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Abstract 

Various solid wastes that are emerged from steel plants are blast furnace slag, 

blast furnace flue dust, sludge and mill particle. Therefore, use of waste materials 

in road pavements is nowadays considered not only as a positive  option  in  

terms  of  sustainability,  but  also as  an  effective  option  in  means  of 

providing enhanced performance in service. This is especially true in the case of 

reuse of waste iron. 

In this research, a number of aggregate tests are conducted which are: sieve 

analysis, specific gravity, absorption, abrasion, adsorption and scanning electron 

microscope. These tests are to investigate the applicability of using the waste iron 

powder (WIP) as an asphalt binder  in  road  pavements. Moreover, as a    

comparison,  the  same  tests  were  applied  on  the conventional  aggregates.  

Furthermore,  number  of  bitumen  tests  is  conducted.  They  are penetration 

test, softening point, ductility, flash point and specific gravity. Marshal  samples  

are  prepared  using  both conventional  blending  aggregates  and  (WIP)  to  

investigate  the properties of the asphalt mix: stability, flow, bulk density and 

comparing the results with the specifications.   

WIP were introduced in the asphalt mixture in grinded form 0 – 2.00 mm. 

Marshal mix design procedure was used, first to determine the Optimum Bitumen 

Content (OBC) and then further to test the modified mixture properties. In total, 

(58) samples were prepared, 30 samples were used to determine the OBC for two 

stages and the remaining were used to investigate the effects adding different 

WIP percentages to asphalt mix. At the first stage, the OBC was 5 % by weight of 

asphalt mix. Moreover, at the first stage, the ratio of sand was 5% from weight of 

aggregate, Four proportions of WIP by weight of aggregates were tested 1.25, 

2.5, 3.75, and 5%. Besides, testing of ordinary asphalt mix.  

The results showed that it is possible to use the WIP in preparing the asphalt 

binder course. WIP content of 5 % by weight of aggregate for asphalt mix is 

recommended as the optimum WIP content for the improvement of performance 

of asphalt mix. Asphalt mix modified with this percentage has approximately 



 

V 

23% higher stability value compared to the conventional asphalt  mix. The 

second stage is done to ensure the results that appeared at first stage by increase 

the ratio of WIP 7.5 and 10%. Asphalt  mix  modified with  higher percentages of  

WIP shows  higher bulk density, higher flow and higher air voids. 
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 ملخص البحث

األفران والحمئة  نصلبة التي تنتج من مصانع الحديد كخبث الحديد وغبار مداختتنوع المخلفات ال

الوقت الحاضر يعد استخدام مخلفات المواد في رصفات في والحبيبات المطحونة وعلية فإن 

الطرق ليس فقط خيارا ايجابيا من ناحية االستدامة ولكنة يعتبر أيضا خيارا فعاالً من حيث تعزيز 

 هذا ينطبق بشكل خاص في حالة الحديد المعاد استخدامه.و ،تأداء هذه الرصفا

وقد تم إجراء العديد من التجارب علي الحصويات في هذا البحث، وهذه التجارب هي : التحليل 

المنخلي، الكثافة النوعية، االمتصاص، االهتراء، االمتزاز و الصور المجهرية وقد تم إجراء تلك 

استخدام مخلفات الحديد المطحون في الخلطات االسفلتية كطبقة االختبارات للتأكد من صالحية 

رابطة، وللمقارنة تم إجراء نفس الفحوصات علي الحصويات المألوفة . باإلضافة إلي ذلك تم 

إجراء اختبارات لفحص المادة الرابطة )البيتومين( للتأكد من صالحية استخدامها كمادة رابطة في 

ارات هي  الغرز ، التميع ، الممطولية ، الوميض والكثافة الخليط اإلسفلتي وهذه االختب

النوعية.كما تم إعداد خلطات إسفلتية وفق عينات مارشال القياسية وعينات مارشال المضاف إليها 

برادة الحديد وتم إجراء الفحوصات الالزمة للخلطات االسفلتية مثل الثبات ، التدفق والكثافة 

 النوعية.

ثم استخدمت  من.وmm/ 0 2.00رادة الحديد للخليط اإلسفلتي في شكل مطحون تم إضافة مخلفات ب 

( وكذلك الختبار OBCطريقة مارشال لتصميم الخلطة االسفلتية لتحديد محتوي البيتومين األفضل )

عينة لتحديد   30عينة، وقد استخدمت  58خصائص الخليط اإلسفلتي المضاف إلية الحديد، تم إعداد 

ن األمثل واستخدام العدد المتبقي من العينات لدراسة أثار إضافة النسب المختلفة من محتوي البيتومي

ي البيتومين األمثل برادة الحديد إلي الخليط اإلسفلتي. نتائج فحص عينات مارشال بينت أن محتو

تمثل نسبة الرمل من الخليط الحصوي في  من وزن الخليط اإلسفلتي. 5%هو  للخلطة االسفلتية

تم اختبار تأثير إضافة أربع نسب من برادة الحديد علي خصائص الخليط . 5% االسفلتية الخلطة

، إلي جانب and 5% 3.75 ,2.5 ,1.25 وهي  للخليط حصوياتاإلسفلتي محسوبة من وزن ال

 . اختبار خصائص الخليط اإلسفلتي العادي

وان  الرابطة اإلسفلتيةالطبقة  وقد أظهرت النتائج بأن من الممكن استخدام برادة الحديد في إعداد 

عتبر النسبة المثلي لتحسين أداء الخلطة ت حصوياتمن وزن ال 5%إضافة برادة الحديد بنسبة 

درجة ثبات أعلي مقارنة   %23إلسفلتي المعدل بهذه النسبة يعطياالسفلتية حيث إن الخليط ا
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 ،5.5% ة حديد بنسبةوللتأكد من هذه القيم تم إضافة براد بالخليط اإلسفلتي التقليدي

وأشارت النتائج أيضا أن إضافة  .)برادة حديد 5%الخلطة االسفلتية األولي )ومقارنتها مع %01

برادة الحديد بنسب أعلي يؤدي إلي كثافة ودرجة انسياب ونسبة فراغات هواء  أعلي للخليط 

 اإلسفلتي .
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1.1 Background 

The vast quantities of waste (such as scrap tires, glass, blast furnace slag, steel 

slag, plastics, construction and demolition wastes) accumulating in stockpiles and 

landfills throughout the world are causing disposal problems that are both 

financially and environmentally expensive. Dealing with the growing problem of 

disposal of these materials is an issue that requires coordination and commitment 

by all parties involved. One solution to a portion of the waste disposal problem is 

to recycle and use these materials in the construction of highways (Marnold et al., 

2008).  

