with excellent
accuracy, evaluated using the t-test with overall success (98.6%).

The model can preserve the monthly standard deviations of the observed series with a
very good accuracy, evaluated using the F-test with overall success (81%).

The comparison of the model performance with the single variable single site and the
multi-site single variable models, using the Akaike tset had proved that the developed
model had proved better performance in the most cases. Moreover for those less cases
where other models had the better performance; the test value of the developed model is
slightly higher than the minimum value.
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Figure 2. Schematic representation of the two variables three sites multi variables
multisite model.

Table 1. North and east coordinates of the metrological stations selected for analysis.

Metrological station N E
Sulaimania 35°33 18 45° 27 06
Dokan 35° 57’157 44° 57 10
Derbenikhan 35°06 46 45° 42 23
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Table 2. Descriptive statistics of the original data series.

1984-2005 2006-2010
Variable ® — © -
Sulaimania 91 | 69 09 | 0.7 | 354 | 0.1 73 63| 1 3 | 310 | 01
Rainfall(mm)
Sulaimania | 120 | 70 1 1 |415| 36 106 [ 51| 1 -1 | 220 | 40
Evapor.(mm)
Dokan 93 | 80 1 0.7 | 416 | 0.1 64 56 | 1 2 | 262 1

Rainfall(mm)

Dokan 116 | 68 | 09 |-01|322|249| 101 |60 | 1 1 | 284 | 35
Evapor.(mm)

Derbendkan | 78 | 67 12 | 13 |326 | 04 69 |59 | 1 1 | 247 | O
Rainfall(mm)

Derbendkan | 134 | 69 | 0.7 |-03 341 |341| 111 |62 | 1 |01 | 276 | 37
Evapor.(mm)

Table 3. Test of homogeneity results, with tc=2.38, at 95% significant level.
Test for Means Test for S. D.

Variable

Homo.

— N
pd =z

Homo.

— N
P =z

t-statistic

no | t-statistic

Sulaimania
Rainfall(mm) 8

Sulaimania 25
Evapor.(mm) 6

(BN

15 | 12 Yes g 23 5 Yes

21| 6 No 291 | 22 | 5 No

Dokan 2.7 15 | 12 N 277 | 24 | 3 N
Rainfall(mm) | 6 ° ' 0
Dokan 213

25 2 Yes 1.77 | 23 4 Yes
Evapor.(mm) 1
Derbendkan

Rainfall(mm) 23 | 5 | 22 Yes 205 | 6 21 Yes

Derbendkan 3.2
Evapor.mm) 5

18| 9 No 093 | 17 | 10 Yes
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Table 4. Coefficients of non-homogeneity removal.

Variable Mean2 S.D.2 Al Bl A2 B2
Sulaimania
Evapor.(mm) | 1063 50.62 | 127.297 | -0.602 62.958 | 0.7065
Dokan 55.96 41.33 101.91 -0.815 79.314 -0.319
Rainfall(mm)
Derbendkan |47 7045 | 131.18 0.4 69.93 | -0.229
Evapor.mm)

Table 5. Re- test of homogeneity, with tc=2.38, at 95% significant level.

Test for Means Test for S. D.
© . o
Variable |2 |4 |« 2 2 o |o | 8
g prd prd S s prd prd S
D I 7] I
Sulaimania
. 208 | 15 | 12 Yes 1.7 23 5 Yes
Rainfall(mm)
Sulaimania
1.69 | 26 1 Yes 1.17 9 18 Yes
Evapor.(mm)
Dokan 192 | 1 26 Y 1.61 2 25 Y
Rainfall(mm) | * S €
Dokan
231 1| 25 2 Yes 1.77 23 4 Yes
Evapor.(mm)
Derbendkan
. 23 | 5 22 Yes 2.05 6 21 Yes
Rainfall(mm)
Derbendkan 1.08 | 26 1 Y 1.33 8 19 Y
Evapor.mm) ' es ' es

Table 6.Test of trend results, with tc=2.38, at 95% significant level.

Variable T for means T for S.D.
Sulaimania
Rainfall(mm) 0.16 0.023
Sulaimania 021 106
Evapor.(mm) ' '
Dokan
Rainfall(mm) 0.2 0.4
Dokan
Evapor.(mm) 0.04 0.13
Derbendkan
Rainfall(mm) 1.04 0.04
Derbendkan
Evapor.mm) 0.28 0.41
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Table 7. Coefficients of the normalization transformation.

Journal of Engineering

Va_riable_ Power U Shifting «o
e :
et :
Rairlljf(:l(lazrr;m) 0.27 0
Eva[D:)glr(.a(l&m) -0.054 0
Reintall(mm) 0359 0
Dot :

Table 8. Statistical properties before and after the normalization transformation.
Before Norm. After Norm.
Variable S a = é s 8 S g
= g 2 = 2 <
Sulaimania
. 91 69 0.9 0.7 14.36 | 6.84 -0.15 -0.49
Rainfall(mm)
Sulaimania
106 49 1 0.7 1.8 1.32 0.1 -1.1
Evapor.(mm)
Dokan
. 54.8 42.9 0.9 0.5 6.5 25 -0.1 -1.0
Rainfall(mm)
Dokan
116 68 0.9 -0.1 4.1 0.5 0.0 -0.9
Evapor.(mm)
Derbendkan
. 93 80 1 0.7 9.2 4.5 -0.12 -0.61
Rainfall(mm)
Derbendkan
1183 | 71.3 0.75 -0.27 8.3 1.8 -0.04 -0.79
Evapor.(mm)
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Table 9. Monthly means and standard deviations for the dependent stochastic
component.

Variable

Oct.

Nov.

Dec.

Jan.

Feb.

Mar.

Apr.

May

Sulaimania
Rainfall
Means

6.923738

15.95873

18.27623

17.95162

16.6502

17.02956

15.15592

8.927809

Sulaimania
Rainfall
S.D

5.851398

7.895653

6.532181

5.975568

5.221715

5.869138

5.521562

5.782993

Sulaimania
Evapor.
Mean

1.790015

1.750803

1.715869

1.707902

1.715362

1.756555

1.779253

1.810782

Sulaimania
Evapor.
S.D.

0.010111

0.016859

0.019150

0.022393

0.013306

0.017357

0.016122

0.010803

Dokan
Rainfall
Mean

3.908560

1.816542

3.908560

1.816542

3.908560

1.816542

3.908560

1.816542

Dokan
Rainfall
S.D.

6.718586

2.294015

6.718586

2.294015

6.718586

2.294015

6.718586

2.294015

Dokan
Evapor
Mean

4.56241

0.091936

4.56241

0.091936

456241

0.091936

4.56241

0.091936

Dokan
Evapor.
S.D.

4.006939

0.176918

4.006939

0.176918

4.006939

0.176918

4.006939

0.176918

Derbendkan
Rainfall
Mean

4.932498

9.747093

11.70001

11.72048

11.67984

11.31086

7.90416

4.803818

Derbendkan
Rainfall
S.D.

3.35148

4.540729

4.442926

3.669128

2.898333

3.798071

2.871659

2.83866

Derbendkan
Evapor.
Mean

10.02914

7.414099

6.914041

6.468882

6.859431

8.805194

9.050721

10.86809

Derbendkan
Evapor.
S.D.

0.599518

0.585723

2.012912

1.68868

0.775737

1.093621

0.677337

0.609332
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Table 10. Statistical properties of observed and forecasted rainfall series (2006-2010).

Variable Min Max Kurtosis Skewness S.D. Mean
Sul. Obs. R 0.1 310 3 1 63 73
Sul.Gen1l R 2.3 360.1 -0.6 0.4 66.1 75.1
Sul.Gen2 R 25 282.1 0.1 0.7 64.2 72.7
Sul.Gen3 R 6.8 248.3 -0.2 05 65.5 75.3
Dok. Obs. R 1 262 2 1 56 64
Dok. Gen 1 R 3 261 0.5 0.7 54 68
Dok. Gen 2R 3 246 -0.1 0.7 52 58
Dok. Gen 3R 6 266 0.2 0.7 49 65
Der. Obs. R 0.1 247 1 1 59 69
Der.Gen 1R 0.9 375 -04 0.7 55 71
Der.Gen 1R 1.4 243 0.1 0.9 51 66
Der.Gen 1R 6.0 241 -0.1 0.7 53 78
Sul. Obs. E 40 220 -1 1 50 105
Sul.Gen1 E 43 220 0.1 1.0 52 94
Sul.Gen2 E 49 255 -0.1 1.0 53 101
Sul. Gen 3 E 53 227 0.0 0.9 48 109
Dok. Obs. E 35 262 1 1 60 101
Dok. Gen 1 E 27 276 -0.2 0.9 61 100
Dok. Gen 2 E 35 318 -0.1 0.9 68 105
Dok. Gen 3 E 37 279 -0.3 0.9 62 109
Der.Obs. E 37 276 0 1 62 111
Der.Genl E 10 270 -04 0.7 62 95
Der.Genl E 19 303 -0.5 0.6 67 123
Der.Genl E 16 262 -0.5 0.7 60 108

R: Rainfall, E: Evaporation.
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Table 11. Percentage success of T-test for monthly means and F-test for monthly
standard deviations for three generated series for each variable, for years (2006-2010).

Variable % Success in T-test % Success in F-test
Sulaimania
Rainfall(mm) 97.22 %
Sulaimania 100 67
Evapor.(mm)
Dokan
Rainfall(mm) 100 &
Dokan
Evapor.(mm) 100 83
Derbendkan
Rainfall(mm) 100 83
Derbendkan 100 88
Evapor.mm)
Over all 98.60 81

Table 12. Comparison between the minimum Akaike test values obtained by the
developed model, the multi-variable single site model, and the single variable single
site model, for three generated series for each variable, by each model, for years

2006-2010).
variable Su!aim. Sulaim. Dc_)kan Dokan Der_bend. Derbend.
Rainfall Evap. Rainfall Evap. Rainfall Evap.
The
Developed 1,544 1,189 1,438 1,264 1,535 1,404
Model
Multi
Variable 1,600 1,179 1,421 1,253 1,628 1,423
Multi Sites ' ' ' ' ' '
Model
Single
Variable 1,606 1,191 1,463 1,214 1,550 1,420
Single Site
Model
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Removal of Water Turbidity by using Aluminum Filings as a Filter

Media
Dr. Abeer Ibrahim Alwared Suhair Luay Zeki
Instructor
College of | Engineering / University of Baghdad Ministry of Water Resources
abeerwared@yahoo.com suhairluay@yahoo.com
ABSTRACT

The ability of using aluminum filings which is locally solid waste was tested as a
mono media in gravity rapid filter. The present study was conducted to evaluate the
effect of variation of influent water turbidity (10, 20and 30 NTU); flow rate(30, 40,
and 60 I/hr) and bed height (30and60)cm on the performance of aluminum filings filter
media for 5 hours run time and compare it with the conventional sand filter. The
results indicated that aluminum filings filter showed better performance than sand
filter in the removal of turbidity and in the reduction of head loss. Results showed that
the statistical model developed by the multiple linear regression was proved to be
valid, and it could be used to predict head loss in aluminum filings filter and sand
filter with R%equal to 0.94 and 0.968 respectively.

Key words: water treatment turbidity, filtration, aluminum filings, sand .

T )3 o 98 o gaial¥) B30 2 Jlazdaly olyall 3 ) 9Se 4l 3

@S5 3 ag s psd) gl aes
[SYSLE)
dgiladl 2 gad) 3035 3 aky daala — dwadgdl Aol
duadMAll

el 35l LR JSA (pa slall 5y 5e A3V dpalal i ya oaleS o sial¥) 831y alaiiiad LlSal Al 3 Canl (pauiad
30)&‘55\ &\3.1)\ }:\.chu/ﬂ (60 40 <30 ) UL’»JAJ‘ dJ&A} (BJ}S&‘— 335 30¢ 20 ‘10)d&\ﬂ\ PN | 58S L; ‘):3::\&\ );ﬁl_d
550.5) Om ol i saal s galill ol =8 e ae L jlaa g slall D sae gl )5 Aa Jlad) 5 )5Sl late (e o (60 «
Pl o) il elal LS Lol pedopall 3eliS (ha el S o pnial¥) 83 s i se 8eliS () gl iy il | (el
SR e il Craddind LS (%32-8) sa Lol weijall Alla b adde salan 81 (IS o sial¥) 53y lall 2 gae
s daniall ladll Hlaai¥) sl sbal) 3 gae i) o Ay el il A Al las) £ 3 sa sl g Sl
aa ¥l 23 el 3lS I Jom sl o5 lan ¥ 73 pail aladily Lo Jpaanll pi il el e dliall bl & e &
e 0.968 50.94 55 R? S ua Jasll gl jas o sial¥) o b obaall 3 gac plily gl dalasind (Sa Cumy
&5

_d.A‘) ce‘gg.'my}“ 330 2 ¢ c,g.ﬁa‘)ﬂ 3y sSe¢ oloall Aallaa ¢ auﬁiJJ‘ QL.AJSA‘

103


mailto:abeerwared@yahoo.com
mailto:suhairluay@yahoo.com

Number 7 Volume 20 July - 2014 Journal of Engineering

1. INTRODUCTION

One of the many challenges faced in developing world is the issue of waste management.
According to the US Army Corps. of Engineers, USACE, 1995. “Aluminum has excellent
corrosion resistance in a wide range of water and soil conditions because of the tough oxide film
that forms on its surface.

The Aluminum Association, 2005. states, “Unless exposed to some substance or condition which
destroys this protective oxide coating, the metal remains resistant to corrosion. Aluminum is highly
resistant to weathering, even in many industrial atmospheres, which often corrode other metals. It is
also resistant to many acids.”

The surface water is the main source for water supply in most developing countries and in many
parts of the world, river water that can be highly turbid, is used for drinking purposes. Access to
improved drinking water is unavailable to an estimated 884 million people in the world most of
who live in rural dispersed and often remote communities in developing countries
WHO/UNICEF, 2010. As identified by the United States Environmental Protection Agency
(USEPA), turbidity is a measure of the cloudiness of water; it is used to indicate water quality. The
main problem in using surface water as a source of water supply is high concentration of clay and
suspended solids, organic compounds and disease-causing microorganisms (such as viruses,
parasites and some bacteria) which can cause symptoms such as nausea, cramps, diarrhea, and
provide food and shelter for pathogens ,WHO, 2007. The permissible limit for treated water in Iraq
is5 NTU , according to Iraqi standards, 2001.

Filtration is the most common method to remove clay and suspended solids, in filtration process,
water is purified by passing through a bed of porous media which cause the retention of suspended
matters within it. Although the existing granular filter media such as sand is sufficient to treat turbid
water, discovering an alternative filter media from local source is also highly essential and are
becoming popular since it will help to reduce the cost of treatment, as it can be processed and
produced locally, and of their better removal efficiency as compared to conventionally used media
Jusoh et al., 2006 .
Jasim ,1977 examined the efficiency of rice shell and crushed date stone as an alternative materials
due to their availability in large quantities in Irag, and concluded that these materials can be utilized
as a filtering media rather than as animal feed.

Al-Anbari,1997 selected suitable and durable locally filter media. The author tested the
lightweight material like (porcelanite rocks and brunt kaolinite), and a heavy weight media like
(goethite rock). For single media filter, porcelanite and kaolinite gave better results in turbidity
removal efficiency and net water product value than sand medium.

Tang et al., 2006 evaluated the performance of crumb rubber as filtering material for ballast water
treatment. It was found that crumb rubber is an excellent filter media for downward granular media
filters in comparison to traditional granular media filters, a substantial reduction in turbidity was
achieved, no clear relationship between filter depth and turbidity removal efficiency was found,
higher filtration rate resulted in a lower turbidity removal efficiency.

Juosh et al.,2006 used palm shell as single and dual media filter. Palm shell is one of the industrial
wastes that are abundantly available. Result suggests that all the filters are capable of producing
water with acceptable turbidity unit (<1 NTU).

Nasser, 2010 investigated the ability of using crushed glass solid wastes as mono media with sand
in the filtration process. The results indicated that the glass filters had better turbidity removal

104



Number 7 Volume 20 July - 2014 Journal of Engineering

efficiencies with a reduction of about 50% in washing water was required to wash the glass filters.
Also glass filters were slower in the development of head losses.

Shubir, 2011 investigated the ability of using crushed plastic solid wastes, whose density less than
that of water, in water filtration. The results indicated that the single plastic filters and the dual
filters produced water of the same (high) quality as the sand filter. Also, it showed that plastic filters
were slower in development of head losses and they have longer running time than the sand filters.
The main objective of this work is to evaluate the performance and effectiveness of sand filters by
utilizing aluminum filings as filter media which is a locally available solid waste material .

2. EXPERIMENTAL WORK

The experimental work of this study was based upon the use of packed bed filtration pilot plant for
the removal of water turbidity by using different types of solid wastes as a filter media (aluminum
filings and sand) at different flow rate , initial turbidity and bed height The experimental apparatus
is shown in Fig. 1. It consisted of two galvanized cylindrical tanks of capacity 70 L; Perspex filter
column of 7.5 cm inner diameter and 150 cm height designed and built to run with down flow
direction according to AWWA Manual, 2000. Calibrated flow meter was used to control the flow,
with flow range of (10-100 I/hr). Four glass tubes fitted on a board was used to record the height of
water at different depths for each filter. Two types of filter media were used aluminum filings as a
locally available solid waste and conventional sand filter media, Table 1. show the characteristics
of these filter media.

The aluminum filings used is flat shaped, 100% recycled from solid wastes. It is washed and sieved
to obtain grain sizes of (0.6-1) mm in diameter

The filter was operated on the principle of constant flow rate and variable head loss mode. 70 liter
of turbid water (10, 20, or 30 NTU) was pumped through the flow meter at different flow rates (30,
40, or 60 I/hr). This flow range was chosen to simulate the rapid filter flow rate in most water
treatment plants. Two different bed heights were studied 30 and 60 cm for each experiment.
Samples of the filtered water were taken every (30 minutes) during the run of 5 hours. The water
level in the piezometers was recorded at the starting of each run and at fixed time intervals (each 30
minutes) to determine the head loss along the filter depth.

Turbidity was measured by a portable turbidity meter (Hanna instruments, HI 93703). The
recorded level had accuracy of (0.5) NTU. The values of the available head were read by using the
piezometers at fixed time intervals. PH value was measured for every sample and it was found that
it was within the PH value for tap water.

Large quantity of kaolin was added to 10 liter preparation tank, shaken well, and left for 15 min in
order to let larger suspended solids settle under the influence of gravity, and to obtain turbidities of
(10, 20, 30) NTU , then it is transferred to the storage tank. Turbid water (10, 20, 30) NTU from
the storage tank was pumped through flow meter at different flow rates (30, 40, 60) I/hr, this flow
range was chosen to simulate the rapid filter flow rate to the filter column. The water level in the
piezometers were recorded at the starting of each run and at fixed time intervals (each 30 minutes)
to determine the head loss along the filter depth. Samples of the filtered water were taken every (30
minutes) during the run of 5 hours. The experimental work was achieved in the Environmental
Engineering Department/ Baghdad University.
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3. RESULTS AND DISCUSSION

3.1 Effect of Influent Turbidity

Three different influent turbidities were tested in this study (10, 20, and 30 NTU), during each run
the flow rate and bed depth were kept constant. Fig.2 illustrates the effect of influent turbidity on

the turbidity removal efficiency. It can be seen from this figure that sand has lower turbidity
removal efficiency compared with aluminum filings filter. It is obvious that greater porosity value
yield poorer filtrate quality due to smaller available surface area for deposition , Gronow, 1986. In
this experimental work, best filtrate results were for aluminum filings filter though they had a
higher porosity than sand filter. The flat shape for the aluminum filings gave better results due to
stability of deposits onto flat surfaces, and not critical deposits onto rounded surfaces as in the case
of sand. These results are in good agreement with Jasim, 1977; who found that flat shaped grains
usually perform better than do rounded or worn grains due to their higher stability of sediments.

3.3 Effect of Flow Rate

The flow rate affects the filtrate quality; it is believed to be due to the increase of interstitial
velocity. The interstitial velocity depends on the incoming approach velocity above the filter bed as
well as the porosity , Holdich, 2002.

Three different flow rates were tested in this study (30, 40 and 60) I/hr. During each run influent
turbidity and bed depth were kept constant. Fig.3 shows the effect of flow rate on turbidity removal
efficiency at 10 NTU influent turbidity of each filter type. It can be seen from these figures that
when the flow rate increased removal efficiency decreased, and this is in a good agreement with the
results of Mohammed, 1989 and Degremont, 1991. At high filtration velocity the retained
suspended solids are sheared off from the bed due to the high velocity force
Sundarakumar, 1996.

3.4 Head Loss Variation with Time

In order to study the head loss across the bed. Piezometers were installed at different depths across
the bed. During the filtration process, head loss built up because particles began to fill the void
space in the filter media. The head loss development was increased with increase in influent
turbidity for all filter media types. Figs. 4, 5 and 6 illustrate the relation between the head loss with
time at different depths for each type of filter media and at10 NTU influent turbidity and 60 cm bed
depth. The head loss development for different influent turbidities is shown in Fig.7.

At low filtration velocity, the amount of suspended solids captured within the media is lower than
the high filtration velocity. So in the case of low filtration velocity, the head loss development is
very slow. This phenomenon is common for all media types as can be seen in Fig. 8.

For the same operational conditions and for all media types, sand filter showed the higher head loss
at different depths than aluminum filings filter. This phenomenon is due to the high porosity of
aluminum compared with sand, sustaining a greater load of sediments with lower head losses.

The head loss after five hours of filtration is presented in Table 2 it can be seen from this table that
aluminum filings filter shows less head losses than the sand filter during all runs, filtration rate
impacted head loss substantially. Generally, a deeper filter depth and higher filtration rate resulted
in a higher head loss.
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4. EFFECT OF BED HEIGHT

Two different bed heights were tested in this study (30, and 60) cm, during each run influent
turbidity and flow rate were kept constant. Filter depth appeared to have fairly significant influence
on turbidity removal efficiency for different initial water turbidity. Fig.9 shows the effect of depth
on the removal efficiency. This can be attributed to the availability of more opportunity for particles
to accumulate in higher depth. These accumulated particles act as new collectors until a saturation
state is reached.

5. STATISTICAL ANALYSIS

A total filtration data sets (two types of filter media (aluminum filings and sand), two media depth
(30 and 60cm) ,three different flow rates (30 , 40 and 60 I/hr ), and three different initial turbidities
(10, 20, and 30 NTU) were collected and a analysis by using Multiple regression was performed
using excel program for the examination the effects of each parameter on the head loss at the end of
five hours run time.

A mathematical equation was introduced to correlate all of the data obtained using a multiple
regression technique for aluminum filings filter and for and filter is as follows

For aluminum filings:

Head loss(X;) = -28.188+0.0.504 X; +0.0.472 X3 + 0.723X4 Q)
For sand:
Head loss(X1)=-19.067+0.568 X,+0.344 X3+ 0.9083 X, 2)

Where: X;= head loss

X, = flow rate

X3 = bed height and

X4 = influent turbidity
The equations fits the experimental data very well with R* = 0.94 and 0.968 for aluminum filings
and sand filter respectively, as shown in Fig.10

6. CONCLUSIONS

1. Aluminum filings filter was efficient in turbidity removal as in sand filters. The maximum
turbidity removal efficiency for sand filter was 86% at 40 I/hr filtration rate, while for
aluminum filters as 89% at 30 I/hr filtration rate, 10 NTU influent turbidity, and 60m depth.

2. The maximum head loss for sand was 64.7cm,and aluminum filings was 55.7cm
respectively at 601/hr filtration rate, 30 NTU influent turbidity, and 60cm depth at the end of
five hours run time.

3. Stability of the sediments in filtration contributed to the shape of the grains forming the
filter bed.

4. Filter depth have fairly significant influence on turbidity removal efficiency, a deeper filter
depth resulted in a higher head loss.

5. The statistical model developed by the multiple linear regression can be used in predicting
head loss in aluminum filings filter and sand filter.
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Figurel. Schematic diagram of experimental apparatus.
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Figure 2. Effect of influent turbidity on the turbidity removal efficiency at bed deptht=30, flow rate
30 lit/hr.
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Table 1.Characteristics of filter media.

. Specific .. | Effective | Uniform
Media : porosity . -
gravity size coefficient
Aluminum |5 e | 8006 | 0.62mm | 1.35
filings
Sand 2.66 37% | 0.62mm 1.4

Table 2. Head loss for the two filters.

Head loss (cm), bed | Head loss (cm), bed
Flow | Influent height 30cm height 60cm
rate | Turbidity, sand Aluminum sand Aluminum
(I/hr) NTU : filings : filings
filter . filter :
filter filter
10 19.4 13.2 25.4 17.2
30 20 25.3 16.5 37.8 31.6
30 324 19.9 43.1 34.8
10 26.2 16.7 34.9 25.7
40 20 31.6 20 44.3 38.9
30 42.7 26.3 53.6 42.1
10 33.2 21.8 43.6 34.1
60
20 40.3 29.2 51.8 47.6
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ABSTRACT

This study produces an image of theoretical and experimental case of high loading stumbling
condition for hip prosthesis. Model had been studied namely Charnley. This model was modeled
with finite element method by using ANSYS software, the effect of changing the design
parameters (head diameter, neck length, neck ratio, stem length) on Charnley design, for
stumbling case as impact load where the load reach to (8.7* body weight) for impact duration of
0.005sec.An experimental rig had been constructed to test the hip model, this rig consist of a
wood box with a smooth sliding shaft where a load of 1 pound is dropped from three heights.
The strain produced by this impact is measured by using rosette strain gauge connected to
Wheatstone bridge for the model .The signal is amplified and sent forward to a data acquisition
and then saved in the connected laptop. From this study it is found that the changing in stem
length had large effect on effective stress where the change in effective stress while stem length
increased from (110mm to 140mm) was not more than (209MPa).

Keywords: hip prosthesis; charnley design; finite element method; design parameters; data
acquisition
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1. INTRODUCTION

This work presents an overview about the hip joint, the causes of its failure and the historical
attempts to overcome this problem as well as the most important stem types used in this field
enhanced by some definitions and concepts related to the shape variables and materials. Total
hip replacement is most commonly used to treat joint failure caused by osteoarthritis or other
diseases. The aims of the procedure are pain relief and improvement in hip function. Hip
replacement is usually considered only once other therapies, such as physical therapy and pain
medications, have failed. In order to design a successful stem implant some important things
must take in account such human activities, weight and age. Some of researchers such as ,H.F.
EI’Sheikh, et.al., 2003, studied a component (hip prosthesis) had been subjected to a dynamic
load due to stumbling and the peak static load of the same patient load activity. Two quantitative
measures are calculated: peak stress and stressed volume. It has been shown that each measure
may lead to differing conclusions. It is concluded that from a thorough analysis of the hip
prosthesis components (prosthesis, cement mantle and bone) it is not the peak stress but rather
the proportion of the stressed elements (or stressed volume) which should be the indicator if a
precise analysis of the load transfer mechanism is required. In static analysis the material was
assumed to be linear elastic continuum with isotropic properties, whereas in dynamic analysis it
was assumed to be bi-linear elastoplastic, and studied the effect of some design parameter such
as stem thickness, the effect of changing the material, the effect of changing the stem length, the
effect of collar of hip prosthesis and the effect of damper on stresses induced in prosthesis.

2. FINITE ELEMENT MODEL

The concept of piecewise discretization or dividing a complex object into simpler pieces is one
of the oldest logical concepts known to man, when trying either to construct a complex shape or
to understand an enigmatic phenomenon. More recently, structural engineers had developed
matrix methods for the analysis of framed structures, which can easily be recognized as
assemblages of members or, element, connected by joints, or nodes. The finite element (FEM)
can now be considered as the most popular theoretical technique ever known to man, and it has
been applied successfully to many engineering disciplines, such as structural mechanics,
computational fluid dynamics, tribology, heat transfer , electromagnetism, biomechanics,... etc.
The Charnley model which was used should be discretized to small elements for finite element
analysis; the element type that used in this discrediting was SOLID45, 10-node tetrahedral.
SOLID 45 has a quadratic displacement behavior and is well suited to modeling irregular
meshes; the element is defined by 10 nodes having three degrees of freedom at each node:
translations in the nodal X, y, and z directions as shown in Fig. 1 , the element has plasticity, ,
creep, stress stiffening, large deflection, and large strain capabilities with respect to contact
region between cup and femoral head the element contact 174 had been used where this is a
three- dimensional, eight-node , higher order quadrilateral element that can be located on the
surfaces of three- dimensional solid or shell element with mid side nodes, It can be degenerated
to 3-7 node quadrilateral triangular shapes, and also element target where it is a three-
dimensional element and shape is described by a sequence of triangles, quadrilaterals, straight
lines , parabolas, cylinders, cones, (Release 14.0 Documentation for ANSYS 2012).With
changing the coarser of this element in order to investigate the right element number. The result
of the convergence test show that the best element number that can 253481elements as in

Fig. 2.
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3. MATERIAL PROPERTIES

The material properties of each types of hip prosthesis that are used in present work are
illustrated in Tablel, Zafer Senalp , et.al., 2007, below where the Charnley hip prosthesis is
made from (stainless steel alloy 316L)..And acetabulum cup made from ultra-high molecular
weight polyethylene (UHMWPE), Mamdouh, 2012.

4. LOADING AND BOUNDARY CONDITION

For dynamic analysis, the load time curve during walking that applied as time history of the
dynamic load components for 5 s show that the maximum load applied on hip prosthesis reached
to 8.7 times the body weight during stumbling case so the case with this excessive load should
be studied, In our study we take stumbling case as impact load with time of impact (impact
duration) of (0.005sec), EI’Sheikh, et.al., 2003,. The boundary condition which had been
applied in this work is according to (ISO-7206 standard, modified in 2002) .Where 60% of stem
length (which is the distance from stem distal point to center of head ball) was fixed, Chan-
tsungyang, et. al., 2009. The design parameters that studied is shown in the Fig. 3 Charnley
model.

5. EXPERIMENTAL
5.1 Model to be Tested

In this study real models of total hip prosthesis which had been bought it from market deal with
prosthesis ( DePuy-Synthes device market).We used Charnly hip prosthesis for this type of total
.The dimensions of Charnley hip prosthesis is shown in Table 2. . Fig. 4 shows the real
Charnley model that had been studied.

5.2 Experimental Circuit

The interface circuit which has been used consists of rosette strain gage and whetstone bridge
with signal amplifier and this circuit is connected to data acquisition of 16 Flexible I/O (Digital
Input, Digital Output, or Analog Input) (LabJack—-U3-LV,Colorado,USA) and it is able to read
and write the signal in millisecond . This system was linked to a computer for storage and
analysis of data using software LabJack UDV3.25computer to record the results with time, the
circuit is shown in Fig. 5.Where this figure showed the method of circuit connections and its
parts.

5.3 Testing Device

The test rig has been designed to simulate the environments of loading case of reference,
Farhad N. et. al., 2008, where a frame work consists of smooth steel sliding shaft that allows
weights to be dropped on the hip prosthesis from different height up to 30 cm ,as shown in Fig.
6 which shows the test rig and the assisting measuring devices . In the different impact loads
had been applied by falling weight of (1pound=453.59g) from 30cm then from 20cm and then
from 10cm. A rosette strain gauge (Tokoyo Sokki Kenkyujo co.,LTD. —Japan) attached on the
hip prosthesis (Charnley) connected to a Wheatstone bridge with signal amplifier measures the
strain and gives the amplified signal from(0 to 4.8 volt) to LabJack data acquisition where a
stream UD software gives the final values of strain with the aid of scaled equation of voltage.
The final results are compared with those obtained by ANSYS. One of the most important case
in experimental part is the fixation of the model during the test because the bad fixation may
lead to wrong results and also became a far from reality, the (ISO7206-4 standard, Modified in
2002) solved this problem where by this standard we can become near to the reality case. In this
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study according to modified 1SO7206-4 standard 60% of stem length of hip prosthesis is fixed
by using gypsum type 4(elite stone ,thixotropic,zermak-italy) which is used for fixation of
master models in removable prosthesis. The fixing stone holds the distal end of the stem starting
at 40% from center of the femoral head with stone thickness of 70mm.In addition, the stem is
aligned at 10~ in adduction and 9- in flexion, Chan-tsungyang, et. al.2009, as shown in Fig.7
showed the fixation of Charnley type Tables 4, 5 shows comparison between numerical and
experimental results

6. RESULTS

In Figs. 8, 9 different head and diameter (22mm,26mm) respectively were shown and it is clear
from this figure that the position of maximum effective stress for both sizes was the same ,
where increasing head diameter lead to increase maximum effective stress by (16%), this is due
to the shifting of load position which increases the moment on the weakest part. The effective
stress for Charnley design with (a) 32mm neck length and (b) 40mm neck length, shown in Fig.
10,11. certainly increasing neck length will lead to increase maximum effective stress and that is
clear from this figure. Increasing neck length from 32mm to 40mm lead to increase the
maximum effective stress by (1.5%) it is small value compared with increasing head diameter or
increasing stem length. It should be noted that increasing neck length lead to increase the
effective stress at necking section by (32%). The effect of varying two neck ratio ((a) 0.5, (b)
0.8) is shown in Figs. 12, 13, respectively, it's clear to be noted that increasing neck ratio is not
effected with large amount on maximum effective stress where increasing neck ratio from (0.5
to 0.8) didn't change the maximum effective stress at stem more than (3%), but decreases the
effective stress at neck by (28%), this is due to reduction in stress concentration at necking
section.

Figs. 14, 15. show the effective stress for Charnley design with stem length (a) 1210mm (b) 140
mm, from figure the maximum effective stress is at the same position for both stem sizes with
different values where maximum effective stress increased by (16%) with increasing stem
length. This is due to the reduction in cross sectional area of the loaded section with increasing
stem length.

7. DISCUSSION

Fig. 16 shows the variation of effective stress with respect to changing the head diameter , the
relation theme gives indication that with increasing the head diameter the effective stress in
weaken part of hip prosthesis will increase and this relation may be caused by the sweeping of
load position in vertical direction due to increase the head diameter, this sweeping of load
position lead to increase moment at weaken part and thus will increase the stress. The change in
effective stress values while head diameter increased from(20mm to 26mm) with step of 2mm
was not more than (73Mpa) except head diameter of 22mm where change in effective stress
reached to (121Mpa).

Fig. 17 shows the variation of effective stress with changing of neck ratio(neck ratio: represent
the position of necking part with respect to total neck length),the chart theme shows that it
should take into account while designing to make the neck ratio more than 0.5 as possible to
decrease the force arm on neck where this may prevent the fracture at neck and lead to decrease
the stress at weaken region of hip prosthesis so it should take into consideration to make
balancing of changing this factor and it is clear that changing of stress is not more than (42Mpa)
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for changing this parameter from (0.5 to 0.8).Except neck ratio of (0.6) where change in
effective stress reached to (97MPa).

Fig. 18 shows the variation of effective stress with respect to changing the third design
parameter that is the stem length and so due to this point it is clear to most biomedical
researchers and (Depuy-synthes) manufacturing companies, that produced medical orthotropic
products, to reduce the stem length as possible to prevent the increasing in stress where this
increasing in stress may be caused by three reasons the first one is by increasing stem length the
overall mass of system with axial axis of hip prosthesis will increase, the second reason is
increasing the stem length lead to increase the free part of the fixed hip prosthesis according to
(1ISO_7204 standard modified in 2002) and that lead to increase the bending stress in weaken
part. Second thing is increasing the weight of free part of fixed hip prosthesis. The third reason
is increasing stem length lead to decrease the stem cross sectional area to be loaded; this
decreasing in stem cross sectional area is due to curvature shape of stem. The change in effective
stress while stem length increased from (110mm to 140mm) was not more than (209Mpa)
except stem length of (130mm) where change of effective stress reached to nearly (245Mpa)so
the stem length of (130mm) and what is nearest to this value should be averted while designing
stem.