The excessively increasing cost of the repair and rehabilitation of highway and 

airport pavements has led to comprehensive research on the use of additives in 

Hot Mix Asphalts (HMAs) to increase their strength and life durability against 

dynamic loads. The pavements weakness in the case of dynamic loads and their 

short performance life are the major concern regarding their repair and 

maintenance. One of the most effective factors for increasing the load bearing 

capacity of asphalt concrete pavements could be introducing higher interlocking 

between the stone aggregates (Arabani and Mirabdolazimi, 2011). 

Steel slag has become one of the important sources of industrial wastes especially 

in China. In the present, about 80 million tons of steel slag is discharged every 

year in China. The waste steel slag occupies large area of land and results in 

many serious environmental problems. So much attention has been paid to using 

steel slag as a potential secondary raw material or aggregates in civil engineering 

in order to maximize the economic efficiency and environmental benefits. The 

steel slag’s chemical compositions vary greatly with the raw materials and steel 

producing process, which conclude: 

 CaO45–60%, SiO2 10–15%, Al2O3 1–5%, F2O3 3–9%, MgO 3–13%, FeO7–

20%, and P2O5 1–4% (Wang et al., 2012). 

The asphalt-based composites are a kind of materials containing many types of 

filler such as aggregates, mineral powder and other additives. One of the short 

comings of asphalt is its low softening temperature. The low softening 
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temperature of asphalt limits the application of this material to structures that do 

not encounter temperatures exceed 40˚C.In addition, it limits the performance and 

durability of asphalt. Rutting is a particularly common durability problem for 

asphalt pavements in areas with warm climate (Liu et al., 2008). 

The reuse of waste iron powder (WIP) in the world will partially contribute in 

reducing the amount of waste, the area of land used for landfill and use of basic 

raw materials, natural resources and modify hot mix asphalts HMAs properties. 

1.2 Problem statement   

The USA spends $25 billion per year on pavement maintenance and traffic 

services (Arabani et al., 2010). The production of steel in integrated steel plants 

generates iron oxide fines at every stage of the process leading to either a loss of 

the iron resource or the burden of higher utilization costs. The various solid 

wastes that are emerged from steel plants are blast furnace slag, blast furnace flue 

dust, sludge, mill scale…etc. The composition of these  materials vary widely 

depending on the source of generation but usually contains some useful resources 

such as iron, carbon, calcium, zinc, lead, etc., which can be recovered and reused 

in a judicious manner (El-Hussiny and Shalabi, 2011).Scientists and engineers are 

constantly searching on different methods to improve the performance  of  asphalt  

pavements. This  study  was  conducted  to  investigate  the possible use of waste 

iron powder  (WIP) as a modifier of hot-mix asphalt and the feasibility of 

incorporating WIP to improve the performance of asphalt mix. 

1.3 Aim and Objectives 

a) Aim 

The aim of this research is to investigate the possibility of reusing waste iron 

powder (WIP) as an aggregate to modify asphalt mix properties. 

b) Objectives 

The primary objective of this research is to evaluate the use of waste iron 

powder in hot mix asphalts HMAs.  
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Specifically, this research work is intended to achieve the following 

objectives:  

 Study the effect of adding different percentages of WIP on the properties 

of asphalt mix comparing it with conventional mix properties by Marshal 

Test. 

 Implementing a series of sample mixes composed of different bitumen 

percentages, aggregate gradations to achieve Marshal Stability and 

optimum bitumen content that produce the conditions of the asphalt mix 

for the pavement layers. 

 Identify the optimum percent of WIP to be added in the hot mix asphalts. 

 

1.4 Importance of the study 

 Finding useful application for WIP as a part of solution for environmental 

problems resulting from disposal.  

 Study the ability of using WIP as a low price asphalt additive in order to 

improve performance of asphalt roads as well as to extend their service 

life. 

 Implementing laboratory tests to identify the characteristics of iron powder  

and conventional aggregates such as sieve analysis, specific gravity, 

absorption capacity, moisture content and scanning electron microscopic, 

…etc). 

1.5 Research Contribution 

From the previous studies, it should be noticed that the researchers studied the 

effects of use slag in hot mix asphalts using sieve analysis, absorption capacity, 

moisture content, and marshal test.  

In this study, it will focus of the effect of WIP on HMAs using Marshal Test. In 

addition, the  study will examine parameters that have not been done by other 

researchers. These parameters are: max. size of powder, percentage of powder 

content, morphology, porosity, adsorption and bitumen ratio. 
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1.6 Methodology 

To  achieve  the  objectives  of  this  study,  an  assessment  of  the  feasibility  of  

adding waste iron powder to HMAs using marshal test will be investigated. The 

following methodology will be applied: 

 Reviewing the literature of previous studies regarding the aggregates and 

asphalt mixes and reviewing groups of specifications. 

 Site visits to iron factory and investigations of the waste iron powder 

production plants to get more information and to collect samples. 

 Deep study of asphalt mix design and asphalt specification of binder 

course. 

 Study of waste iron powder properties. 

 Preparing new gradation from different sizes of aggregates with WIP 

which will be used for the layers of flexible pavements (Binder layer) 

within the limits of standard gradation for these layers. 