Fig. 19 shows the variation of effective stress in weaken part of hip prosthesis (at stem) with
changing the neck length and it is clear that increasing neck length lead to increase the effective
stress due to increase the arm of force where that leads to increase the stress. In this study five
sizes of neck length had been used, and it turned out that changing of neck length from(110mm
to 140mm) lead to change the effective stress with value more than (53Mpa) except neck length
of (36mm),(32mm) where change jumped to (73Mpa).

8. CONCLUSIONS

1. It is found that changing in stem length lead to increase the effective stress with values
higher than the other designs parameters so it should be taken in account this parameter
because of its heavy influence on effective stress so for Charnley design the stem length
should be decreased as possible, under cases of impact load. Changing in effective stress
not exceeded (22%).

2. It is found that the changing in head diameter had an influence on effective stress values
but with small amount as compared with stem length, where changing in effective stress
not exceeded (16%).

3. It is found that the increasing of the neck length for Charnley design lead to increases
effective stress with values less than stem length where changing in effective stress not
exceeded (5.5%). So that it must be decreased as possible, where increasing neck length
lead to increase maximum effective stress.

4. The effect of the ball radius on both contact pressure and total contact stress is larger than
that on the effective stress. Where changing in contact pressure not exceeded (41%), and
changing in total contact stress not exceeded (32%).

5. It is found that increasing the neck ratio had an effect on the effective stress, where
changing in effective stress not exceeded (7%).
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6. It is found that the best sizes of low effective stress with these dimensions (head diameter
of 22mm, 0.6 neck ratio, stem length of 110mm, neck length of 24mm) can be considered
as safest sizes.
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Figure 4. Charmly hip prosthesis, upper view of white acetabulum part (cup),
femoral part(stem).
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Figure 7. Fixation of hip prosthesis according to ISO-
7206 standard where: a- fixation of Charnley hip

prosthesis.
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Table 1. Material properties.
Material Young's Modulus (GPa) | Poisson's Ratio (v) | Density (g/ cm”"3)

Stainless steel 193 0.32 8

UHMWPE 1.2 0.4 0.945

Table 2. Dimensions of Charnley model.

Head Diameter (mm) | Neck Length (mm) | Neck Ratio (mm) | Stem Length (mm)
20 24 0.5 110
22 29 0.6 120
24 32 0.7 125
25 34 0.75 130
26 40 0.8 140
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Table 3. Comparison between experimental and numerical results for Charnley design .

Height of Load ANSYS Experimental Effective Error Percent
Dropping (cm) Effective Stress Stress(MPa) (%)
(MPa)
10 12.15 11.056 9
20 17.183 15.842 7.8
30 21.8131 20.046 8.1
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Structural Behavior of Reinforced Concrete Hollow Beams under Partial
Uniformly Distributed Load
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Engineering College - Baghdad University Engineering College - Mustansiriya University
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ABSTRACT

A Longitudinal opening is used to construct hollow core beam is a cast in site or
precast or pre stressed concrete member with continuous voids provided to reduce weight, cost and,
as a side benefit, to use for concealed electrical or mechanical runs. Primarily is used as floor beams
or roof deck systems. This study investigate the behavior of six beams (solid or with opening) of
dimension (length 1000 x height 180 x width120mm) simply support under partial uniformly
distributed load, four of these beam contain long opening of varied section (40x40mm) or
(80x40mm). The effect of vertical steel reinforcing, opening size and orientations are investigated to
evaluate the response of beams. The experimental behavior based on load-deflection measured at
central and quarter of tension zones. The experimental test result shows the presence of Hollow
decrease the load carrying capacity by about (37.14% to 58.33%) and increased the deflections by
about (71.6% for (Hollow ratio 7.4%) to 75.5% for (Hollow ratio 14.8%)) for same applied load
compared with solid beams with the same properties. The increase shear steel reinforcing will
decrease all the deformations at all stages of loading, but particularly after initial cracking and give
enhancement in ultimate load capacity of beams by about 31.5% with increasing the amount of
shear steel reinforcing by about 50%. Finally, ductility is increased in all cases under partial
uniformly distributed load when hollow ratio decreased by about 50% or increased in shear steel
reinforcing by about 50%.

Key words: longitudinal opening, shear reinforcing, first crack, deflection, hollow ratio.
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1. INTRODUCTION

Many parameters may influence the overall hollow girder response such as: the shape of the
section, the amount of the longitudinal and transverse reinforcement, the cross section thickness,
load ratio and finally the material strength of concrete and reinforcement, Alnuaimi, 2003 and
Mander, 1984. This study focuses on rectangular hollow cross sections and investigates the beams
behavior under a state of uniformly distributed loading

2. ADVANTAGE OF HOLLOW CROSS SECTION

The advantages of hollow cross section , Nimnim, 1993.
1. Reduced the weight, which affects especially the cost of transport, handling and erection for pre-
cast cross sections.
2. Substantial reduction of material quantities, the materials required are usually much less than
those needed for other conventional systems and they are little more than those required for
continuously curved shells, with the advantage of utilizing relatively simple formwork.

3. OBJECTIVE OF THE RESEARCH

The main target of this research is studying the effect of different amount of shear
reinforcement (stirrup) and hollow ratio of cross section on the strength and behavior of hollow
cross section beams subject to partial distributed load and also studying load deflection behavior
which occurs at the center and quarter of span length of beams.
The variables which taken in this research are: stirrups (shear reinforcement, hollow and solid
section with thickness of walls for hollow section.
It’s expected in this research to state the influence of distributed load on the strength and behavior
of hollow cross section beam and comparison between experimental tests result of specimens and
confirm the best specimens with hollow section which result the nearest value to the solid section
result.

Finally studying the factors that affect the behavior of reinforced concrete beams under
partial uniformly distributed load which have directly relation with the (stirrup reinforcement and
dimension of sections).

4. EXPERIMENTAL WORK
4.1 Scope of Work

In order to study the structural behavior and ultimate strength of reinforced concrete beam
under partial uniformly distributed load, which can be used as rectangular hollow cross section. A
total of six specimens in four groups, detailed as shown in Table 1, were cast in plywood forms.
All the beams were made from a single mix proportion (Cement: Sand: Gravel) of 1:1.5:3 by
weight with a water/cement ratio 0.45 and also all beams were designed to have the same
longitudinal and varied stirrup reinforcing. Each of the mixtures was thoroughly mixed prior to
casting. The beams details, mix proportion, materials properties and formwork given in Tables 1,
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2, 3 and 4, and Figs. 1,2 and 3 respectively.

4.2 Considered Parameters

In the present investigation, four group parameters were adopted to study the behavior and
ultimate load of beams and to investigate the influence of hollow ratio, shear reinforcing in
concrete beams when subjected to uniformly distributed load. All beam details are shown in Table
1.
Group 1: Consists of one solid specimen with dimension (120, 180) mm, length (1000 mm),
longitudinal bars (3-@12mm) with stirrups of (310mm @ 100 mm c/c).
Group 2: Consists of one solid specimen with dimension (120, 180) mm, length (1000 mm),
longitudinal bars ( 3310 mm) with stirrups of (310 mm @ 50 mm c/c).
Group 3: Consists of two hollow specimens, all properties as same in group 1, but with different
hollow section (40x40 mm and 40x80 mm). Group 4: Consists of two hollow specimens, all
properties as same in group 2, but with different hollow section (40x40 mm and 40x80 mm).

5. TEST RESULTS OF REINFORCED CONCRETE BEAMS

A partial uniformly distributed load (i.e. loaded length 120mm which equal to 13.34% of
span length) was provided using universal testing machine of capacity (3000 kN) applied at the
center of the beam gradually at increments of (5 kN) up to failure. Test results for each case,
including deflections and cracking are highlighted. Load versus deflection was recorded at point of
(central and quarter of span length ) at distances about (500 and 250 mm) from the edges of the
beam. Arrangement specimens of partial uniformly distributed loading and instrumentation as
shown in Figs. 4 and 5. Crack patterns, first crack load and propagation of cracks are also studied.
Ultimate load capacity and failure modes are recorded as shown in Table 5. A study of the effect of
vertical shear reinforcement and section type (solid or hollow), was carried out. Deflections, crack
patterns at all stages of loading of the reinforced concrete beam were also discussed.

6. CRACK PATTERNS

The first crack was found to develop around the sides of the loading area of (120mm?) on
the tension fiber of the beam center. These cracks were formed at about (8.0 - 11.5%) of the
ultimate failure load, as shown in Table 5. In the case of beams with hollow section cracks appear
in the tension zone of the beam near one or more of the corners as shown in Table 5. The ultimate
load, maximum central deflection were recorded and given in Table 5. As the load is increased
after formation of the first crack, more cracks begin to appear and, propagated diagonally towards
the corners of applied load (i.e. under position of applied load). At high loads, these cracks
extended with the formation of new cracks at different orientations. Meanwhile, cracks start to
appear around the edge of the applied load at tension zone.

Failure was distinguished by the successive deflections at the center of the beam at higher
load levels through shear and wide flexural cracks at the tension zone, then, yielding of the tensile
reinforcing steel. All beams were tested up to failure. The crack pattern zone of each reinforced
concrete beam was painted with concrete color this allows the cracks to be visible and the failure
can be pointed as shown in Figs. 6 to 11.
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7. DEFLECTION MEASUREMENT

For all tested beams, deflections were measured at a distance of (500mm and 250 mm) from
the ends of beams at the bottom surface. The deflections occur at these locations were measured to
compare response.

Deflection measures may give a reasonable interpretation of the load carrying capacity of the

beams. The load-deflection curves for six tested beams under applied loads are shown in Figs. 12
to 16, While the comparison of deflection for all beams at quarter and central location as show in
Figs. 17 and 18 for the cases of beam solid or hollow section. While, these curves demonstrate a
certain tendency in which, at early stages of loading (elastic stage), the deflection-load relation is
linear up to the first cracking load. After this, new cracking start and continuous up to the first
yielding; these are flexural cracking. Beyond first yielding plastic deformations continuous and
yielding up to failure at a stress near the ultimate flexural strength, as calculated by the yield line
theory. In this stage, yielding of the tension reinforcement spreads from the loaded area towards the
beam edges. Finally (stage of failure) a plastic stage of rapidly increasing deflection at no
additional load application.
Tests of all beams demonstrated that the ultimate load becomes smaller as the beam varied from
solid to Hollow by about (37.14% to 58.33%). Also ultimate load increases as shear reinforcement
ratio increases. The deflections of the beams at both points (A and B) increase when the beam
varied from solid to hollow section (71.6% (hollow ratio of 7.4%) to 75.5% (hollow ratio of
14.8%)) for the same applied load compared with solid beams with the same properties and noticed
smaller values when increased shear reinforcing as shown in Table 5. In general R.C. beams those
are solid or hollow with more shear reinforcing show higher load carrying capacity with reduction
in deflection values. Finally the deflection varied along of all tested specimens at loading stages are
shown in Figs. 19 to 24.

8. CONCLUSION

In this study it has become to study the behavior and strength of hollow concrete beams
under partial uniformly distributed load was investigated. From an experimental program the
following conclusion were drawn:
1- It has been observed from the tests carried out that the slope of main cracks under partial
uniformly distributed load for reinforced concrete beam is about 45°.
2- As per the result of tested, some of concrete beams fails under flexural failure and other
compound failure (i.e. shear and flexural failures) when the crack constructed at flexural zone or
flexural and near support under load.
3- The presence of hollow recess in reinforced concrete beams was found to decrease the load
carrying capacity by about (37.14% to 58.33%) and increase the deflections by about (71.6%
(hollow ratio 7.4%) to 75.5% hollow ratio (14.8%)) for same applied load compared with solid
beams for same properties.
4- When increasing the hollow ratio from (7.4% to 14.8%) the load carrying capacity is decreased
and deflection is increased by about (28.5% and 14%) respectively for same other properties.
5- Shear steel reinforcement decreased all the deformations at all stages of loading, particularly after
initial cracking.
6- Ductility is increased in all cases for partial uniformly distributed load when decreased Hollow
ratio by about 50% or increased in steel reinforcing.
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7- The phenomenon of crushing concrete cover (Spalling down) was avoided when increased the
shear steel reinforcing by about 50% in the reinforced concrete beam under partial uniformly
distributed load.
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Table 1. Details of reinforced concrete beams specimens.

Specimen Bottom Top Stirrups Hollow Ratio Section
Symbol Reinforcing | Reinforcing | Reinforcing Property
B1 3@ 12mm 20 12mm | @10@100 mm Solid
B2 3@ 12mm 20 12mm | @10@ 50 mm Solid
B3 3@ 12mm 20 12mm | 310@100 mm 7.4% Hollow
B4 3012 mm 2012mm | 310@ 50 mm 7.4% Hollow
B5 312mm | 2@12mm | 10@ 50 mm 14.8% Hollow
B6 3012 mm 2012mm | 310@100 mm 14.8% Hollow

Table 2. Mix proportions for (1 m®) of concrete (1: 1.5: 3) by weight.
Cement | Sand Gravel | Water/Cement | Water
(kg/m®) | (kg/m®) | (kg/m®) Ratio (kg/m®)
400 590 1180 0.45 180
Table 3. Properties of steel reinforcement.
Nominal Measured A Yield Stress f Tensile
Diameter Diameter (mm?) (MPa) Strength f,
(mm) (mm) (MPa)
10 9.88 76.67 421 520
12 12.2 116.89 480 570

Table 4. Compressive strength of concrete cylinder (150 x 300 mm) (28 days).

Sample No. Strength Average Strength
(MPa) (MPa)
1 29.43
2 28.41
3 27.73 28.52
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Figure 1. Moulds of reinforced concrete solid and hollow reinforced concrete beams.
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Figure 3. Recess through section of  Figure 4. Beams under partial uniformly distributed loading.
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Table 5. First crack, ultimate load and deflections.

Ultimate
Beam | Beam Shear Hollow | First Crack Load Central Wer /
No. | Section | Reinforcing Ratio Load (Wu) Deflection Wu
% (Wecr) kN/m (mm) %
(KN/m)
B1 Solid | @10@100 mm 5.0 60.0 3.32 8.3
B2 Solid @10@50 mm 10.0 875 3.72 115
B3 | Hollow | @10@100 mm 74 4.0 40.0 5.70 10.0
B4 | Hollow | @10@50 mm 74 5.0 55.0 8.08 9.0
B5 | Hollow | @10@50 mm 14.8 3.0 35.0 5.69 8.5
B6 | Hollow | @310@100 mm 14.8 25 27.0 43 9.2

Figure 7. Crack patterns of beam (Solid) B2.
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Figure 8. Crack patterns of beam (Hollow) B3.

Figure 9. Crack patterns of beam (Hollow) B4.

Figure 10. Crack patterns of beam (Hollow) B5.

Figure 11. Crack patterns of beam (Hollow) B6.
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Figure 14. Comparison of central Figure 15. Comparison of Central
deflection of beams B5 & B6. Deflection of Beams B4 & B5.
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Figure 16. Comparison of central
deflection of beams B6 & B3.

90 90
80 / 80 /‘/
70 Il 70 /
60 / 60
/ / /
Z 50 Z 50
4 X
2 =
© ©
S 4w N S w0 E—
30 1 L / 30 1 //
20 7- 20 /
10 ‘/ 10 e
0 0
0 1 2 3 4 5 6 7 0 2 4 6 8 10
Deflection, mm Deflection, mm
—#- B1,Stirrups @10 @100, Solid —e— B2 ,Stirrups @10 @50 Solid - B1,Stirrups @10 @100, Solid —— B2 ,Stirrups @10 @50 Solid

—&— B3,Stirrups @10 @100, Hallow ratio 7.4% B4,Stirrups @10 @50, Hallow ratio 7.4% || —&— B3,Stirrups @10 @100, Hallow ratio 7.4% B4,Stirrups @10 @50, Hallow ratio 7.4%
=¥ B5,Stirrups @10 @50,Hallow ratio 14.8% —@— B6,Stirrups @10 @100,Hallow ratio 14.8% | | =% B5,Stirrups @10 @50,Hallow ratio 14.8% —@—B6,Stirrups @10 @100,Hallow ratio 14.8%

Figure 17. Comparison of quarter Figure 18. Comparison of central deflection of all beams.
deflection of all beams.

Note: The deflection of all beams at left quarter side are assumed to be the same values on

right quarter side as shown in Figs. 19 to 24.
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Figure 19. Deflection through a long of reinforced concrete beam, B1.
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Figure 20. Deflection through a long of reinforced concrete beam, B2.
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Figure 21. Deflection through a long of reinforced concrete beam, B3.
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Figure 22. Deflection through a long of reinforced concrete beam, B4.
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ABSTRACT

In this paper the effect of engagement length, number of teeth, amount of applied load, wave
propagation time, number of cycles, and initial crack length on the principal stress distribution,
velocity of crack propagation, and cyclic crack growth rate in a spline coupling subjected to cyclic
torsional impact have been investigated analytically and experimentally. It was found that the
stresses induced due to cyclic impact loading are higher than the stresses induced due to impact
loading with high percentage depends on the number of cycles and total loading time. Also
increasing the engagement length and the number of teeth reduces the principal stresses (40%) and
(25%) respectively for increasing the engagement length from (0.15 to 0.23) and the number of
teeth from (8 to 10). while increasing the other parameters (amount of applied load, wave
propagation time, number of cycles, and initial crack length) increase the principal stresses at the
root of the tooth (37% when the applied load rises from (8 KN to 11KN) and (62% when the wave
propagation time rises from (0.5 to 1).

Key words: spline coupling, cyclic impact, stress distribution, velocity of crack propagation, cyclic crack
growth rate.
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1.INTRODUCTION

A spline coupling is an effective mode of torque transfer between two rotating parts. It transmits
torque, but permits axial sliding. The spline coupling is used in high torque transmission engines
like vehicles, turbines, and jet engines. The literature that deals with spline coupling has been
investigated experimentally and theoretically in several studies which considered the spline tooth
profile like ; Yeung 1999, Baker 1999, Chitkara et al 2001, and Yang et al 2007, failure analysis
of the spline coupling like: Li et al 2007, Ding et al 2007, Ding et al 2008, and Lin et al2008, and
the stress distribution along the axial direction of a spline coupling under static load like; Taylor
2001, Tjernberg 2001, Barrot et al 2009, and Grath 2009. In the present work the stress
distribution, velocity of crack propagation, and cyclic crack growth rate in a spline coupling
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subjected to cyclic torsional impact load have been investigated analytically and experimentally for
two different boundary conditions.