 Identifying Optimum Bitumen Content (OBC) using Marshal Mix design 

procedure. Five percentages of bitumen will be examined to determine the 

best percentage of bitumen for the aggregates used, which include 4, 4.5, 

5, 5.5 and 6% by weight of the mix.   

 Testing addition of different percentages of waste iron powder on the 

asphalt mix properties comparing it with conventional mix in terms of the 

mechanical properties (bulk density, Marshal stability, flow, air voids and 

Intended percentages are 1.25, 2.5, 3.75, 5, 7.5 and 10 % by weight of 

aggregates). 

 Discussion of testing results. 

 Drawing conclusions and recommendations. 
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The following chart illustrates the proposed methodology:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1.1): proposed methodology 

1.7 Study limitations 

The results of this study depended on set of limitations and criteria that were 

taken into account during the experimental work. These limitations include: 

a) Only one type of iron sieve (0 - 2mm) was studied as a modifier of asphalt 

mixtures properties. 

b) WIP are added as sand and replace it in the asphalt mix. 

c) Percentages of WIP are utilized in first stage within the range of (0 – 5% 

with 1.25 incremental) by weight of aggregates. 

d) Percentages of WIP are utilized in second stage (7.5 and 10%) by weight 

of aggregates. 
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1.8 Thesis structure   

Thesis includes five chapters and seven appendices. A brief description of the 

chapters’ contents is presented below: 

Chapter (1): Introduction 

This chapter is a briefly introduction, which highlights the concept of 

research. In addition,   statement of problem, aim, objectives, research 

contribution, methodology of research are described and study limitation. 

Chapter(2): Literature review 

Brief  introduction  related  to  hot  mix  asphalt, slag, iron  waste  and  its 

utilization in asphalt mix is included in this chapter. Moreover, previous 

researches relevant  to  slag  modified  asphalt  mixes. 

Chapter (3): Materials and testing program 

This chapter handles two topics first is the preliminary evaluation of used 

materials properties such as aggregates, bitumen and waste iron powder. 

Second is the description of experimental work which has been done to 

achieve study aims. 

Chapter (4): Results and data analysis 

The achieved results of laboratory work are illustrated in this chapter through 

three stages. First stage handles the results of blending aggregates to obtain 

asphalt binder course gradation curve. Second stage, Marshal Test results are 

analyzed in order to obtain the optimum bitumen content (OBC). The 

following step discusses the effect of  adding  different  percentages  of  WIP  

on  asphalt  mix  properties;  finally  the optimum WIP modifier content is 

obtained. 

Chapter (5): Conclusion and recommendations 

Conclusions  derived  from  experimental  results  are  presented.  Moreover,  

the recommendations for the present study and other further studies are also 

provided in this chapter. 
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2.1 Introduction 

The increase in traffic loading repetitions in combination with an insufficient 

degree of maintenance and difficulties in supplying high quality materials due the 

siege imposed on  Gaza  strip  has  caused  an  accelerated  and  continuous  

deterioration  of  the  road network. To alleviate this process, several ways may 

be effective, e.g., securing funds for maintenance, improved roadway design, 

better control of materials quality and the use of more effective construction 

methods(Awwad and Shabeeb, 2007). Asphalt pavement performance is affected 

by several factors, e.g., the properties of the components (binder, aggregate and 

additive) and the proportion of these components in the mix. The performance of 

asphalt mixtures can be improved with the utilization of various types of 

additives, these additives include: polymers, latex, fibers and many chemical 

additives (El-Saikaly, 2012).   

The excessively increasing cost of the repair and rehabilitation of highway and 

airport pavements has led to comprehensive research on the use of additives in 

HMAs to increase their strength and life durability against dynamic loads The 

pavements’ weakness in the case of dynamic loads and their short performance 

life are the major concern regarding their repair and maintenance. One of the 

most effective factors for increasing the load-bearing capacity of asphalt concrete 

pavements could be to introduce higher interlocking between the stone aggregates 

(Arabani and Mirabdolazimi, 2011). 

2.1.1  Asphalt Layers 

The asphalt layers are usually three layers: 

a) Asphalt wearing course. 

b) Asphalt binder course. 

c) Asphalt road base. 

The first two layers are forming together a high resistance system for the 

horizontal and vertical forces and the resultant shear forces especially in the high 

temperature during the summer season (Jendia, 2000). 
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2.1.2 Asphalt course 

Asphalt course is the surface course of asphalt pavement structure consists of a 

mixture of mineral aggregates and bituminous materials placed as the upper 

course and usually constructed on a base course. The binder course lies between 

the wearing course and the road base. So, it reduces the stresses which affect the 

road base and the soil base. The selection of the aggregate mixture depends on 

the thickness of the layer (Jendia, 2000). 

2.2 Hot Mix Asphalts 

Hot-Mix Asphalts (HMAs) is the most widely used paving material around the 

world. It's known by many different names: hot mix asphalt, asphaltic concrete, 

plant mix, bituminous mix, bituminous concrete, and many others. It is a 

combination of two primary ingredients aggregates  and  asphalt  binder.  

Aggregates  include  both  coarse  and  fine  materials, typically  a  combination  

of  different  size  rock  and  sand.  The  aggregates  total approximately 95% of 

the total mixture by weight. They are mixed with approximately 5% asphalt 

binder to produce hot mix asphalt (MAPA, 2011).  

The pavement is a group of layers of specific materials that is positioned on the 

in-situ soil (Sub Grade). The other layers are (Sub Base, Rock Road Base and 

Asphalt covering Layers “Binder and Wearing course”).Each layer receives the 

loads from the above layer, spreads them out, then passes on these loads to the 

next layer below. Figure (2.1) shows a vertical section of typical asphalt concrete 

pavement structure. 

 

 

 

 

 

Figure (2.1): Vertical section of asphalt pavement 
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2.2.1  Basic materials in hot mix asphalt 

2.2.1.1  Aggregates 

Aggregates  (or  mineral  aggregates)  are  hard,  inert  materials  such  as  sand,  

gravel, crushed rock, slag, or rock dust. Properly selected and graded aggregates 

are mixed with the  asphalt  binder  to  form  HMA  pavements.  Aggregates  are  

the  principal  load supporting components of HMA pavement (El-Saikaly, 2012). 