2. ANALYTICAL ANALYSIS

The torque distribution along the pressure face of the spline coupling tooth was assumed to be
unevenly distributed due to the deformation occurs in the spline teeth which caused during torque
transmitting ,Baker 1999, see Fig. 1.

For a spline coupling subjected to impact load the torque distribution along the axial direction can
be described as; Barrot 2009.

mix)=NRCPx)=cg[8,(x)—8,(x)] (1)

Where;
i Cﬂ".! E‘Ei -
a= |[—+ ] (2)
\ Gaf: G4y
_ H':Dﬂ-}—ﬂi-}." € w O ran
Ji= T 32 (N 17 +N 17 JII (3)
_HDE-*_F[' E‘w3+vwﬂ'3) 4
o= NtV 43 *’
T] |
Co == (5)
g LR L2

The coefficients A and B depend on the boundary condition of the spline coupling. Two types of
boundary conditions were studied, in the first type the spline shaft was fixed (built in) at one end
and free at the other and the sleeve was engaged at the free end, so it called (Built in-Free spline
coupling BFSC). In the second type the spline shaft was fixed at both ends and the sleeve was
engaged at the middle of the shaft and it was called (Built in-Built in spline coupling BBSC).

For (BFSC); m(0,t)=0 , m(L,t)=T

T .
-T .
For(BBSC);m(0,t)=T , m(L,t)=T
A=t L (8)
- glel _ 1 L)
B r EE:‘:’L_ Er:L g
- EER’L_ 1 LY )I
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The torque transmitted due to cyclic impact load was described as follows;

mix, t)oyoic = [A€¥ + Be™ %]

t t
efo — 1J [f—] (10)
t, :

3. PRINCIPAL STRESS DISTRIBUTION

The principal stress distribution was calculated using the equation ; Mancuso, J.R.,2001
mix,t)
NRECL

™

Ty ::xJ t.}' =

- " m ::x, t:':'_\'r.!z':'
Oy (X, L) pyelic = T NRECL

4. VELOCITY OF CRACK PROPAGATION

As the crack propagates the displacement V will change with time. Denoting the rate of change
dV/dt as I'; Ewalds, 1989.

z i
V' = Ei [ea +dal (13)
r__ L (=& 5 —ox f_rp _ i 'IE ;E - —_ & X —mx :_D I i
V' ==t ||[ae* + Be ][e 1] [ffo]x'kx. (1 a=)]+ [[Ae=* + Be ][He 1]f9]
1 £] ¢ P
-+ t—ﬁﬂ o fa ]ﬂ. .__1‘1-)
Where;
i |E it )
- === (15)
* 5 P (1
E' = E/(1-v?)
Z,=2 la®(1-2%) 16)
0=z=1
For steel ==0.8
\'k

5. CYCLIC CRACK GROWTH RATE
Paris' law relates the stress intensity factor rang to sub-critical crack growth rate. The basic formula

reads;

da - P
an- C AR 17)

The term in the left hand side known as the crack growth rate under cyclic loading regime is called
cyclic crack growth rate. On the right hand side €; and m are material constants, and AK is the

range of the stress intensity factor.
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AN =K 00— Ko (18)

AK = Ao ¥Yma (19)

For an edge crack in an infinite sheet Y=1.12, Ewalds, 1989.
For steel m=3 and Cis 10, David R., 2001, see Fig.2.

6. EXPERIMENTAL WORK

A spline coupling models of ST-45 simulate the spline coupling of a Power Take-Off engine have
been manufactured at the manufactory of "THE STATE COMPANY OF MECHANICAL
INDUSTRES" with two number of teeth (8 and 10) and three engagement lengths
(0.08m,0.15m,0.23m). The spline coupling samples were manufactured in two groups the first
group suitable to set as (BBSC) and the second group suitable to set as (BFSC). The test rig
consisted of fixing plate which is a heavy rectangular base with two vertical plates. At the upper end
of each vertical plate there is a circular hole to carry and fix the spline coupling samples. The
impactor which consisted of two arms connected to a disc. The disc had a several holes around its
circumference each hole represented a different winding angle which causes a different amount of
load. The disc was connected to a helical spring, see Fig. 3. The strain induced at the root of the
spline coupling tooth was measured using strain gauges connected to a sensor circuit to convert the
change in resistance into change in voltage and amplify the strain gauge output signal. The output
signal of the sensor circuit goes to a digital data logger, (ORDEL UNIVERSAL DATA LOGGER
(UDL 100)), to record the data and the display and save them on a computer, see Fig. 4.

7. ANALYTICAL RESULTS

Theoretical investigation is done for two loading cases (impact load and cyclic impact load), two
boundary conditions (BBSC and BFSC), three engagement lengths (0.08m,0.15m,0.23m), and three
amounts of applied load (5 kN, 8 kN, 11 kN). Fig. 5 shows that the principal stress distributes
exponentially along the axial direction of the BFSC tooth and that the principal stresses induced in
the spline shaft are higher than the principal stresses induced in the sleeve because of the difference
between their geometry especially their root radiuses. Fig. 6 shows that the principal stress
distributes exponentially along the axial direction of the BBSC tooth and it distributes evenly due to
the symmetric boundary conditions at its both ends. Fig. 7 shows that the principal stresses induced
due to applying cyclic impact load are higher than the principal stresses induced due to applying
impact load with high different percentage depends on the number of cycles per unit time and the
total loading time. The increasing in stresses results from accumulating the stresses induced at each
cycle. Fig. 8 shows that increasing the amount of the applied load increases the induced principal
stresses and the increasing is linear because the stresses are linearly related to the amount of applied
load. Fig. 9 shows the significant effect of the engagement length on the principal stresses where it
shows that increasing the engagement length reduces the principal stresses with a high ratio due to
increasing the area that carries the load. Fig. 10 shows that increasing the number of teeth reduces
the induced principal stresses due to dividing the applied load on a higher number of teeth and
hence each tooth carries fewer load. Fig. 11 shows that the principal stresses increases
exponentially with the wave propagation time and 62% of this increasing occurs between (t/to =0.5
to t/to =1). Fig. 12 shows that the behavior of the velocity of crack propagation is similar to the
behavior of the principal stresses with respect to time. That is because the velocity of crack
propagation depends on the principal stress values. Also Fig.12 shows that increasing the number of
cycles increases the velocity of crack propagation due to increasing the accumulated stresses. Fig.
13 shows that the cyclic crack growth rate increases with increasing the number of cycles, this
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increasing occurs due to increasing the accumulative stresses from each cycle. Fig. 14 shows that
the cyclic crack growth rate increases with high percentage with increasing the initial crack length
because of increasing the energy released from the tooth. The energy released causes energy
concentration at the tip of the crack which results in increasing the principal stresses at the tip of the
crack that’s results in increasing the cyclic crack growth rate.

8. EXPERIMENTAL RESULTS

Fig. 15 shows that increasing the amount of the applied load increases the induced principal stresses
and this increasing is linear. Fig. 16 shows that at the fixed end of the spline coupling the effect of
the amount of the applied load on the induced principal stresses is the same for (BBSC) and
(BFSC). Fig. 17 shows that increasing the number of the spline coupling teeth reduces the induced
principal stresses due to distribute the load over a higher number of teeth hence each tooth carries
less load. Fig. 18 shows that increasing the engagement length have a significant effect in reducing
the induced principal stress because of increasing the area carries the load. Fig. 19 shows that the
stresses induced due to cyclic impact load are higher than the stresses induced due to impact load
with a high percentage depends on the number of cycles per unit time and the total loading time.
Fig. 20 shows that increasing the number of cycles results in increasing the velocity of crack
propagation due to increasing the accumulative stresses that accumulates from each cycle. Fig. 21
shows that the cyclic crack growth rate increases exponentially with the increasing of the number of
cycles, this increasing occurs due to the increasing of the accumulative stresses.

9. VERIFACATION

The experimental results verified the theoretical results and showed a good agreement with
reasonable error percentage comes from the delay time of the response of the measuring instruments
therefore this error percentages increase as the impact wave propagates faster due to increasing the
delay time. Fig. 22 shows that the experimental results of the principal stress variation with the
amount of applied load coincides with the theoretical results with an error percentage equals to
(9%). Fig. 23 shows that the experimental results of the velocity of crack propagation variation with
the wave propagation time coincides with the theoretical results with an error percentage equals to
(9%). Fig. 24 shows that the experimental results of the cyclic crack growth rate variation with the
number of cycles coincides with the theoretical results with an error percentage equals to (10%).

10. CONCULUSIONS

1. The principal stresses induced in the spline shaft are different from the principal stresses
induced in the sleeve with a percentage depends on their geometry.

2. The end of the engagement length endures the maximum stress and it’s the most susceptible
point to failure.

3. In the BBSC both ends endures the maximum stresses while in the BFSC only one end

endures the maximum stresses.

The engagement length has a significant effect on reducing the stresses.

The time of wave propagation of the cycling impact loads wave have a very significant

effect on the stresses induced in the spline shaft then the impact loads.

6. Appling cyclic impact load on the spline coupling highly raises the velocity of crack
propagation.

7. The cyclic growth rate obeys Paris law.

ok~
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NOMENCLUTURE

Symbol meaning Unit

A coefficient #

B: coefficient #

C: spline tooth height Mm

N : number of teeth #

L: engagement lengt mm

W: spline tooth width mm

W ! applied load applied load

X: axial posision mm

m: material coefficient #

N: number of cycles Cpm

Z: half crack length mm

k: integral constant #

K: stress intensity factor Mpa

T: applied torque KN.m

t: instantaneous wave propagation time | Sec

to. total wave propagation time Sec

E: modulus of elasticity Kn.m

Cpm: cycle per minute cycle/min

G: modulus of rigidity KN.m

a: crack length mm

a,: Initial crack length mm

a; instantaneous crack length mm

C, material coefficient #

Ry: sleeve root radius mm

R, shaft root radius mm

R,: sleeve outer radius mm

R, spline coupling pitch radius mm

Ji. sleeve polar moment of inertia mm*

I shaft polar moment of inertia mm*

P(x): static presser Kpa

My{x, t) torque transmitted by sleeve Kn.m

M.(x,t) Torque transmitted by shaft Kn.m

m(x,t): torque transmitted by Kn.m
m{x,t)cycie | transmitted torque Kn.m
Kn.m: Spline coupling due to cyclic impact load
V: velocity of crack propagation m/sec
17 impact velocity of crack m/sec’
o coefficient N/rad
o material density Kg/m?
v poison's ratio #
oy (x, t) principal stress KN/m?
Ca: torsional rigidity KN/rad
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o1 (%, Tleycnie | principal stress due to cyclic impact load

& sleeve angle of twist rad

&> shaft angle of twist rad
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Figure 1. Schematic figure of the spline
coupling.
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Figure 2. Schematic plot of the typical
relationship between the crack growth rate
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Figure 5. Principal stress distribution
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ABSTRACT

This paper shows the characteristics of temperature and adsorbed (water vapor) mass rate
distribution in the adsorber unit which is the key part to any adsorption refrigeration system. The
temperature profiles of adsorption/desorption phases (Dynamic Sorption) are measured
experimentally under the operating conditions of 90°C hot water temperature, 30°C cooling
water temperature, 35°C adsorption temperature and cycle time of 40 min. Based on the
temperature profiles, The mass transfer equations for the annulus adsorbent bed are solved to
obtain the distribution of adsorption velocity and adsorbate concentration using non-equilibrium
model. The relation between the adsorption velocity with time is investigated during the process
of adsorption. The practical cycles of adsorption and desorption were stated dependent on the
variables obtained from the experiment and equations calculations.

The results show that the adsorption velocity is diminished after a period of 20 min. The
maximum value of the adsorbed water vapor concentration on silica gel is 0.12 kg water/kg
adsorbent (adsorption phase) and the minimum value of the water content into silica gel is 0.04
kg water/kg adsorbent (desorption phase) producing a dynamic sorption of Ax = 0.08 kg
water/kg adsorbent.

Key words: adsorption, refrigeration, silica gel-water, mass transfer
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1. INTRODUCTION
Adsorption (solid—vapor) refrigeration is analogous to liquid—vapor absorption, except the

refrigerant is adsorbed onto a solid desiccant (freeze dried) rather than absorbed into a liquid

(dissolved) as in liquid— vapor heat pumps. The adsorption cycle Fig. 1 proceeds as follows

Lambert, 2007.

1. At state 1, a cool canister filled with adsorbent, an adsorber, is saturated with refrigerant at
slightly below P.. The adsorber is heated and desorbs refrigerant vapor isosterically (i.e., at
constant total mass in the adsorber), pressurizing it to state 2, slightly above P, ,which opens a
one-way Vvalve to start pumping refrigerant vapor into the condenser.

2. Isobaric heating desorbs more refrigerant, forcing it into the condenser until state 3 is attained,
at which the adsorber is nearly devoid of refrigerant.

3. The hot adsorber is then cooled isosterically (at constant total mass) causing adsorption and
depressurization, until the pressure drops below P, (state 4), opening another one-way valve
to allow refrigerant vapor to enter the adsorber from the evaporator.

4. lIsobaric cooling to state 1 saturates the adsorbent, completing the cycle.

Isobaric desorption 4 condenser
I f
lzosteric Hot water out <]
desorption € Throttling valve
| cold water out «—
Isosteric Thermal compressor
adsorption ) adsorber/desorber,
: P Hot waterin ( )
Pe N : : cold waterin -
11 lsobaric adsorption 4 —
\
Enk..rrﬂﬂ Tad:.m.u

evaporator

Figure 1. Thermodynamic cycle of the adsorption refrigeration ,Lambert, 2007.

Wang, D., 2014, showed that the adsorption capacity of the silica gel was influenced by many
factors. But pollution by solid particulates was the primary factor to decline the adsorption
capacity.

Aristov, et al.,, 2012, investigated, using an intermittent cycle, the effect of the relative
duration isobaric adsorption/desorption stages to maximize the coefficient of performance and
the specific cooling power of the cycle. They found that the desorption phase is faster than the
adsorption one and this should be considered as a routine case for adsorption refrigeration cycles,
probably, because desorption occurs at higher temperature and pressure and hence, they
suggested practical

Sapienza, et al.,, 2012, used a new composite sorbent to operate at low regeneration
temperature (< 70°C). Adsorption equilibrium measurements demonstrated that the new
composite, LiINO3 / Vermiculate exchange about 0.4 kg water/kg adsorbent in an exceptionally
narrow temperature range, 33-36°C (Adsorption at 12.6 mbar) and 62-65°C (desorption at 56.2
mbar).

Gong et al., 2011, evaluated the composite material based on lithium chloride on silica gel as
adsorbent and water as adsorbate in an adsorption chiller. The theoretical results showed that the
COP can be increased using composite adsorbent.
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Demir, et al., 2009, studied the effect of the granule size on the heat and mass transfer. The
decrease of granule size enhances the contact area between the granules and consequently heat
transfer rate through the bed; however it causes the increase of the mass transfer resistance.

Doau, et al., 2006, report results from an open cycle investigation aimed to determine the
optimal salt content of CaCl, on the silica gel. The sorption equilibrium demonstrated that these
materials can sorb 0.5-0.6 kg water/kg adsorbent at 12.3 mbar and 20°C.

In porous media, adsorption process is controlled by both adsorbate transportation and
diffusion in adsorbent and inner reaction with adsorbent, between the two items, the
transportation of gaseous adsorbate in the tunnel of micro pores and diffusion on its surface are
more dominated than the internal reaction in rare pressure ,\Wang, and Wang, 2005.

Aristov, et al., 2002, studied the adsorption capacity of selective water sorbents by confining
hygroscopic salt into the open pores of silica gel. The experimental results showed that the water
uptake of CaCl, —in-silica gel was about 0.75 kg/kg at the temperature of 28°C while for silica
gel is 0.1 kg/kg.

In this study, the attentions are focused on the mechanisms of mass transfer in the adsorbent
bed of adsorption refrigeration system. The influences of temperature and cycle time on the
adsorption velocity and adsorbate concentration rate are calculated. The governing equations for
the mass transfer are presented and the solution method is described. The results are discussed
via figures, which show the variations of temperature, adsorption velocity, and adsorption
concentration in a circular bed. Finally, the practical cycle of the dynamic sorption is stated
depicting all the operating conditions affected on the system.

2. ADSORPTION CAPACITY TEST

Brazilian commercial mesoporous and microporous silica gel was employed as the adsorbent
for the adsorption chiller prototype Tablel.. water free from any ions was chosen as a
refrigerant. For the heating/cooling system, water is the best heat transfer fluid (HTF), with the
highest C, of any liquid and higher thermal conductivity than all.

The silica gel was saturated whenever it was regenerated in an electric oven at 120 °C for a
minimum period of 24 h. After regenerating the silica gel, the adsorber was replaced
immediately and was expected to cool down to room temperature, at which time and every one
hour, it was weighed on a digital scale with a minimum accuracy of 5 g. The adsorptive
adsorbers are coupled to the evaporator, which is a cylindrical container with a globe type valve
used to control the passage of the adsorbate Fig.1.. Before introducing water vapor from the
evaporator into the adsorber, the vapor pipe from the evaporator toward the adsorber is
evacuated to remove any traces of condensed water vapor, which cause experimental errors. The
difference in weight of adsorber with silica gel before and after the adsorption interval period is
the adsorbed water concentration.

Table. 1 Thermophysical properties of silica gel (values supplied by the manufacturer) .
Property Value Unit
Apparent density 750 Kg/m®
Average particle diameter 7 mm
Specific surface area 650-700 m°/g
Thermal conductivity 0.198 W/m.K
Specific heat capacity 921 J/kg.K
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Figure 1. Equilibrium adsorption capacity apparatus.