Aggregates in HMA can be divided into three types according to their size: 

coarse aggregates, fine aggregates, and mineral filler. Coarse aggregates are 

generally defined as those retained on the 2.36-mm sieve. Fine aggregates are 

those that pass through the 2.36-mm sieve and are retained on the 0.075-mm 

sieve. Mineral filler is defined as that portion of the aggregate passing the 0.075-

mm sieve. Mineral filler is a very fine material with the consistency of flour and 

is also referred to as mineral dust or rock dust (Transportation research board 

committee, 2011): 

2.2.1.1.1 Coarse aggregate 

Gravels are often dredged from rivers and are sometimes mined from deposits. 

Because of the rounded particle size, gravels are not suitable for use in HMA 

mixtures unless they are well crushed. Poorly crushed gravels will not interlock 

when used in HMA, and the resulting mixture will have poor strength and rut 

resistance. Crushed stone is coarse aggregate that is mined and processed by 

mechanical crushing. It tends to be a very angular material and, depending on its 

other properties, can be well suited for use in HMA pavements. One potential 

problem with crushed stone is that the particles sometimes will tend to be flat, 

elongated, or both, which can cause problems in HMA mixtures. Ideally, the 

particles in crushed stone aggregate should be cubicle and highly angular. 

2.2.1.1.2 Fine aggregate 

The fine aggregate, or sand, used in HMA can be natural sand, manufactured 

sand, or a mixture of both types. Natural sand is dredged from rivers or mined 

from deposits and is then processed by sieving to produce a fine aggregate having 
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the desired particle size distribution. Manufactured sand is produced by crushing 

quarried stone and, like natural sand, sieving to produce the desired gradation. 

The particles in manufactured sands tend to be more angular than those in natural 

sand and often will produce HMA mixtures having greater strength and rut 

resistance compared to those made with natural sand. However, this is not always 

true, and care is needed when selecting fine aggregate. 

2.2.1.2  Asphalt binder (bitumen) 

Asphalt binders have been used in road construction for centuries.  Although 

there are natural deposits of asphalt, most asphalts used today is produced 

through refining crude oil. Asphalt is a strong cement that is very adhesive and 

highly waterproof.  It is also highly resistant to most acids, alkalis, and salts (AL-

Shrafi, 2005). 

 

 

 

 

 

 

 

Figure (2.2): Petroleum Asphalts Flow Chart (www.engr.psu.edu) 

2.2.1.2.1 Behaviour of bitumen 

Bitumen is visco-elastic material and asphalt performance depends on 

environmental and traffic: 

a) Viscous (Flows) at high temperature (ductile). 

b) Elastic at low temperature (brittle). 
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Figure (2.3): Temperature effect on bitumen (www.engr.psu.edu). 

2.2.2  Desirable properties of asphalt mixes   

Mix design seeks to achieve a set of properties  in the  final HMA product. These 

properties are related to some or all variables which include asphalt binder content, 

asphalt binder characteristics, degree of compaction and aggregate characteristics 

such as gradation, texture, shape and chemical composition (Lee et al., 2006). Some 

of the desirable properties 
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Table 2.1:Summary of properties Asphalt- Aggregates mixes (Lee et al., 2006) 

Property Definition 
Examples of Mix Variables 

Which have Influence 

Stiffness 

Relationship between stress and  

strain at a specific temperature 

and time of loading 

 Aggregate gradation 

 Asphalt stiffness 

 Degree of compaction 

 Water sensitivity 

 Asphalt content 

Stability 

Resistance to permanent 

deformation (usually at high 

temperature and long times of 

loading- conditions of low 

S(mix). 

 Aggregate surface texture 

 Asphalt gradation 

 Asphalt stiffness 

 Asphalt content 

 Degree of compaction 

 Water sensitivity   

Durability 

Resistance to weathering effects  

(both air and water) and to the  

abrasive action of traffic. 

 Asphalt content 

 Aggregate gradation   

 Degree of compaction 

 Water sensitivity 

Fatigue Resistance 
Ability Of mix to bend 

repeatedly without fracture 

 Aggregate gradation 

 Asphalt Content 

 Degree of compaction 

 Asphalt stiffness 

 Water sensitivity 

Note : Selection of mix  

component3 and or asphalt  

thickness dependent on  

structural pavement section  

design. 
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2.2.2.1 Methods of mix design and Marshal Mix Design 

Three HMA mix design methods have been widely used in the United States and 

Canada during the past 60 years: the Marshall method of mix design, the Hveem 

method, and the Super pave method of mix design and analysis. The Marshall 

and Hveem methods were largely developed in the1940s and were the first 

systematic and widely used methods of HMA mix design. The Super pave 

Table 2.1:Summary of properties Asphalt- Aggregates mixes (Lee et al., 2006)…..continue 

Property Definition 
Examples of Mix Variables 

Which have Influence 

Fracture Characteristics 
Strength of mix under single 

tensile stress application.   

 Aggregate gradation 

 Aggregate type 

 Asphalt Content 

 Degree of compaction 

 Water sensitivity 

 Asphalt stiffness 

Skid Resistance (surface  

friction characteristics) 

Ability of mix to provide 

adequate coefficient of friction 

between tire and pavement under 

"wet" conditions 

 Aggregate texture and 
resistance to polishing  

 Aggregate gradation 

 Asphalt content 

Permeability 

Ability of air, water, and water 

vapor to move into and through 

mix 

 Aggregate gradation 

 Asphalt content 

 Degree of compaction 

 

Workability 
Ability of mix to be placed and 

compacted to specified density 

 Asphalt content 

 Asphalt stiffness at 
Placement 

 Aggregate surface texture. 
Aggregate gradation.  
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system, developed during the late 1980s and early 1990s, was intended to 

improve on the Marshall and Hveem procedures, Of special significance is the 

Super pave system, which is the basis for the mix design method presented in this 

manual. Because of this close relationship, the Super pave system is described in 

greater detail than the other two mix design methods. 