3. DESCRIPTIONAND PROCEDURE OF EXPERIMENTAL PROTOTYPE

Fig. 2 shows photographs of the experimental adsorption chiller prototype. The adsorption
chiller has a single bed, a condenser, an evaporator and a heating/cooling water system. The
evaporator lies at the bottom of the chiller and the condenser is located at the upper side. The
heating system is next to the adsorber. All the valves are controlled manually. The prototype is
designed to test various operating conditions and operating adsorption cycle. The whole
prototype is connected to a water heating system for regeneration, tap water for cooling and
adsorption, and a vacuum pump.

The main parameter was measured during the experiment: temperature variation with time.
All sensors were connected to a data logger and recorded every 8.5 seconds. The data
measurements were taken after the cycle steady state had been reached. A computer was used to
collect and process the measurement data acquired by the data logger. The flow rate of hot water
and cooling water are constant at 0.04 kg/s.

Fig. 3 illustrates the schematic diagram of the testing system. The adsorber is of the shell and
fin-tube configuration which is readily (easily) manufactured, and it can withstand high
operating pressure and incur low inert mass. The principle innovation of this design is that of
internal heat exchanger of the adsorber. Using fins and tubes made the surface area to volume
ratio relatively large. The fins on the adjacent four tubes overlap slightly in order to reach all
portions of the shell void.

To complete one full cycle, the adsorbent bed passes through four consecutive steps: pre-
heating, desorption, precooling, and adsorption. In the adsorber, about 4 kg silica gel is filled.
The hot water temperature can be controlled in the range of 85-90°C. The flow rate of hot water
is controlled by valve V7 and the cooling water is controlled by V8. V1 and V2 controlled the
flow of the refrigerant from the adsorber to the condenser (desorption) and from the evaporator
to the adsorber (adsorption), respectively. Table. 2 reports the operating conditions of the tested
adsorber where all the investigated tests conditions are displayed in terms of temperature and the
duration of cycle time.
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Figure 3. The schematic diagram of the experimental adsorption chiller.
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Table 2. Experimental parameters for single bed silica gel-water prototype

Parameter Value
T, 11.2°C
T, 30°C
Taas 35°C
Taes 90°C
liso—heating 1.25 min
tiso—cooling 1.25 min
Laes 18.75 min
Laas 18.75 min
Leye 40 min

4. NON-EQUILIBRIUM ADSORPTION MODEL

For refrigeration applications, the adsorbent should have high adsorptive capacity at ambient
temperature and low pressure, and small capacity of adsorption at high temperature and pressure
,Leite, et al., 2004. Two types of mass transfer are encountered in a granular adsorbent bed :
mass transfer within the adsorbent granules and mass transfer through the void between the
granules (i.e intra-particale and inter-particle mass transfer) , Demir et al., 2009. The
equilibrium adsorption quantity is the amount of refrigerant adsorbed by the sorbent when the
reaction time tends towards infinite, and it is an important parameter for adsorption working
pairs. In general, the velocity of adsorption in adsorber is not faster than that of heat transfer, that
is, the desorption rate does not reach the equilibrium value at each status point in real operation
,Wang, and Wang, 2005. Moreover, the actual process of adsorption/desorption is of non-
equilibrium and it actually relies on the mass transport process. Therefore, actual adsorption
process is not the process only dominated by the temperature of adsorbent and pressure of the
adsorbate, it is involved with mass transport and diffusion, Wang, and Wang, 2005.

The equilibrium model for this physical adsorption concentration (x*) is a function of
adsorbent temperature and pressure, and it is written in a generic form as, Liu, et al., 2005.

x* = f(T,P)

Models with different fixed parameters are as follows:

X" = f(P)T Isothermal
x*=f(M)p 1sobric
P = f(T)x Isosteric

These functions correlate the temperature T, the pressure P and the concentration of the
adsorbed phasex, so that f (T, P,x) = 0 For equilibrium of adsorption in micrporous materials
with a polymodel distribution of pore dimensions, such as the silica gel-water and activated
carbon-methanol pair, Dubinin and Astakohov proposed the following isotherms, Dieng, and
Wang, 2001.
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P n
—K (RTb xIn ( Pj)) ] (1)

P. (T, = 30°C) = 4.42 Kpa
P, (T, =7°C) =1Kpa

Where:

Sakoda and Suzuki, (1984) considered the influence of diffusion on the micropores surface,
proposed the model of adsorption velocity as below (2). When the analysis is simplified, the
lagging effect between adsorption and desorption is neglected:

dx

o = (" =) (2

x(t) = x*. (1 — e Fmt) 3)
15D, _E,

Ko = < R2 )exp (RT,,) )

The saturation vapor pressure and temperature are correlated by Antonio's equation which can
be written as ,Khan, et al., 2006.

P, = 133.32 (18 3 5820 ) 5
= 133.32 * 3 -
b exp T, + 273 — 46.1 ®)

Firstly, the equilibrium adsorbate concentration within the adsorbent granule is evaluated by
using Eq. (1) at the specified temperature and pressure Eq. 5. Eqg. (4) is solved to find the
adsorption rate constant. Based on all these calculations, Eq. (3) and Eq. (4) are solved to find
the adsorption velocity and the simultaneous concentration distribution. An iteration is
performed before increasing a time step. The iteration is continued until the time of the phase is
completed.

5. RESULTS AND DISSCUTION

The adsorption isotherm of water on silica gel (Brazilian type) is presented in Fig. 4.The
experimental results include equilibrium water uptake when the silica gel was exposed to
saturated water vapor at operating temperature, 30°C. It is shown that the maximum equilibrium
adsorption capacity is 0.2 kg water \ kg adsorbent.

Fig. 5 shows the temporal evolution of the isosteric cooling, isosteric heating, desorption and
adsorption cycles at a steady state for the following operating conditions concluded from the
experiment test.

The adsorption rate constant decreased when temperature was lowered, which means that the
adsorption was taking longer time at lower temperatures, Fig. 6.

Fig. 7 shows the time change in the amount of adsorbed water vapor measured at various
regeneration temperatures. As seen in this figure, the amount of adsorbed water increases with
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time for the same temperature, but decreases with regeneration temperatures. However, effective
adsorptivity did not reach the value equal to maximum state recorded from experimental results

of water adsorption isotherm of silica gel, x*; e.g. at 30°C, x* is 0.13 kg/kg for 20 min, whereas

x™* is 0.2 kg/kg. Using these results, it was determined that 35 % of silica gel was not effectively
used in cycle operation.

The experimental values of the adsorption velocity (dx/dt) as a function of adsorption time
using a single adsorber bed are reproted in Fig. 8. The operating conditions selected are the
following: T, =30°C, T,4s =35°C, and T, =90°C. Results obtained demonstrated that the
adsorption velocity was diminshed after 20 mins. There is a very low value of adsorption
velocity after 20 mins, and it may not be enough to keep the temperatre of the water inside the
evaporator at the designed value.

Desorptoin process is very close in concentration change to adsoption process, and many
researches assume both are the same in adsorption refrigeration process. It is clear from
experimental results that after 20 mins, the concentration of water into silica gel reaches 0.048 kg
water/kg adsorbent Fig. 9. It is vey close to the calculated value, 0.04 kg/kg, by using Eq. (3)

Fig 10.

Based on this non-equilibrium model Eq.(3), some calculations using experimental results
have been done to discover the effect of non-equilibrium adsorption on adsorption refrigeration
Fig. 10. It could be observed that the non-equilibrium deviates from the equilibrium particularly
for a time shorter than 40 min., and for the first time, this deviation does not seem very big. For
example, the value of non-equilibrium adsorption rate at 20 min. is 0.12 kg/kg while for the
equilibrium rate; it is 0.124 kg/kg. This difference of 0.004 kg water/kg adsorbent can produce a
cooling power of 9.908 kJ/kg adsorbent. Without doubt, the non-equilibrium model is closer to
the real process of adsorption refrigeration and should not be neglected on designing cycle
adsorption chiller, especially when the cycle is short because in real short cycle, the adsorbed
refrigerant could not be sufficient due to the non-equilibrium adsorption process , Wang and
Wang, 2005. In the same figure Fig. 10. , the non-equlibrium desorption process is very close to
the equilibrium and the reason is simply because of the high rate constant of the desorption
process.

Fig. 11 aims to determine the dynamic water sorption, which represents the amount of water
involved in one adsorption-desorption cycle. The experiment has consisted of loading adsorbent
with water under a temperature of 35°C, then the adsorbent were, afterwards, desorbed at the
temperature of 90°C in the same duration as the adsorption time. The difference between

adsorbent loading at the end of the adsorption, x= 0.12 kg/kg, and its loading at the end of

desorption, x= 0.04 kg/kg, constitutes the dynamic water sorption.The measurment of the
adsorpion capacity of this type of silica-gel showed that it is able to exchange a large amount of
water of 0.08 kg/kg under operating conditions so it is typical for air conditioning applictions as
well as to be driven by hot water temperaure of 90°C.

A complete cycle of adsorption/desorption for the silica gel-water adsorber is shown in Fig.
12. During the adsorption phase, the maximum value reached is 0.12 kg/kg after the first half-
cycle of 20 mins, and the minimum is 0.04 kg/kg during the second half-cycle of 20 mins. this
value is perhapes the target to get the best performance of the system.

To demonstrate the practical cycle of adsorption chiller using a silica gel-water system, Fig
13 presents the calculated data using Egs. (1-5) at two worked isobar pressure ranges, namely the
vapor pressure of evaporator (T,= 7°C, P, = 1 kpa), A-D curve, and the condenser (T,=30°C, P,
= 4.2 kpa), B-C curve, where A-B and C-D lines represent isostering cooling and heating phases
respectively. Measuring isobars of water adsorption/desorption is useful for drawing a temporary
cycle of the adsorptive chiller and determining the boundary temperatures for the adsorption and
desorption processes. Isobars of water adsorption at P = 1 kpa and desorption at P = 4.2 kpa
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measured for the sorpent of silica gel-water represent the isobric stages of a typical chiller cycle
Fig 6.12. The highest desorption temperature was fixed at 90°C, that determined the content of

the water, with x = 0.04 kg/kg. Desorption of water started at 60.5°C, and finished at 90°C
(isobar line B-C). The lowest adsorption temperature of 35°C resulted in the maximal adsorbed

amount of x = 0.124 kg/kg. Adsorption of water started at 62°C, and finished at 35°C (isobar line
D-A). This shows the properties of this type of silica gel to exchange 0.084 kg/kg is very close to
the experimantal result obtained by the practical test work Fig. 11. As mentioned above, Fig. 13
will help us to assess the level of temperatures of alternating adsorption to desorption and vice
versa, but it is still not able to compare it with the experimental cycle because there is no
instrument that can measure the change of water concentration into silica gel with the
temperature directly.

5. CONCLUSIONS

The mass transfer in a cylindrical annulus bed packed with silica gel granules during the
adsorption/desorption process were analyzed. The measurement of adsorption rates using a non-
equilibrium model shows that this type of silica gel is able to exchange an amount of 0.08 kg
water/kg adsorbent under the operating conditions of 90°C desorption temperature, 35°C
adsorption temperature, and cycle time of 40 min. the practical cycle indicated that the system
has the ability to work under different operating system due to its dynamic sorption variation.
Thus, this type of adsorbent should be a good candidate for various thermal applications driven
by low temperature heat sources.
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NOMENCULATUR
= bed
= surface reference diffusivity constant, 2,510 m“/s
E,= diffusion activation energy, 2.33*10° J/kg
HTF = heat transfer fluid
K coefficients of the D—A equation = 0.004912 kg/J
k,, = | adsorption rate constant, m“/s
n linear driving force relation constant ( for the Brazilian silica gel = 1)
P.= condensing pressure, kpa
Pe= evaporating pressure, kpa
= ideal gas constant, 0.462 J/kg.K
R,- | radius of adsorbent particle, m
Toas = adsorption Temperature, °C
Thes = desorption temperature, °C
T, condensing temperature, °C
T, evaporating temperature, °C
Tiso—cooling = isosteraing cooling temperature, °C
Tiso—heating = isosteraing heating temperature, °C
teycle = cycle Time, min
X adsorbate concentration, kg water/kg adsorbent
X, = | maximum adsorption capacity, kg water/kg adsorbent
x* = | equilibrium adsorption capacity, kg water/kg adsorbent
Ax = difference of adsorbate content, kg water/kg adsorbent
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Figue 4. Equilibrium water uptake on silica gel adsorbents at 30°C.
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ABSTRACT

The purpose of this paper is to depict the effect of adding a hydraulic accumulator to a hydraulic
system. The experimental work includes using measuring devices with interface to measure the
pressure and the vibration of the system directly by computer so as to show the effect of accumulator
graphically for real conditions, also the effects of hydraulic accumulator for different applications
have been tested. A simulation analysis of the hydraulic control system using MATLAB.R2010b to
study was made to study the stability of the system depending on the transfer function, to estimate the
effect of adding the accumulator on stability of the system. A physical simulation test was made for
the hydraulic system using MATLAB to show the effect of the accumulator when it's connected to
the system for different parameters and compare it with a PID controller. The hydraulic system has
been simulated and tested using Automation Studio (AS) to measure different data such as the linear
speed of hydraulic cylinder and the effect of connecting the accumulator to the system. All the results
showed that the hydraulic accumulator has a great benefits and a large enhancement to the hydraulic
system.

Keywords: hydraulic system, accumulator, directional valve, relief valve, energy storage
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1. INTRODUCTION
In the modern world of today, hydraulics plays a very important role in the day-to-day lives of
people. Any device operated by a hydraulic fluid may be called a hydraulic device, but a distinction
has to be made between the devices which utilize the impact or momentum of a moving fluid and
those operated by a thrust on a confined fluid, i.e. by pressure. This leads us to the subsequent
categorization of the field of hydraulics into:

* Hydrodynamics
* Hydrostatics, Ravi 2005.

The most susceptible components in any hydraulic system are the pump, valves, rotary actuators
(motors) or linear actuators (cylinders), reservoirs and connection lines. In addition, some systems
that have a hydraulic accumulator, Arthur 2006. A hydraulic accumulator is a device which stores
pressurized hydraulic fluid. That way, the pump does not have to be powerful enough to cope with a
sudden surge in demand. Instead, it can keep steadily pumping hydraulic fluid and rely on the
accumulator to provide extra hydraulic fluid when it is needed.

Accumulators can perform several functions for hydraulic systems such as:
* Supply oil for high transient flow demands when pump can’t keep up.
* Help to reduce pump ripple and pressure transients.
 Absorb hydraulic shock waves (due to valve closures or actuators hitting stops).
* Used as a primary power source for small (low demand) systems.
* Help system to accommodate thermal
» Compensate for system leakage expansion of the fluid ,Isaiah 2009.

There are three main types of accumulators as shown in Fig .1 bladder, diaphragm bladder

and piston The choice of accumulator to use in a given application depends on required speed

Of accumulator response, weight, reliability and cost.

The bladder accumulator is commonly used in hydraulic systems because of the main advantages of a
bladder accumulator such as, fast acting, no hysteresis, not susceptible to contamination and consistent
behavior under similar conditions. Hence, bladder accumulators are the best choice for pressure
pulsation damping. web1,2012. So we choose this type of accumulator to be used in my experimental
branch test. Yudong X., Y. 2009, presented a dynamic design of electro -hydraulic control valve with
accumulator based on a physical simulation model, he found That velocity oscillation of the electro-
hydraulic actuator results from the inter coupling effect of the flow pressure pulsation. In order to
reduce the velocity overshoot of the hydraulic actuator, an accumulator can be used to absorb the
pressure pulsations to weaken the inter coupling effect. Xiangdong, k., 2010, presented a simulation
and experimental study on the effects of adding accumulator to the fast forging hydraulic control
system. By using the mathematical model of fast forging system and do simulation study, Minav,T.A
et.al. 2012, presented how to use the hydraulic accumulator as a energy storage device that recovered
from an electro-hydraulic forklift truck. The braking energy can be stored in the hydraulic accumulator
for a long time, and the efficiency of the system increase from 5% to 32%.

2. THEORETICAL MODELING AND SIMULATION
Theoretical model for the main parts of the hydraulic system will be studied, to determine the transfer
function for the system.i-Four-way directional valve controlled cylinder modeling:

The directional valves are one types of the spool valve; the general relations and performance for
the valve have been derived and studied.
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Considering power matching of hydraulic cylinder and directional valve, Fig. 2 shows a schematic
diagram was made using (Auto CAD 2012) of a valve-piston combination. If orifices area of slide
valve is matching and symmetrical as shown in Fig.2, with zero lap, then the flow pressure equation
in the valve is: Herbert, 1967.

Q =C,A %(Ps P)-C,A (P+P) W
1 1

QsszAi —(PS—PL)+CdA2 —(PS+PL) (2)
p p

Where, the sum of the line pressures (P1) and (P,) is approximately equal to the supply pressure (Ps).
and the same for the supply flow. VValdmier, 2006. Applying the continuity equation to each chamber
of the cylinder yields,

(P |:))_dV+V dR, a)
dt B, dt
av, V dp,
Cip(Pl -P ) CEpP QZ dt ﬂ dt (4)

The equations above solved simultaneously gives,

%
Q. = ApSXp + CP, + —S P,
4B,

= K Xy —KcP, )

Now by applying Newton's second law to the forces on the piston, the resulting force equation Laplas
transformed, is

F, = AP =M,S°X, +B,SX, +KX, +F, (6)

F, M¢S?’Xp = BpSXp . KXp . Fp
P, = L= L Py PP Py L

Now substitute Eq. (7) into Eq. (5) gives,

M¢S%X SX KX
f_P+ﬂe_P+_P+

FLl |, Ve o[MeS?Xp | BeSXp | KXp | FL
ApSXp + Cop | oy L 1 B AP] S[ +EeSXe | KEp | Fu

4B Ap Ap Ap = Ap (8)

M,S2Xp PB.SXp KXp F,

= K Xy — K, + +—t—
qv. Tee [ Ap Ap Ap ' Ap
Where, kee = ke + cip + Cep/2

The hydraulic natural frequency
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2
w, = /% (rad / sec) )

And the damping ratio, is

Ko B B [
AP V1 4AP ﬂeMl (10)

h

Now substitute Egs. (9) and (10) into Eq. (8) and simplify, the transfer function of the valve
controlled cylinder is given by :

Ka
X A
Gv,c (S) = . = 2 .
X, S(Sz+25“3+1) (11)
@, @y,

3.THE LONG PIPE LINE MODELING

The precise model of fluid transmission pipeline is a dissipative friction model which is related to the
frequency, and it includes a complex Bessel function and a hyperbolic function, as a result, it is very
difficult to get accurate analytical solutions. Therefore, in engineering, the influences of pipeline for
hydraulic system dynamic dynamic behavior are always neglected, which is unfavorable for system
control under the situation of long pipeline. Considering fluid motion feature and physical properties
in pipeline such as mass, damping and pressure, Jiang, 2006. So that the simple mass-spring-
damping dynamic model can be used to simulate the liquid in pipeline. The model is shown in
Fig.3.(m,) denotes liquid mass,( B,) damping coefficient, (K,)spring rate, (F)external force and
(X(v)) displacement. The transfer function model is derived as follows,

1

—_ Ko
Gp(s)— 32 %50, 4 (12)

wo ©p

Where, ( w ,) is natural frequency of long pipeline, w 0:\/:1:0 , (8 ,) damping ratio,

8,= (302/4m0K0).