The Marshall method of HMA mix design was originally developed by Bruce 

Marshall in the1940s, while he was working for the Mississippi State Highway 

Department. The procedure was later adopted and further refined by the U.S. 

Army Corps of Engineers (USACE). A wide range of engineers and 

organizations have proposed improvements and variations to this design 

procedure; publications of the Asphalt Institute are considered by many to be the 

best references for this and many other mix design methods(Transportation 

research board committee, 2011). 

Steps for Marshal method: 

a) Preparation of test specimens. 

b) Bulk specific gravity determination 

c) Stability and flow test determination 

d) Density and voids determination 

 

 

 

 

 

 

 

Figure 2.4: Marshall Stability and Flow Test 
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2.2.3 Gradation specifications for asphalt binder course 

An aggregate's particle size  distribution, or gradation, is  one of its most  

influential characteristics. In hot-mix asphalt, gradation helps to determine almost 

every important property  including  stiffness,  stability,  durability,  permeability,  

workability,  fatigue resistance, and resistance to moisture damage. Gradation is 

usually measured by a sieve analysis. Table (2.2) and Figure (2.2) indicates 

international gradation limits for the asphalt binder course (ASTM D3515). 

Table (2.2): Gradation of Asphalt Binder Course (ASTM D3515) 

Sieve 
No. 

Size of the sieve in mm Percentage by Weight Passing 
Min Max 

1ʺ 25 100 100 
3/4ʺ 19 90 100 

3/8ʺ 9.5 56 80 
#4 4.75 35 65 

#10 2.36 23 49 
#50 0.3 5 19 

#200 0.075 2 8 

 

 

Figure (2.5): Gradation Curves of Asphalt Binder Course (ASTM D3515) 
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2.2.4  Mechanical properties specifications for asphalt binder course 

Two specifications for the mechanical properties of asphalt binder course are 

reviewed. First is the Municipality of Gaza (MOG) local projects specification. 

Second is the Asphalt Institute specification AS (MS-2).  Table (2.3) summarizes 

these specifications. 

Table (2.3): Mechanical properties specifications for asphalt binder course 

 

 

 

 

 

 

 

 

2.3 Iron modified asphalt mix 

Asphalt Concrete (AC) mixture is subject to many external forces during its 

service life which could eventually lead to failure. Different types of failures have 

been observed in asphalt mixtures such as permanent deformation (rutting), 

fatigue failure, and low temperature cracking. Fatigue failure is a common 

damage in AC mixtures which appears in the form of cracking (alligator 

cracking), Fatigue resistance is the ability of the asphalt mixture to resist repeated 

bending forces without fracture and cracking (Baghaee Moghaddam, Karim et al., 

2012). 

Blast furnace slag and iron powder can be helpful in improving the interlocking 

between stone particles because of their external characteristics and shapeless 

coarse fabric structure. The results of the research carried out in 2008 

demonstrated that the use of iron powder in HMA can increase its fatigue life 

Property 
Local 

Spec.(MOG, 1998) 

International 
Spec.(Asphalt Institute, 

1997) 
Min. Max. Min. Max. 

Stability (kg) 900 * 817 * 
Flow (mm) 2 4 2 3.5 

Void in Mineral 
aggregate 
(VMA)% 

13.5 * 13 * 

Air voids (Va)% 3 7 3 5 

Bulk density 2.3 * 2.3 * 
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noticeably by obtaining higher interlocking between aggregates (Arabani and 

Mirabdolazimi, 2011). 

2.3.1  Iron powder structure and classification 

Iron powder is produced in many different grades for varieties of applications. 

High purity fine iron powders are used to manufacture sintered components, soft 

magnetic components, brazing, iron fortification, friction products, printing, 

surface coating, welding, brazing, chemistry and polymer filtrations. Iron powder 

products are classified by purity, production method, grain and density. 

Following are some of the most widely used iron powder products (Industrial 

Research Center, 2013). 

Table 2.4: Types and classification of iron powder (Industrial Research Center, 2013). 

Type Description Specifications 

IRON100 Iron Powder, LD, HP, 
HS, Mesh 100 

is a high green strength reduced iron powder 
specifically manufactured for low to medium 
density P/M applications, resin casting, and 
rough magnetic paints. 

IRON325 Fine Iron Powder, LD, 
HP, Mesh 325 

 

is a super fine high green strength reduced 
iron powder specifically manufactured for low 
to medium density P/M applications, resin 
casting, and smooth magnetic paints and 
printing inks.  

 

FE100.29 Iron Powder, HD, HP, 
LS, Mesh 100 

is a high purity water atomized iron powder 
with  irregularly shaped and high density 
particles.  The high compressibility of FE100.29 
makes it a perfect choice for manufacturing pure 
iron or iron alloy parts with high tensile strength 
as well as high compressive strength. FE100.29 
is mainly used in powder metallurgy for 
production of high strength machine parts.  

S100 Steel Powder, HD, LP, 
Mesh 100 

is black iron/ steel powder used in fireworks, 
concrete (to increase weight and create rust 
effects), soil additive, chemical reactions 
(production of iron sulfate, iron chloride, ..), 
electromagnetism (as iron filings).  

 

http://www.iron-powder.com/IRON100_Specifications.asp
http://www.iron-powder.com/IRON325_Specifications.asp
http://www.iron-powder.com/FE100_Specifications.asp
http://www.iron-powder.com/S100_Specifications.asp
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Table 2.4: Types and classification of iron powder (Industrial Research Center, 

2013)….continue  

Type Description Specifications 

S70 Steel Powder, HD, LP, 
Mesh 70 

is black iron/ steel powder used in fireworks, 
concrete (to increase weight and create rust 
effects), soil additive, chemical reactions 
(production of iron sulfate, iron chloride, ..), 
electromagnetism (as iron filings). (Note: S70 is 
more coarse than S100) 

S1001 Steel Powder, HD, HP, 
Mesh 100 

 

is a highly compressible, water-atomized steel 
powder specifically designed for high density, 
high strength powder metallurgy and powder 
forging applications. In addition to the powder 
metallurgy, S1001 is used in production of 
brazing pastes, metal clays, magnetic paints, 
and resin casting.  

 

CIPMS Carbonyl Iron Powder 
MS (microspheres) 

 

is high purity (99.5%) iron microspheres 
known as Carbonyl Iron Powder or Zero 
Valent Iron powder. Particles are 
microspheres in the range of 3 to 10 microns. 

 

CIRON Cast Iron Powder, HD, 
LP, Mesh 50 

is cast iron powder with about 95% iron content. 
This product does contain about 5% carbon and 
may have some rust effect. The color of the cast 
iron powder may vary from brown to black. 

FE3O4M1 Magnetic Iron Oxide 

 

is a very fine synthetic magnetite or magnetic 
iron oxide with particles in the range of 5 to 6 
microns. 

 

GRPM5 multi-purpose graphite 
powder 

is a very fine, multi-purpose graphite powder 
used in powder metallurgy, metal clays, paints 
and coatings, lubricants, fingerprinting dust, 
mold release agent, batteries, plastic 
reinforcement, fire retardants, pencils, molds, 
and many other applications. 

 

HD: High Density HP: High Purity HS: High Specific Surface 

LD: Low Density LP: Low Purity LS: Low Specific Surface 

 

http://www.iron-powder.com/S100_Specifications.asp
http://www.iron-powder.com/S1001_Specifications.asp
http://www.iron-powder.com/CIPMS_Specifications.asp
http://www.iron-powder.com/CIRON_Specifications.asp
http://www.iron-powder.com/FE3O4M1_Specifications.asp
http://www.iron-powder.com/GRPM5_Specifications.asp
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2.4 Iron waste problem  

As a result of rapid industrial growth in various fields together with population 

growth, an obvious increase in waste generation rates for various types of waste 

materials is observed.  Many of the wastes produced today are non-biodegradable 

such as blast furnace  slag,  fly  ash,  steel  slag,  scrap  tires,  plastics,  etc.  that  will  

remain  in  the environment for hundreds of years leading to waste disposal crisis as 

well as various environmental concerns (El-Saikaly, 2012). 

2.5 Laboratory studies related of iron utilization in asphalt mixes 

Several investigations have been carried out on incorporating iron powder to improve 

performance of asphalt mixtures. Recycled iron as one sort of waste iron powder can 

replace a portion of aggregates. 

2.5.1 Using iron powder with replace aggregates    

(Wu et al., 2007) indicated that volume properties of Stone Mastic Asphalt (SMA) 

mixture with steel slag satisfied the related specifications and expansion rate was 

below 1% after 7 days. When compared with basalt, high temperature property and 

the resistance to low temperature cracking of SMA mixture were improved by using 

steel slag as aggregate. In-service SMA pavement with steel slag also presented 

excellent performance on roughness and porosity. The porosity of steel slag is as large 

as 24 times of basalt (5.76% and 0.24%, respectively), which indicates that steel slag 

has a porous structure. Various properties of both aggregate are shown in Tables 2.5, 

2.6. 

Table 2.5: Physical properties of aggregate (Wu et al., 2007). 

Items 
Bulk 

density 
(g/cm3) 

Cumulus 
density 

(g/cm3) 

Water 
absorption 

(%) 

Crushing 
value 
(%) 

Polishing 
stone 

value (%) 

Binder 
adhesion 

(%) 

LA 
abrasion 

(%) 

Steel slag 3.30 1.90 1.29 12.10 58 ≥95 13.20 

Basalt 2.85 1.70 0.68 12.70 48 ≥85 15.80 
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Marshall Test results of SMA mixtures are shown in Table below, where in clearly 

shows that steel slag has more reliable consistency. 

Table 2.6: Marshall test results of SMA mixture (Wu et al., 2007). 

Items 
Optimal 
asphalt 

content (%) 

Density 
(g/cm3) 

Air voids (%) VMA (%) 
Marshall 

stability (kN) 

Steel slag 6.40 2.610 3.90 18.50 10.80 

Basalt 6.20 2.520 4.0 18.70 11.50 

Specifications   - - 3-4 ≥17 ≥6.0 

A Technical specifications for construction of highway asphalt pavements, JTG F40-2004. 

Arabani and Mirabdolazimi, 2011 discussed using waste iron powder in hot mix 

asphalts (HMAs) improves their dynamic properties, use 2.36mm max size of iron 

powder, grains number of cycles needed for the failure at 250 kpa, 400 kpa and 

different temperature 5, 25, 40  with Percentage of waste iron powder 0, 4, 8, 12, 

16%. Arabani and Mirabdolazimi results showed that the use of waste iron powder in 

asphalt concrete mixtures can improve their dynamic properties while increasing the 

efficiency of the asphalt pavements, thus decreasing the total cost of high way net 

works. In addition, the use of this type of waste material could be a helpful solution 

for a better and less-polluted environment. The iron powders used in this study were 

provided from the waste steel particles of a cutting device for the steel profiles in a 

steel segment assembly company. The properties of the steel are listed in Table 2.7. 

Table 2.7: Properties of the steel (Arabani and Mirabdolazimi, 2011). 

 

2.5.2 The effect of morphology of iron powders on their compaction behavior 

(Poquillon et al., 2002) discuss relations between powder morphology and mechanical 

properties, in research use two powders, one with spherical grains and the other with 

spongy grains, have been synthesized in order to prepare green compacts under 

pressures ranging from 100 to 350 MPa. The compaction behaviour of both powders 

Atomic 
number 

Atomic weight Boiling point Density 
Max. size of powder 

grains 

26 55.847 g/mol 2750 ˚C 7.86g/cm3 2.36mm 
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has been experimentally described by the relation between the applied compaction 

pressure and the relative density of the material. Different stages have been identified 

at increasing compaction pressure: (i) fully elastic behaviour (Stage I), (ii) particle 

sliding (Stage II), (iii) particle irreversible deformation (Stage III). Spongy powder-

based compacts achieved greater density at the same compaction pressure than 

spherical powder-based compacts (Poquillon et al., 2002). 