4. PRESSURE RELIEF VALVE MODELING

Fig. 4 shows a schematic diagram was made using, Auto CAD, 2012. of a single-stage pressure
control valves (relief valve). The equations describing spool motion, Herbert, 1967. is,

F, — AP, = M,s?x + K.x (13)

And, the linearized continuity equations at the sensed pressure chamber being controlled are

Ve
Q. = Kl(Ps - Pc) = E s P, — Agx (14)
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QP - QL - KlPs - KCPS - K1(135 - Pc) + KqX

= ;’— s P, (15)
Where,
_0Q _ Cqwxoy2/p _ Qo

= Flow-pressure coefficient of main orifice.

TP [Pso—Pro  2(Pso—PRro)

Kq = Z_g = Cqw ’% (Pso — Pro) = flow gain of main orifice.

Now, solving Eq. 14 for ( P.), and substituting into Eq. (15) yields after some manipulation, the
transfer function of pressure control valve (relief valve) is,

1 S
L1+
X K w
Gr(S) =F_1= 3 :2 (11 . 1)S+1
21 om? \w1 0

(16)

®Om

Where,

— l3eK1
wq = v

Break frequency of sensing chamber.

C

K -
, = Bev—:e Break frequency of main volume.

K. = K. + K; Equivalent flow-pressure

Ke

Wy = Mechanical natural frequency

5. ACCUMULATOR MODELING
According to gas law web1,2012.

PeoVxo™ = Pavg™ (17)
So that =P, Uy, Vg™ (18)
When the state of accumulator changes from condition o to a, Fig.5 the pressure increment is:

Ap =Py = Peo = ProVxo"Va " —Pro (19)

Now for accumulator modeling one can regard accumulator as a gas spring aerodynamic damping
model {9}, and the state can be considered adiabatically, n=1.4. So that the equation of accumulator
IS,

Mg Va+Bg Vg+Cq Va+Kg Vg
AZ

(P —PF) =

(20)

And, the resulting equation Laplas transformed, is
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my s?x+B, s x +Cy s x+Kk, X 1)

P, —P, = AZ

Ag?
P, m, s2+B; s +C; s +ky

Ga(®) 5 (22)

Now, by combining Egs. (11), (12), (16) and (22), the Transfer function for the hydraulic system can
be derived:

1- Transfer function for the hydraulic system with accumulator for short pipe.

K
*q 1 ( ) 2
Xp Ap Ke 1+0)1 Aa

G = ==
) Ps s( s t 26h0+1> ( 523 t 522 )( 1 )s(ma s24+By s +Ca s +ky)

(uh2 Op Om* w1 Om 01 02

(23)

2- Transfer function for the hydraulic system without accumulator for short pipe

Kq 1
2q
Ay Ke(1+ 1)

X
G(S)=P—I: 2 3 1
( ) ( m? wq u> wm?2 )< o m—2>s

3- Transfer function for the hydraulic system with accumulator for long pipe.

Kq 1 L(1+i)
G Xp _ Ap Ko Ke\ w1
(s)= P S( s2 28y +1> s2 289 +1 s3 | s2

wp? o wp oy om? ®1 ©m

(24)

7)

y

(25)

(w—1+w )s(ma sZ+B, s +C, s +kj)

4- Transfer function for the hydraulic system without accumulator for long pipe. G(S):’;—P =

Kg 1 L(1+L)
=

Ap Ky Ke wq
Fig. 6 shows a simple block diagram of the system.

(26)

zah 280 s2 (1.1
+1> s+1(53 +=)(artas)s

) omZ’\01 o

6. RESULT AND DISCUSSION
The hydraulic accumulator has many benefits to the hydraulic system and some of these benefits
which have been tested experimentally are:

1-The use of accumulator as an storage device energy

Fig.7 represents the time required the hydraulic cylinder to extend for both cases with and without
accumulator and it's clearly shows that the time is decreased when the accumulator is used. The time
required the hydraulic cylinder to extend at system pressure (40 bar) is (2.26 sec), without using the
accumulator and at the same pressure but with connecting the accumulator to the system the time is
(1.72 sec). the decreasing in time required is about (33%0).the same result shown at system pressure
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(30, 20 and 10 bar). Fig 8 represents the speed of extending of hydraulic cylinder with pressure for
both cases with and without accumulator, and it clearly shows that the speed increased when the
accumulator connected to the system. This has been happened because the potential energy stored in
accumulator

2- The use of accumulator as a leakage compensator:

The accumulator acts as a compensator, by compensating for losses due to internal or external
leakage that might occur during the operation. Also pressure losses happened due to the friction in
pipes and connections, also due to the increase in oil temperature which affect on the performance of
the hydraulic system. At pump pressures of 40, 30, 20 and10 bars, the decreasing in pressures drop
are about 13.3%, 13 %, 12.7% and 12.5%respestivly ,as shown in Fig.9.

3-The use of accumulator to cushion the vibration of the system:

In this test the effect of adding the accumulator on the vibration of the system have been studied.
Figs. 10 and 11 show the velocity and acceleration of vibration with and without using the
accumulator .At system pressure 40 bar, the velocity and acceleration of vibration is 1.6 mm/sec
and 4.3m/sec? respectively, So it's clearly that the accumulator cushions the vibration of the system,
also the same results at system pressures (30, 20 and 10 bar). Also a graphical test using vibration
meter with interface software (sw-u801wn) by (lutron company). was made at point before the
relief valve with system pressure 10 bars, Figs. 12 and 13. From the results above it's clearly that the
accumulator reduced the vibration of the system.

4-The use of accumulator as shock absorber:

One of the most important industrial applications of accumulators is in the elimination of high-
pressure pulsations or hydraulic shocks. Quan, 2007. To test this Phenomena using a graphical chart
display using the pressure meter with interface software (sw-u801 wn) to view the behavior of
pressure at the cylinder when it's suddenly stops at the end of the stroke. The set pressure is 30 bars,
as shown in Fig.14. When the cylinder reached the end of the stroke, the stop without using the
accumulator is suddenly happened and very fast and causes a hydraulic line shock, but with using the
accumulator and from Fig.15. it can be seen that the cylinder stops at the end of the stroke fluently.
So the benefits of adding accumulators to the system are to damp pressure spikes from pumps

7. THE SYSTEM STABILITY TEST USING MATLAB PACKAGE V1.1(R2010B):

Fig .16 represents the Bode diagram for the system without connecting the accumulator for
short pipeline, and the result shows that the system is unstable because of the pulsation at the system
response and the over shoot is big. Fig.17 represents the Bode diagram for the system with
connecting the accumulator for the short pipeline, and the result shows that the system is stable with
phase margin of 87.2 deg at frequency of 0.06 rad/sec .Also for a long pipeline Fig.18 represents the
bode diagram for the system without connecting the accumulator and the result shows that the
hydraulic system is unstable. Fig.19 represents the bode diagram for the system with connecting the
accumulator, and the result shows that the system is stable with phase margin of 180 deg. at
frequency of 10.7 rad/sec.
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The physical simulations for the hydraulic system using Matlab V7.11 (R2010b):

A simulation Fig.20 shows the effect of the accumulator when it's connected to the system for
different parameters like cylinder pressure, cyl- inder load, and displacement of cylinder, and the
simulated results are shown in Figs. 21, 22 and 23 respectively. To compare the effect of
accumulator and a PID controller to the system the effect of PID controller are shown in Figs.24, 25
and 25 which makes a self tuner to the system. The self - tuned parameters are found using
MATLAB as P= 0.9, I= 1.2 and D= 0.1. But when we connected the accumulator the system
become more stable and less fluctuation, as shown in Figs. 7, 28 and 29. From the figures above it's
clearly that the accumulator makes the system steadier than the PID controller; for this case.

The Simulation analysis with automation studio package V5.2

The hydraulic system has been built with Automation Studio Package V5.2(AS 2008) to measure
different data, such as the linear speed of hydraulic cylinder and to study the effect of connecting the
accumulator to the system. Figs . 30 and 31. show a compression between the effect of connecting or
disconnecting the accumulator on the linear speed at set pressure of 40 bars. The results of
simulation shows that the liner speed increases by (31%0) and the response become much faster. Also
to estimate the effect of using the accumulator as shock absorber, Fig. 32 shows the response of the
cylinder pressure at the end of stroke. It's clearly that the hydraulic cylinder stops suddenly and so
fast which causes a pressure shock at the cylinder, but when the accumulator is connected to the
system the rise of the pressure until the cylinder reached to the end of the stroke become more
smoothly as shown in Fig.33 the set pressure is 10 bar.

8. CONCLUSIONS

The present, theoretical simulation analysis and experimental investigation show several conclusions
these conclusions can be summarized as below:-

1-The experimental tests showed that the performance of the hydraulic system clearly improvement
by connecting the accumulator to the system and the results showed that the accumulator can be used
in a wide variety of applications such as:

a- Energy storage
b- Leakage compensation
c- Cushion the vibration
d- Emergency operation
e- Shock absorption
It's found that the effect of accumulator as an energy storage is the most common application than
the others.

2- A model equation for the hydraulic system combination has been derived. The theoretical
simulation analysis using the bode diagram showed that the system become stable with connecting
the accumulator.

3- A physical simulation test using Matlab V7.11 (R2010b) was made for the hydraulic system to
show the effect of the accumulator when it's connected to the system for the different parameters, the
results showed that when the accumulator is connected, the system become more stable and less
fluctuation also than the PID Controller, for this case.
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4- The practical results and simulation using (AS) program are clearly convergence. This leads us to
the possibility of using this program for testing and analysis and design of any hydraulic system.
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NOMENCLATURE

AL LA, orifice area gradient

Ay piston Surface area

A, area of accumulator plan

Ay Spool end area

B, viscous damping coefficient of piston
P proportional gain

P. load

P. chamber pressure

P P,: pressure at system and condition a
Py, P, pressure of Port A and B

P pressure difference

Q:,Q; the flow through proportional valve
Qp ideal ideal flow rate of the hydraulic pump
Qp actual actual flow rate of the hydraulic pump
QR load and system flow

Cg gas damping factor

Cyq discharge coefficient of the valve

Cip , Cep internal and external leakage coefficient
D, volume displacement rate

D derivative gain

F; load force on piston

F, force generated by piston

| integral gain

k, valve flow gain

ke equivalent spring rate

kg gas stiffness factor

k, spring rate of pipe

K. valve pressure gain

Kee total flow-pressure coefficient

Ky flow-pressure coefficient of restrictor
K, leakage coefficient

mg liquid equivalent mass

M, total mass of piston

M, spool mass

N rotational speed of pump

t time

\'Z total hydraulic oil volume in cylinder
Vi, V, forward and return chamber volume
V. sensing chamber volume

V, gas volume

V., volume of accumulator

Xp piston displacement

Xy valve displacement

X spool displacement
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GREEK SYMBOLS
o Damping coefficient

8,  Damping ratio of pipe

184



Number 7 Volume 20 July - 2014 Journal of Engineering

/Connection for
second vessel

Receiver

Bladder Accumulator Piston Accumulator
Bladder Accumulator Piston Accumulator Receiver

Figure4. Schematic of a single-stage pressure
relief valve.

G-(s) (a5

Diaphragm Accumulator

Figure 1. The main types of accumulator, P
Automation Studio, 2008.

G, 5] ¥ | G.s) > iz

Figure5. Bladder type hydraulic accumulator,

Aj/v:]‘ Isaiah David, 2009.

Qs=q1+q2 Po

Ps=P1+P2 [

¢ Emme— S— Vo
Q2

—_— e
Supply  [sE8

Return \ J
Figure2. Schematic of a valve-piston 1
combination. P, = gas precharge

p, = minimum working pressure
p. = maximum working pressure

E(T)

Figure.6 Simple block diagram for the

hydraulic system.

B2 |_|_| (D

Figure3.Simulation model of liquid in
pipeline, Xiang dong, 2010.

185



Pressure {bar)

Pressure (bar)

45
40
35
30
25
20
15

10

45

40

33

30

25

20

15

10

Number 7 Volume 20 July

—#—without acc

—l—with acc

2 Time(sec) 5

Figure?. The time required the hydraulic
cylinder to extend for both cases with and

without accumulator.

=¥—without acc

—l—with acc

1 Time (sec) 3

Figure8. The speed of extending of hydraulic
cylinder for both cases with and without

Pressure {bar)

accumulator.

—4—without acc  ——with acc

0

111
AL
////
o
,A/
v
0.2 04 06 08 1 12 14 16

pressure drop (AP)

Figure9. The pressure drops across the

hydraulic system.

186

2014 Journal of Engineering

45

40

P
: «
- AN

AN
. AN

. pd
AN

—4—without acc

——with acc

Pressure {bar)

0 05 1 15 2

Velocity of vibration (mm/sec)

Figurel0. The velocity of vibration for both
cases, with and without connecting the

accumulator.

15

10 5

33 //

o ‘( /
PH I
% 20 \\ —4—without acc
% 15 \ —W—with acc
* 10 ‘

5

0

Acceleration of vibration (m/sec?)

Figurell. The acceleration of vibration for
both cases, with and without connecting the
accumulator.

5
1 ScanRate  p5-17-2012
[ 5sec  [12:14:58

[Femds opjofolelsh]

S-chu‘

RUN ‘

Figurel2. Acceleration of vibration at set
pressure (10) bar without connecting the
accumulator.



Number 7

Volume 20 July

1 [SenRale  [p3-17-2012

RUN |  sweDma |
Y-Max 20
Y-Min [

Set Y-Axis Min Max

Clear Chart |

Exit
Text Display
Angular Display

Figurel3. Acceleration of vibration at set
pressure (10) bar with connecting the
accumulator.

lsmm Monitor (Chart Display)

1 Scan Rate 4-12-2012
5 sec 09:21:42

oolopoil1]

e ey

data.

mdb
RUN |

Save Data |
YMax 50
YMn o

Set Y.Asis Min Max |

Clear Chart

Exit
Text Display
Angular Display

Figurel4. Pressure measured at the cylinder
without connecting the accumulator, the set
pressure is 30bar.

uSysmm Manitor (Chart Display)

1 Scan Rate 4-12-2012
5 sec 09:12:25

data.mdb EHEEE

Lo e

RUN |  sacDaa |
Ym0
Y-Min '0—

Set Y-Axis Min Max
Clear Chart |
Exit |
Text Display
Angular Display

Figurel5. Pressure measured at the cylinder
with connecting the accumulator.

187

- 2014 Journal of Engineering

System: HSWITHOUTAGC
Peak gain (dB): 34.4
At frequency (rad/sec): 0.00616

Bode Diagram for Hydrauic system without accumulator

50
g o
-]
= 50
&
g 100
= Phase Margin (deg): -3.62

150 -| Delay Margin (sec). 99.3
At frequency (radisec): 0.062;

(Closed Loop Stable? No

Phase {deg)
El

10" 10 10 10°
Frequency (radissc)

Figurel6. The bode diagram for the (tf) of the
hydraulic system without connecting the
accumulator for short pipeline.

Bode Diagram for Hydraulic system with accumulator

System: HSWITHACC
l

00| - - -- i .| System: HSWITHACC

Phase Margin (deg): 87.2
_z200|— - --- i | Delay Margin (sec): 22.9
At frequency (rad/sec): 0.0663
—400 Closed Loop Stabie? Yes

Magnitude (dB)
3
&
I

Phase (deq)

Figurel7. The bode diagram for the (tf) of the
hydraulic system with connecting the
accumulator for short pipeline.

System: g
Peak gain (dB}: 752
At frequency (radisec): 0.0062 Bode Diagram of hydraulic system without acc

Magnitude (dB)

System: g
_3pg || Phase Margin (deq): -150,-0.00382 |
Delay Margin (sec): 507, -0 :
At frequency (radisec): 0.0062, 0.0062 |
_agp L Closed Loop Stable? No

Phase (deq)

10 10 10° 10°
Frequency (radisec)

Figurel8.The bode diagram for the (tf) of the
hydraulic system without connecting the
accumulator for long pipeline.



Number 7 Volume

Magnitude (dB)

Phase (deg)

ncy (radisec)

Figurel9. The bode diagram for the (tf) of the
hydraulic system with connecting the
accumulator for long pipeline.

il

aln 1ol ol

1

Figure20. Physical simulation for the hydraulic
system.

SE LPLP HERB BL R 3

Figure21. The cylinder pressure of hydraulic
system without the pid controller or the
accumulator.

20 July -

188

2014 Journal of Engineering

cylinder displ

SBE (SO ARE 2 A & ~

Figure22. The cylinder load of hydraulic
system without the pid controller or the
accumulator.

cylinder displ
S E|OL 2| dh B

B a %

Figure23. The cylinder displacement without
connecting the pid controller or the accumulator.

.upressure - — E@ﬂ_hj
SHELLP HEBE PAEE ~
B

#10

—_— =

Figure24. The cylinder pressure of hydraulic
system with connecting the pid controller.



Number 7

B oylinder Load

SE| O 2D dhEEE

@ a8 % >

Figure25.The cylinder load of hydraulic
system with connecting the pid controller.