 (a) (b) 

 

 

 

 

 

 

 

 

Figure 2.6: Photograph of the iron powder: (a) E, spongy morphology (b) S, spherical 
morphology (Poquillon et al., 2002). 

 

2.5.3  Conclusion 

Later than reviewing the preceding studies related to consumption of iron powder 

waste in the asphalt mix as a modifier, it’s clear that there are different forms for 

addition of iron  to  asphalt  mix  which  can  improve  asphalt  mix  properties.  

Properties  of modified asphalt mix are related to many aspects such as iron type, 

utilization form and percentage of added iron. In this study one type of iron which is 

fine waste iron will be utilized in the asphalt mix as fine aggregate and it has 

gradation from 0 to 2 mm . The effect of adding WIP in the range 0 - 5% with 1.25 

incremental by the weight of aggregates and 7.5 – 10% for application stage will be 

studied. Locally existing bitumen and aggregates will be used in this study.  
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Chapter 3. Materials and Testing Program 
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3.1 Introduction 

The  major  purpose  of  this  thesis  is  to  estimate  the  properties  of  hot  mix  

asphalt modified with waste iron powder. Process and procedures on how this 

study is carried out will be explained in detail. This chapter deals with two topics. 

First, is to evaluate used materials properties such as aggregates, bitumen and 

waste iron. Second, is to describe how experimental work has been done to 

achieve study objectives. 

3.2 Laboratory examine process 

This thesis is depend on laboratory testing as the main procedure to achieve study 

goals. All the testing is conducted using equipment and devices existing in the 

laboratories of Islamic University of Gaza and University of Malaya in Malaysia. 

Laboratory tests are divided into a number of stages, which start with assessment 

of the properties of used  materials as aggregates, bitumen, and iron powder. 

Sieve analysis  is carried out for each aggregate type and iron powder to obtain 

the grading of aggregate sizes followed by aggregates blending to obtain binder 

course gradation curve used to prepare asphalt mix, Therefore;  Asphalt  mixes  

with  different  bitumen  contents  are  prepared  and marshal test is conducted to 

obtain optimum bitumen content. The value of the optimum bitumen is used to 

prepare asphalt mixes modified with various percentages of waste iron powder. 

Marshal Test will be used to evaluate the properties of these modified mixes. 

Finally, laboratory tests results are obtained and analyzed. Figure (3.1) shows the 

flow chart of laboratory testing procedure. 

3.2.1 Materials collection 

Materials required for this study are the component of hot mix asphalt and Waste 

iron powder, figure (3.1) display the laboratory testing procedure and table (3.1) 

present main and local sources of these materials. 
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                 Figure (3.1): Flow chart of laboratory testing procedure 
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Table (3.1): Main and local sources of used materials 

Material 
Source 

Main Local 

Aggregates Crushed rocks (Egypt) Al-Farra factory (Rafah city) 

Bitumen Egypt Al-Farra factory (Rafah city) 

Milled waste iron 
powder Local waste iron powder 

Abu-karsh iron factory 

(Gaza city) 

       

 

3.2.2 Number of samples required 

First Stage (5% sand) 

 Five percentages of bitumen will be examined to determine the optimum 

percentage of bitumen for the aggregates used, which include 4, 4.5, 5, 5.5 

and 6% by weight of the mix with 3 samples for each percentage:5  

percentages  x  4  samples  for  each percentage = 20 samples. 

 Conventional mix tests (0% WIP) = 4 samples.   

 The addition of waste iron powder in place of sand and filler will include 4 

percentages which is 25, 50, 75 and 100% % by weight of sand with 4 

samples for each percentage: 4 percentages x 4 samples  for  each  

percentage =  16 sample 

 Total number of samples required = approximately 40 samples. 

      Second Stage (10% sand) 

 Five percentages of bitumen will be examined to determine the optimum 

percentage of bitumen for the aggregates used, which include 4, 4.5, 5, 

5.5 and 6% by weight of the mix with 3 samples for each percentage:5  

percentages  x  4  samples  for  each percentage = 20samples. 
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 The addition of waste iron powder in place of sand and filler will include 

2 percentages which is 75 and 100% % by weight of sand with 4 samples 

for each percentage: 2 percentages x 4 samples  for  each  percentage =  8 

samples 

 Total number of samples required = approximately 28 samples. 

   Total number of samples required for two stage = approximately 68 samples. 

 

3.2.3 Materials properties 

3.2.3.1  Bitumen properties 

Asphalt binder 60/70 was used in this research. In order to evaluate bitumen 

properties number of laboratory tests have been performed such as: specific 

gravity, ductility, flash point, fire point, softening point and penetration. 

3.2.3.1.1  Bitumen penetration test 

o Test specification :  ASTM D5-95  

o Container dimension :  75 mm x 55mm  

o Test results are listed in Table (3.2) & Figure (3.2) shows penetration test 
setup for a bitumen sample. 

Table (3.2): Bitumen penetration test results 

 Sample (1) Sample (2) 

Trial 1 2 3 4 5 1 2 3 4 5 

Initial 60 60 59 64 57 62 63 60 58 61 

Final 126 125 123 131 127 127 130 130 131 130 

Penetration value  
(0.1 mm) 66 65 64 67 7 65 67 70 73 69 

Results 
66.40 68.80 

Average = 67.60 
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        Figure (3.2): Penetration test for a bitumen sample 

3.2.3.1.2  Ductility test 

o Test specification :  ASTM D113-86  

o Test results are listed in Table (3.3).   

o Figure (3.3) show ductility test for a bitumen sample. 