SE (Do ABE D aw ~

'i:igure26. The cylinder displacement of hydraulic
system with connecting the pid controller.

B pressure - — =5 S|
SEBE P20 ABEBRE B EF ~
3

Figure27. The cylinder pressure of hydraulic
system with connecting the accumulator.

Volume 20 July -

189

2014 Journal of Engineering

Bl olinder Load

S| O L0 déhEE

2 af -

Figure28. The cylinder displacement of
hydraulic system with connecting the pid
controller.

SHE oL HBEBRE B A T ~
40

Figure29. The cylinder displacement of hydraulic
system with connecting the accumulator.

D ouble-foting Cylinder
D ouble-foting Cylinder

Figure30. The linear speed and acceleration of
cylinder without connecting the accumulator
using (as).



Number 7

Flotkter

16.40 =

1640 =
A

Volume 20 July

1940 =
Export Help << Properties |
Mame Plat Sedls Scale ma;
i
Pressure Gauge  Pressure 1= o 10
Time scale [4 (=] | |

Figure31l. The linear speed and acceleration of
hydraulic with connecting the accumulator
using (as ).

[ el [3¢] |

Ecgzat: |

Mame Plat

Double-ficting Cylinder Linear Speed
Drouble-Acting Cylinder Acoeleration

<1 1

Time scale [T0 (s | | |

Figure32. The cylinder pressure at the end of
stroke without connecting the accumulator
using (as).

190

Journal of Engineering

2014

Plotter

<< Properties |

E=port Help

Scale ma

Pressure Gauge Pressure ===} ] 10

Time scale [4 (=1 | | |

Figure 33. The cylinder pressure at the end of
stroke with connecting the accumulator using

(as).



Number 7 Volume 20 July - 2014 Journal of Engineering

Forward-Reverse Osmosis Processes for Oily Wastewater Treatment

Hasan Farhood Makki Noor Hammood Zghair
Chemical Engineering Department — College of Chemical Engineering Department — College of
Engineering — University of Baghdad — Iraq Engineering — University of Baghdad — Iraq
hs_fmfm@yahoo.com nn_h_zz@yahoo.com
ABSTRACT

In this study, the feasibility of Forward—Reverse osmosis processes was

investigated for treating the oily wastewater. The first stage was applied forward osmosis
process to recover pure water from oily wastewater. Sodium chloride (NaCl) and
magnesium chloride (MgCl,) salts were used as draw solutions and the membrane that
was used in forward osmosis (FO) process was cellulose triacetate (CTA) membrane. The
operating parameters studied were: draw solution concentrations (0.25 — 0.75 M), oil
concentration in feed solution (FS) (100-1000 ppm), the temperature of FS and draw
solution (DS) (30 - 45 °C), pH of FS (4-10) and the flow rate of both DS and FS (20 - 60
I/h). 1t was found that the water flux and oil concentration in FS increase by increasing
the concentration of draw solutions, the flow rate of FS and the temperature for a limit
(40°C), then, the water flux and oil concentration decrease with increasing the
temperature because of happening the internal concentration polarization phenomenon.
By increasing the oil concentration in FS and the flow rate of the DS, the water flux and
oil concentration in FS decreased, while it had a fluctuated behavior with increasing pH
of oily wastewater. It was found also that MgCl, gives water flux higher than NaCl. So
the values of resistance to solute diffusion within the membrane porous support layer
were 55.93 h/m and 26.21 h/m for NaCl and MgCl; respectively. The second stage was
applied reverse osmosis process using polyamide (thin film composite (TFC)) membrane
for separating the fresh water from a diluted (NaCl) solution using different parameters
such as draw solution concentration (0.08-0.16 M), feed flow rate (20—40 I/h).
Keywords: membranes separations, forward- reverse osmosis, oily wastewater.
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1.INTRODUCTION

One of the most challenging problems today is the removal of oil from wastewater.
Large amounts of wastewater are generated by industrial companies that produce or
handle oil and other organic compounds, both immiscible and miscible in water. Oily
wastewater discharged into the environment causes serious pollution problems since the
biodegradability of oil is very low and oily wastewater hinders biological processing at
sewage treatment plants , Mohammed et al., 2011. Oily wastewater is defined as liquid
waste either from automotive workshop or oil industry and known as a combination of
water with some surface oil, oil sludge or sediments which contained lubricants, cutting
fluid and heavy hydrocarbon such as tars, grease and diesel oil, bacteria and light
hydrocarbon at concentration that may vary from a few hundred parts per million to as
much as 1 to 10 percent by volume , Bujang et al., 2012. Qil and grease in wastewater
can exist in several forms: free, dispersed or emulsified. The differences are based
primarily on size ,Cheryan and Rajagopalan, 1998. Based on the form of the oil in the
water, different methods have been applied to its removal. Conventional oily wastewater
treatment methods include gravity separation and skimming, dissolved air flotation, de-
emulsification, coagulation and flocculation, which have several disadvantages such as
low efficiency, high operation costs, corrosion and recontamination problems ,Yan et al.,
2006. Osmosis a physical phenomenon extensively studied by scientists in various
disciplines of science and engineering. In a FO process, water diffuses spontaneously
through a semi-permeable membrane from a feed solution (FS) with low osmotic
pressure to a draw solution (DS) with high osmotic pressure , Zhao and Zou, 2011. The
osmotic driving forces in FO can be significantly greater than hydraulic driving forces in
RO, theoretically, leading to higher water flux rates and recoveries. Besides low or no
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hydraulic pressure requirements for FO process, high rejection of a wide range of
contaminants, lower membrane fouling, and simplicity of equipment used in the process
are additional advantages of FO ,Bamaga et al., 2011 and Kim et al., 2012.

In 1886, van't Hoff formulated an equation to calculate osmotic pressure (m), based on

data for sugar solution and the similarity of dilute solutions to ideal gases ,Thain, 1967.
T=0iR, TC 1)

where C is the concentration of solute, T is the temperature of solution, Ry is the gas
constant, i is number of dissociated ions per molecule, and @ is osmotic coefficient.
Basically, the FO desalination process involves two steps. In the first step, the fresh water
is extracted from the raw water source using a suitable draw solution (osmotic agent
having a high osmotic pressure). The second step deals with separation of the osmotic
agent from the fresh water , Bamaga et al., 2011. The diluted draw solution that was
produced from FO process is subsequently desalinated by RO to produce fresh water
suitable for beneficial uses , Xie et al., 2012.

The main goal in this study was to investigate the technical feasibility and the
efficiency of FO— RO processes for treating the oily wastewater. The first stage is
application forward osmosis process to recovery of water from oily wastewater using FO
process. In the second stage, a technically reverse osmosis process was employed to treat
the diluted draw solution outlet from forward osmosis using polyamide and the effect of
(NaCl) concentration in feed solution and feed flow rate were studied on water flux for
RO process.

2.CONCENTRATION POLARIZATION

Concentration polarization is the term used to describe the accumulation of rejected
solute at the surface of a membrane so that the solute concentration at the membrane wall
is much higher than that of the bulk feed solution , Ahmed, 2007. Because asymmetric
FO membranes are comprised of a dense layer on top of a porous support layer,
concentration polarization occurs externally at the feed—-membrane and draw solution—
membrane interfaces, and internally in the porous support layer of the membrane ,Achilli
et al., 2010. Below, these two concentration polarization phenomena are quantitatively
described.

2.1 External Concentration Polarization

In osmotic processes, concentration polarization can occur on both sides of the
membrane. Concentrative external concentration polarization occurs in forward osmosis
when the feed solution is placed against the active layer of the membrane. To account for
this phenomenon, the extent of concentration polarization was calculated from film
theory. The concentrative external concentration polarization moduli at each permeate
flux, Jw, could be calculated using ,Ahmed, 2011.
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Tr,p

Where, J, is the experimental permeate water flux, k is the mass transfer coefficient and
Tr,m and wtgp are the osmotic pressures of the feed solution at the membrane surface and in
the bulk, respectively. Note that the exponent is positive, indicating that wgm > 7y
(McCutcheon and Elimelech, 2006). The mass transfer coefficient, K, is:

k=3P 3)

dn

Where, Sh is Sherwood number, D is the solute diffusion coefficient and dy, is hydraulic
diameter.

Simultaneously, the draw solution in contact with the permeate side of the membrane is
being diluted at the permeate-membrane interface by the permeating water. This is called
dilutive ECP , Digman, 2010. Dilutive external concentration polarization can be
calculated also from film theory. The external concentration polarization modulus
(mo,m/moyp) is calculated using:

Tpp

where np ;m is the osmotic pressure at the membrane surface and mpy is the bulk osmotic
pressure of the draw solution. Jy is negative in this equation because the water flux is in
the direction of the more concentrated solution and the concentration polarization effect
is dilutive (mpm< mpp). TO model the flux performance of the forward osmosis process in
the presence of external concentration polarization, we start with the flux equation for
forward osmosis, given as ,Achilli et al., 2009.

Jw=A0(Tpp — TEp) (5)

Here, A is the pure water permeability coefficient, ¢ is the osmotic reflection
coefficient, has a value of 1. Eq. (5) predicts flux as functions of driving force only in the
absence of concentrative or dilutive ECP, which may be valid only if the permeate flux is
very low. When flux rates are higher, this equation must be modified to include both the
concentrative and dilutive ECP , McCutcheon and Elimelech, 2006.

Ju = Al exp (=2) = 7 exp (2))] (6)

2.2 Internal Concentration Polarization

Internal concentration polarization (ICP) is closely related to external concentration
polarization (ECP) at the surface of the active layer as shown in Fig. 1 ,Alsvik and
Héagg, 2013. The ICP phenomenon occurs on the permeate side. We refer to this as
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dilutive ICP since the draw solution is diluted by the permeate water within the porous
support of the membrane ,McCutcheon and Elimelech, 2006. Loeb et al., 1997.
similarly described flux behavior in the FO mode ,Cath et al., 2006.

K=(1)lnM (7

Jw B+]w+Anpgm

where K is the resistance to solute diffusion within the membrane porous support layer
which is a measure of how easily a solute can diffuse into and out of the support layer
and thus is a measure of the severity of ICP, is defined as:

K= (8)

De
where t is the membrane thickness, T is the tortuously of the membrane porous support

layer, € is porosity of the porous support layer, and D is the diffusion coefficient of the
solute. Because t, 1, and ¢ are fixed for our FO membrane, K is dependent only on D
,Gray et al., 2006.

When assuming that B = 0, o = 0 (i.c., the salt permeability is negligible) and the
equation (7) is rearranged, an implicit equation for the permeate water flux is obtained:

Jw = A[T[D,b exp(_]wK) - nF,m] (9)
Here, npp IS now corrected by the dilutive ICP modulus, given by:

2L = exp(—JyK) (10)

D,b

where 7p; IS the osmotic pressure of the draw solution on the inside of the active layer
within the porous support. The negative exponent is indicative of dilution at this point, or

TD,i <D, -
By substituting Eg. (2) into (9) ,Cath et al., 2006.

Jw = A[mp exp(=1,K) = ey exp (2))] (11)

In this study assuming that the salt permeability coefficient (B) is equal to zero
and the small value of the flux (Jw) compared to osmotic pressure of draw solution,
therefore the Equations (8) it can simplify as follows:

Jw = =In (@) (12)

TTF,b
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Figure 1: Concentration polarization in an asymmetric membrane in FO (concentrative
ECP and dilutive ICP) ,Achilli et al., 2010.

3. MATERIALS AND METHODS
3.1 The membranes

An asymmetric FO membrane acquired from Hydration Technology Innovations (X-
Pack™ supplied by Hydration Technology Inc., Albany, OR) was used for forward
osmosis experiments in this study. The membrane that was used is a cellulose triacetate
casted onto a non-woven back support consisting of polyester fibers individually coated
with polyethylene. The physical characteristics of this specific CTA membrane are
unique compared with other commercially available semi-permeable membranes and has
been acknowledged to be the best available membrane for most FO applications ,Choi,
2011. The CTA membrane lacks a thick support layer with thickness of the membrane is
less than 50 um and membrane salt rejection is (95-99 %). While a thin film composite
membrane (TFC) was used in RO process. TFC membrane is an aromatic polyamide
consisting of three layers: polyester support web (120 pm), micro porous poly sulphone
interlayer (40 pm), and ultra thin polyamide barrier layer on the top surface (0.2 um). The
specifications of the TFC membrane are salt rejection (96 — 99 %), maximum operating
pressure (6 — 9 Mpa), maximum operating temperature 45 °C and pH range for
continuous operation (2 — 11).

3.2 Feed and draw solutions preparation

Gasoline and diesel engine oil was used for preparation of the O/W emulsion with total
volume was 5 liters. The O/W emulsion was prepared by vigorous mixing of oil and
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deionized water using a stirrer at an agitation speed of 2000 rpm for 15 min. The
concentrations of oil that was prepared for the feed solution were 100, 500 and 1000
ppm. The phycical specifications of the oil are given in Table 1. Whereas two types of
salts (NaCl and MgCl,) were used for preparing the draw solutions in FO experiments.
The concentrated draw solution was made by dissolving a solid salt in deionized water
with concentrations of 0.25, 0.5, and 0.75 M. The chemical analysis of the salts (NaCl
and MgCl,) is given in Table 2. The total draw solution volume was 5 liters. These
chemicals were chosen in preparation of draw solutions for their relatively low molecular
weight, high solubility, high osmotic pressure that can be given by this solution, easily
and economically separated and recycled, and previous interest or utilization in FO
research.

Table 1.Typical physical characteristics of oil (Shell Helix HX5).

Viscosity grade 15W-40
Kinematic viscosity (40 °C) 105.4 ¢ St
Kinematic viscosity (100 °C) 13.9 ¢ St

Viscosity index 132
Density at 15 °C 0.885 kg/l
Flash point PMCC 220 °C
Pour point -30 °C

Table 2.Chemical Specifications of Draw Solutions

Assay 99.5% min.
Max. limits of
Sodium Chloride | impurities (%)

(NaCl) Ammonia  0.002
MW = 58.44 Iron 0.002
Lead 0.0005
Potassium  0.02
Sulphate  0.02
Assay 98% min.

Max. limits of

Magnesium impurities (%)

Chloride (MgCl,) Sulfate 0.002

MW =95 Copper 0.002
Lead 0.005
Iron 0.0005
Zinc 0.0005

Cadmium 0.005
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4. EXPERIMENTAL SYSTEMS

4.1 Forward Osmosis System

Experiments were conducted using a laboratory-scale FO system consists of two
cylindrical QVF glass vessels with a capacity of 7 liters were used as a feed and draw
solutions vessels, two centrifugal pumps were used to pump the feed and draw solutions
from vessels to high pressure pumps. Each with flow rate rang of 11.4-54.6 L/min, a head
of 3-13.7 m. Then, the draw solution and feed solution that supplied from centrifugal
pumps were pumped using high pressure pumps 125 psi (MAX PRESSURE)) to forward
osmosis cell. The forward osmosis cell was circular plate and frame membrane cell and it
consisted of two semi-cells which were made of Teflon. It was designed with two flow
channels and the diameter of each circular channel was 12.5 cm with a depth of 3 cm in
draw solution side and 4 cm in the feed side whereas the total effective for CTA
membrane area was 165 cm® To measure the volumetric flow rate of feed and draw
solutions, two calibrated rotameters were used each of ranged (10 - 60 I/hr). While two
submersible electrical coils (220 Volt, 1000 Watt) and thermostats of range (0- 80°C)
were used to control temperatures on the solutions. The pH of FS was adjusted to the
required value by addition of (NaOH) or (HCI) and the acidity of O/W emulsion was
measured using pH meter (Model 2906, Jenway Ltd, UK) and a pH probe. Digital
laboratory conductivity meter was used to measure the concentration of the draw
solution, range (0-2 x 10° ps/cm), operating temperature (0-55 °C), accuracy (+ 0.5 %
Full Scale), also the concentration of oil in water was measured using spectrophotometer
(Genesys 10 UV, Wave length = 1090 — 190 nm).

4.2 Experimental Procedure

In the typical orientation of forward osmosis process, the draw solution was
placed against the support layer and the feed solution was on the active layer. The feed
and draw solutions were operated in a counter-current flow configuration (feed and draw
solution flowing tangential to the membrane but in opposite directions). This mode of
operation provides constant Az along the membrane module and makes the process more
efficient. The outlet streams of feed and draw solutions were recycled back to the main
vessels. All experiments were carried out with applying a pressure of 0.5 bar across the
membrane sheet in the feed side. The time of experiment was five hours. For every one
hour, water flux into the DS was calculated. Also oil concentration in FS was measured.
Fig. 2 shows the schematic diagram of forward osmosis system.

For cleaning the membrane, osmotic backwashing was made in order to remove oil
droptets that accumulated on or in the pores of the membrane. In the backwashing process, the
direction of water permeation across the semipermeable membrane was reversed and the DS was
replaced with a deionized water and FS was replaced with 0.5 M of a brine. So the same pressure
was applied in the permeate side. Dionized water flows through draw side channel, the osmotic
pressure gradients are formed in an opposite direction and permeate (i.e. backwash water) flows
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from draw side (dionized water) to feed side (brine). Therefore, foulants on the membrane surface
are detached by this opposite flow and then are removed from the membrane surface.

4.3 Reverse Osmosis System

For recovery of pure water, the diluted draw solution was treated using reverse
osmosis unit that was run in a closed loop. QVF glass vessel with a capacity of 30 liters
was used as a feed solution vessel and high pressure pump was used to pump the feed
solution (or diluted draw solution) from the QVF vessel to spiral wound module. The
spiral — wound element are adopted and operated with only one stream (the feed stream)
flowing under direct control of its flow velocity tangential to the membrane, (membrane
type is thin film composite (TFC), membrane length is 115 cm, membrane width is 21cm,
diameter is 3 in., number of membrane is 2 and membrane active area is 4830 cm?.

The feed solution in RO process was prepared by dissolving the solid salt (NaCl)
in 15 liters of deionized water and was placed in the QVF glass vessel. Pressure gauge
measured the pressure that was maintained 9 bars at the inlet module. Then the feed inter
the spiral wound module in order to separate draw solution into two streams; one
contained pure water and the other contained concentrated solution that was recycled to
main feed vessel. The time of experiment was 2 hr, so for every a quarter hour, the water
flux was calculated. An experimental rig of reverse osmosis unit was constructed in the

laboratory as shown schematically in Fig. 3.
Osmosis Cell
________________________________ -
................................ Rl’{"_\’t‘l?

Pressure Gauge To Draw
Solation

Rotameter

Recyele To Feed Solution

High Pressure
Pump
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=
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Figure 2. The schematic diagram of the laboratory scale forward osmosis membrane
apparatus.
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Figure 3.Schematic diagram of spiral-wound reverse oSmosis process.

5. Results and discussion
5.1 Forward Osmosis

5.1.1 Effect of Draw Solution Concentration

The effect of draw solution concentration of (NaCl) and (MgCl,) on water flux is shown
in Figures 4 and 5. When the concentration of draw solution increased, the water
permeation across the membrane increased, as a result, the water flux increased. This is
expected and attributed to the increasing in the osmotic pressure difference across the
membrane with an increase in the concentration of draw solution, which results in an
increase in the driving force) for water transport through the membrane. Also with
increasing of draw solution concentration, the concentration of O/W emulsion increases
because of the increasing in water transport across the membrane as in Fig.s 6 and 7.
From Figs. 4, 5, 6 and 7. it can be seen that the flux of water and oil concentration using MgCl,
solution as draw solution were greater than that using NaCl solution because it has osmotic
pressure higher than the osmotic pressure for NaCl and the osmotic pressure depends on the
number of dissociates and osmotic coefficient of the solute (as in Eq (1)).

5.1.2 Effect of Oil Concentration in Feed Solution

Generally, the higher concentration of oil in feed is the lower amount of the permeate
flux as observed in Figures 8 and 9. When the concentration increased from 100 to 1000
ppm, the adsorption of oil droplets increased and formed an accumulated layer of oil on
the membrane surface (active layer). This causes easily great resistance for permeating
water across the membrane and this layer cannot be removed by hydrodynamic action of
flow. While at lower concentrations, the accumulation oil on the membrane surface was
lower and can be removed by hydrodynamic action of flow. So the increase of oil
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concentration was increased the osmotic pressure of feed solution and decrease of driving
force (Am) as shown in van't Hoff equation. The O/W emulsion lost quantities of pure
water and this increased concentration of the oil in emulsion as in Figs .10 and 11.

5.1.3 Effect of Temperature

When the temperature increased from 30 to 40°C, the water permeation increased
through the membrane. As a result, the water flux and the concentration of oil in the feed
solution increased with this range of temperature as observed in Fig’s (12, 13, 14 and
15). The increase in temperature of both feed and draw solutions reduces the viscosity of
solutions and increases the diffusion rate of water through the membrane leading to lower
resistance against passage of flow, which results the increasing in the volume of water
that passed into the draw solution. Additionally, thermal expansion of active layer of the
membrane could also be a reason for an increase in the permeate flux with increasing
temperature , Alturki, 2013.

Also according to van't Hoff equation, increasing in the temperature can be
increased the osmotic pressure of a salt solution. The water flux decreased when the
temperature of oil/water emulsion and draw solution were rose from 40 to 45°C. This
means that the increasing in temperature from 40 to 45°C accounted for a fall in effective
osmotic pressure difference inside the membrane as an inherent result of higher internal
concentration polarization or may be attributed for specifications of the oil that was used.
The results obtained here are in good agreement with , Aydiner et al., 2012.

5.1.4 Effect of Feed Solution pH

The performance of FO process was highly dependent on the pH of O/W emulsion so it
was affected not only by the characteristics of membrane but also by the performance of
the solute (droplet). Figs. 16 and 17 indicated that the flux increased sharply with
increase the pH from 4 to 7.3, then reduced with the increase of pH from 7.3 to 10. In
general, the flux under various pH values was affected by the properties of the solute (oil
droplets) especially zeta potential of the emulsion.

The coagulation of emulsion droplets on membrane happened under low values of
pH (i.e. pH = 4) as the zeta potential of emulsion droplet was low in absolute value and
this led to decrease the inter-droplet repulsion. Therefore, the lower level of flux was
observed at low pH. While the emulsion droplets had the higher negative charge at higher
pH values. The oil layer became more “open” at high pH due to the inter-droplet
repulsion, and this increased the permeability, resulting in higher permeate flux.
Meanwhile, the inter-droplet repulsion prevented the particle from depositing, and led to
the reduction of the thickness of cake layer. The results obtained here are in good
agreement with ,Hua et al., 2007. So the oil concentration in the feed solution also
fluctuates with increasing the pH of the emulsion according to the fluctuation of water
flux in the same manner as shown in Figs. 18 and 19.

201



@) Number 7 Volume 20 July - 2014 Journal of Engineering

=

5.1.5 Effect of Draw Solution Flow Rate

Figs. 20 and 21 show the effect of draw solution flow rate on water flux with time for
NaCl and MgCl, respectively. Increasing the draw solution flow rate from 20 to 60 I/hr
increased the extent of hydrodynamic mixing and prevented the concentration buildup in
the solution at the vicinity of the membrane surface (support layer), and resulting in
decrease the driving force. Thus, water flux decreased with increasing draw solution flow
rate. As observed in Figs. 22 and 23, the oil concentration in feed solution decreased also
with increasing the flow rate of draw solution due to this decreasing in water transport
across the membrane with this range of draw solution flow rate.

5.1.6 Effect of Feed Solution Flow Rate

Figs. 24 and 25 present the effect of feed solution flow rate on the FO process efficiency.
The water flux increased with increasing the feed solution flow rate. The increase in the
feed solution flow rate near the membrane surface increases the extent of hydrodynamic
mixing and increases Reynolds number and this enhances turbulence over the active layer
of the membrane. As a result, it increases mass transfer coefficient in the concentration
boundary layer and this can reduce accumulation of the oil droplets (i.e reducing the
external concentration polarization). Therefore, the oil droplets on the membrane surface
diffuse back to the bulk solution and this causes increase water permeation across the
membrane. The oil concentration in feed solution increased as a result of the increasing
transmission of water from feed solution through the membrane as shown in Figs. 26 and
217.

5.1.7 The Analysis of Concentration Polarization

In Figs. 28 and 29, the water flux (Jw) is presented as a function of logarithm of the ratio
of draw and feed solutions osmotic pressures (In(zp/ne)) (EQu. (12)). It was found that the
slope of line represents the inverse of the solute resistivity for diffusion within the porous
support layer (K). K can be used to determine the influence of internal concentration
polarization on water flux and to describe how easily solute can diffuse in and out of the
support layer. Osmotic pressure was calculated according to the Eqg. (1), where numbers
of dissociated ions for NaCl, MgCl, and oil are (i = 2, 3, 1) respectively and the osmotic
coefficient for ideal solution is (@ = 1). The value of (K) for NaCl was found 55.93 h/m,
while its value for MgCl, was equal to 26.21 h/m. This is meaning that NaCl
(monovalent) diffused through the membrane more rapidly than the MgCl, (divalent)
because of its relatively small hydration radius. Therefore the influence of internal
concentration polarization on water flux for NaCl solution was higher than for MgCl,
solution.
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6. REVERSE OSMOSIS

6.1 The Effect of NaCl Concentration

The influence of NaCl feed concentration on water flux is shown in Figure 30.
According to the results, the lower salt concentration is the higher permeation flux of the
membrane. These results are attributed to the increasing in osmotic pressure with
increasing the NaCl concentration and formation of a salt layer on the membrane surface
with thickness increases with increasing feed concentration.

6.2 Effect of Feed Flow Rate

Fig31. shows the effect of feed flow rate on the water permeate flux of diluted NaCl draw
solution. As shown increasing flow rate from 20 to 40 I/h leads to increase permeate flux
rate. This behavior may be attributed to the fact that increasing cross flow velocity leads
to the increase of turbulence and mass transfer coefficient. This weakens the effect of
concentration polarization and reduces accumulate of the salt which essentially acts as a
dynamic membrane, as a result the salt on the membrane surface diffuse back to the bulk
solution and increases the permeate flux. The results obtained here are in good agreement
with ,Shamel and Chung , 2006).
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Figure 6. The oil concentration Cy; (ppm) in
FS with time at different concentration of
DS for NaCl (C,;= 500 ppm, Temp. of FS &
DS =30 °C and pH of FS = 7.3, Q¢ =50 I/h,
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Figure 7. The oil concentration Cg; (ppm) in
FS with time at different concentration of
DS for MgCl; (Cyi= 500 ppm, Temp. of FS
&DS=30°CandpHof FS=7.3,Q4=50
I/h, Q¢ =60 I/h, P = 0.5 bar).
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Figure 8.Water flux J (I/m%h) with time at
different oil concentration of FS for NaCl
(C4=0.5M, Temp. of FS & DS =30 °C and
pH of FS=7.3, Q¢ =60 I/h, Qs =60 I/h, p =
0.5 bar).
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Figure 9. Water flux J (I/m2.h) with time at
different oil concentration of FS for MgCl,
(C4=0.5M, Temp. of FS & DS =30 °C and
pH of FS=7.3, Q=60 I/h, Qs =60 I/h, p =

0.5 bar).
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Figure 10:. The oil concentration C; (ppm)
in FS with time at different oil concentration
in FS for NaCl (C4=0.5 M, Temp. of FS &
DS =30 °C and pH of FS=7.3, Q4 = 60 I/h,
¢=601/h, p=0.5 bar).
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Figure 11. The oil concentration C,; (ppm)

with time at different oil concentrati Figure
on in FS for MgCl, (C4 = 0.5 M, Temp. of
FS & DS =30 °C and pH of FS= 7.3, Qq =
60 I/h, Q¢ =60 I/h, P = 0.5 bar).
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Figure 12. Water flux J (I/m*.h) with time at
different Temp. of FS & DS for NaCl (C4 =
0.5 M, C,= 500 ppm and pH of FS = 7.3,
Qq¢=601/h, Q¢=60 I/h, P = 0.5 bar).
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Figure 13. Water flux J (I/m*.h) with time at
different Temp. of FS & FS for MgCl, (C4 =

0.5 M, C,;= 500 ppm and pH of FS = 7.3,
Qg =60 I/h, Qs =60 I/h, P =0.5 bar).
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Figure 14. The oil concentration C,; (ppm)
in FS with time at different Temp. of FS &
DS for NaCl (C4 = 0.5 M, Cg;= 500 ppm and
pHof FS=7.3,Q4=601/h,Qs=601/h,P =
0.5 bar).
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Figure 15.The oil concentration C,; (ppm)
with time at different Temp. of FS & DS for
MgCl, (C4 = 0.5 M, Cq= 500 ppm and pH
of FS=7.3,Q4=601/h, Q=60 1/h,P=0.5

bar).
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Figure 16. Water flux J (I/m%h) with time at
different pH of FS for NaCl (C4= 0.5 M,
Coii= 500 ppm and Temp. of FS & DS = 30
°C, Q¢ =601/h, Qs=60I/h, P = 0.5 bar).

=
E \
= 4
PH=4
21 @mPH=73
APH=10
0 .
0 2 4 6

Time (h)

Figure 17. Water flux J (I/m”.h) with time at
different pH of FS for MgCl, (C4= 0.5 M,
Coii= 500 ppm and Temp. of FS & DS = 30

°C, Qg =601/h, Qs=60I/h, P = 0.5 bar).

205



Number 7 Volume 20

0 2 Time(h) 4 6
Figure 18.The oil concentration C,; (ppm)
with time at different pH of FS for NaCl (Cy4
=0.5 M, Cy;= 500 ppm and Temp. of FS &
DS =30°C,Qy=601I/h,Q;=601/h,P=0.5

bar).

540

(ppm)

505
Time(h)

Figure 19. The oil concentration C,; (ppm)
with time at different pH of FS for MgCl,
(Cq4=0.5M, Cg=500 ppm and Temp. of FS
&DS=30°C,Qq=601/h, Qs=601/h,P=
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Figure 20. Water flux J (I/m®.h) with time at
different draw solution flow rate (Qg) for
NaCl (C4=0.5 M, Cy;= 500 ppm and Temp.
of FS& DS =30°C,pHof FS=7.3, Qs =
60 I/h, P = 0.5 bar).
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Figure 21. Water flux J (I/m.h) at different
time at different draw solution flow rate (Qq)
for MgCl, (C; = 0.5 M, C,;= 500 ppm,
Temp. of FS & DS =30 °C, pH of FS =7.3,
Q¢=601/h, P =0.5 bar).
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Figure 22.The oil concentration C,; (ppm)
in FS with time at different draw solution
flow rate (Qq) for NaCl (Cq = 0.5 M, Cy;=
500 ppm, Temp. of FS & DS = 30 °C, pH of
FS=7.3,Q;=60I/h, P=0.5bar).
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Figure 23.The oil concentration C,; (ppm)
in FS with time at different draw solution
flow rate (Qg) for MgCl, (Cq = 0.5 M, Cy=
500 ppm, Temp. of FS & DS = 30 °C, pH of
FS=7.3,Q¢=60I/h, P=0.5 bar).
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Figure 24. Water flux J (I/m”.h) with time at
different feed solution flow rate (Qy) for
NaCl (C4=0.5 M, C= 500 ppm, Temp. of
FS & DS =30 °C, pH of FS=7.3, Q4 =60

I/h, P =0.5 bar).
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Figure 25.Water flux J (I/m?.h) with time at
different feed solution flow rate (Qy) for
MgClz (Cd =05M, C0i|= 500 ppm, Temp
of FS& DS=30°C,pHof FS=7.3,Qq =
60 I/h, P = 0.5 bar).
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Figure 26.The oil concentration C,; (ppm)
in FS with time at different feed solution
flow rate (Qy) for NaCl (C4=0.5 M, Cy;=

500 ppm, Temp. of FS & DS = 30 °C, pH of
FS=7.3,Q4=601I/h, P=0.5 bar).
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Figure 27. The oil concentration C,; (ppm)
in FS with time at different feed solution
flow rate (Qy) for MgCl, (C4=0.5 M, Cyi=
500 ppm, Temp. of FS & DS = 30 °C, pH of
FS=7.3,Q4=601/h, P=0.5 bar).
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Figure 28. Water flux against the logarithm
of the ratio of osmotic pressures for
calculate K (C4 = 0.5 M, C; =500 ppm,
Temp. of FS & DS =30°C, pH =7.3, Q¢ =
60 I/h, Q¢ =60 I/h, and P=0.5 bar).
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Figure 29. Water flux against the logarithm
of the ratio of solution osmotic pressures for
calculate K (C4 = 0.5 M, C; =500 ppm,
Temp. of FS & DS =30°C, pH =7.3, Q¢ =
60 I/h, Q¢ =60 I/h,and P= 0.5 bar).
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Figure 30. Water flux with time at different
NaCl concentration in the FS (Flow rate of
FS=20 I/h, Pressure = 9 bar, Temp. of FS =

30 °C).

CONCLUSIONS
Forward osmosis can be used for treating the oily wastewater from different

industries.
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Figure 31. Water flux with time at different

flow rate of FS (NaCl concentration in the

FS=10.16 M, Pressure = 9 bar and Temp. of
FS =30 °C).

The water flux produced from the osmosis cell and oil concentration in FS
increase by increasing the concentration of draw solutions, the flow rate of feed
solution, and the temperature for a limit then, it decreases with increasing the
temperature and decreases by increasing the oil concentration in the feed solution
and the flow rate of the draw solutions.
The MgCl, gives water flux higher than NaCl.

The values of resistance to solute diffusion within the membrane porous support
layer were 55.93 h/m and 26.21 h/m for NaCl and MgCl; respectively.
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Nomenclature

Symbols Definition
A -
water permeability constant
B salt permeability coefficient
C concentration
Cr conentration of feed side
Cp conentration of permeate side
D solute diffusion coefficient
dn hydraulic diameter
i dissociation factor
Jw water flux
Js reverse salt flux
K resistivity coefficient
k mass transfer coefficient
p pressure
Rg universal gas constant
R rejection Percent
T temperature
GREEK SYMBOLS
np  Osmotic pressure of the bar
draw solution
Tpp Osmotic pressure of the bar
draw solution in the
bulk
np; Osmotic pressure of the bar
draw solution on the
inside of the active
layer within the porous
support
Tpm Osmotic pressure of the bar
draw solution at the
membrane surface
TE Osmotic pressure of the bar
feed solution
nrp  Osmotic pressure of the bar
feed solution in the
bulk
ne;  Osmotic pressure of the bar

feed solution on the
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Units
I/m?.h.bar

m/s
g/l
g/l
o/l
m?/s
m

I/m?.h
I/m?.h
h/m

m/s

bar
Jigmol.K

°C
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inside of the active

layer within the porous

support

Osmotic pressure of the bar
feed solution at the

membrane surface

Osmotic Pressure bar

Tortuosity of the

support layer

Porosity of the support

layer

Reflection Coefficient

Osmotic Coefficient

ABBREVIATION

Symbol Definition

CP Concentration Polarization

CTA Cellulose Triacetate

DS Draw Solution

ECP External Concentration
polarization

FO Forward Osmosis

FO-RO Forward-Reverse Osmosis

FS Feed Solution

ICP Interr_lal C_:oncentration Feed Solution
polarization

o/wW Oil-in-Water

RO Reverse Osmosis

TFC Thin Film Composite

W/O Water-in-Oil
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ABSTRACT

The purpose of this research is to treat Baiji refinery waste water by adding
tertiary treatment which consist of two units:-Lamella precipitators & adsorption by
activated carbon,and reuse it for agricultural purposes.The treatment covers 2000 m*/hr of
water which contains organic and heavy metals impurities not recommended to drain to
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river according to Environmental rules. Good results were gained in this research and the
removal was 90% by adsorption & Lamella precipitation .This result is not according to
environmental rules so we treat the waste water by using poly ferric chlorides to remove all
the remaining phenol and be written the environmental limits for reuse the water for
agriculteral purposes.

Keywords: refinery waste water treatment,adsorption by activated carbon,lamella
precepitation ,water reuse
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