Table (3.3): Bitumen ductility test results 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.3): Ductility test for a bitumen sample 

Sample Ductility (cm) 

A 140 

B 145 

C 155 

Average 146.60 
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3.2.3.1.3  Softening point test 

o Test specification :  ASTMD36-2002  

o Test results are listed in Table (3.4).  

o Figure (3.4) show softening point test for bitumen samples. 

Table (3.4): Bitumen softening point results 

Sample Softening point (C°) 

Ring & ball 

A 48 

B 48.20 

Average 48.10 

 

 

Figure (3.4): Softening point test for bitumen samples 

3.2.3.1.4  Flash and fire point tests 

o Test specification :  ASTM D92-90  

o Test results is listed in Table (3.5)   

o Flash Point: the lowest temperature at which the application of test flame 

causes the vapors from the bitumen to momentarily catch fire in the form 

of a flash, Figure (3.5) show flash point.  
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o Fire Point: The lowest temperature at which the application of test flame 

causes the bitumen to fire and burn at least for 5 seconds. 

Table (3.5): Bitumen flash &fire point test results 

Flash point (C°) 254 

Fire point (C°) 266 

 

 

Figure (3.5): Flash & Fire point test for bitumen samples 

3.2.3.1.5  Specific gravity test 

o Test specification :  ASTMD D70  

o Test results is listed in Table (3.6) 

Table (3.6): Specific gravity test results 

Weight of sample   (gm) 30 

Weight of Pycnometer + water at 25ºC   (gm) 1784.26 

Weight of Pycnometer + water at 25ºC + Sample   (gm) 1784.935 
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3.2.3.1.6  Summary of bitumen properties 

Table (3.7) display a various bitumen properties and compared with ASTM 
specifications limits 

Table (3.7): Summary of bitumen properties 

Test Specification Results ASTM specifications limits 

Penetration at (0.01 mm) ASTM D5 67.60 60-70 (60/70 binder grade) 

Ductility (cm) ASTM D113 146.60 Min 100 

Softening point (°C) ASTMD36 48.10 (45 – 52) 

Flash point (°C) ASTM D92 254 Min 250°C 

Fire point (°C) ASTM D92 266 -- 

Specific gravity (g/   ) ASTMD D70 1.023 1.00-1.05 

 

3.2.3.2  Waste iron properties 

Table (3.8) and Figure (3.6) display the waste iron powder properties such as size, 
density, melting point, ….etc. 

Table (3.8): Waste Iron properties 

Property Detail 

Iron type Grinded waste iron 

Iron material Medium density iron 

Size (mm) 0-2.00 

Density (g/   ) 4.80 

Melting point (°C)* 2750 ˚C 

Atomic number* 26 

*.According to (Arabani & Mirabdolazimi, 2011) 
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Figure (3.6): Used gradation of waste iron powder (0 – 2mm) 

 

3.2.4  Aggregates properties 

Aggregates used in asphalt mix can be divided as shown in Table (3.9) and 
Figure (3.7).                           

Table (3.9): Used aggregates types 

 
Type of 

aggregate 

Particle size 

(mm) 

Coarse 

Folia 0/ 19.0 

Adasia 0/ 12.5 

Simsimia 0/ 9.50 

Fine 

Trabia 0/4.75 

Iron 0/2.00 

Sand 0/0.6 
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Figure (3.7): Used aggregates types 

In order to define the properties of used aggregates, number of laboratory tests 

have been done, these tests include: 

 Sieve Analysis( ASTM C 136) 

 Specific gravity test (ASTM C127). 

 Water absorption (ASTM C128) 

 Los Angles abrasion (ASTM  C131) 

Table (3.10): Aggregate tests results 

 

 

Test Folia 
0/ 19.0 

Adasia 
0/ 12.5 

Simsima 
0/ 9.50 

Trabia 
0/4.75 

Sand 
0/0.6 

Iron 
0/2.0 

Designation 
No. 

Specification 
limits 

Bulk dry S.G                2.63 2.58 4.80  

 
ASTM : 

C127 

 

 
-- 

Bulk SSD S.G      2.64 2.54 2.66 2.63 4.80 

Apparent S.G 2.67           2.71 2.72 4.80 

Effective S.G       2.61 2.58 2.67 2.65 4.80 

Adsorption 
(%) 1.30 1.27 4.35 1.10 2.02 0.00 

ASTM : 
C128 <5 

Abrasion 
value (%) 

20 20 -- -- --  
ASTM : 

C131 
<40 
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3.2.4.1 Sieve analysis 

According to specification ( ASTM C 136) , Table (3.11) and figures (3.8 - 3.14) 
show aggregates sieve analysis result. 

Table (3.11): Aggregates sieve analysis results 

Sieve size 

(mm) 

Sieve 

# 

Sample passing  

% 

Folia  

0/ 19.0 

Adasia  

0/ 12.5 

Simsimia 

0/ 9.50 

Trabia  

0/4.75 

Sand 

0/0.6 

Iron  

0/2.00 

19 3/4" 94.6 100 100 100 100 100 

12.5 1/2" 12.1 76.9 100 100 100 100 

9.5 3/8" 3.5 20.5 97 100 100 100 

4.75 #4 0.8 2.3 52.9 94.2 100 100 

2 #10 0.7 2.3 26.1 82.3 100 99.492 

1.18 #16 0.7 2.3 22.1 71.5 100 97.943 

0.6 #30 0.7 2.3 19.4 62.8 99.9 83.3 

0.3 #50 0.7 2.1 14.1 42.5 34.6 54.5 

0.15 #100 0.6 1.4 8.1 25.3 2.3 27.5 

0.075 #200 0.4 .7 5.9 17.6 1 10 
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Figure 3.8: Gradation curve - (Folia 0/19mm) for  aggregate 

 

 

Figure 3-9: Gradation curve - (Adasia 0/12.5 mm) 
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Figure 3-10: Gradation curve - (Sismimia 0/9.5 mm) 

 

 

Figure 3-11: Gradation curve - (Trabia 0/4.75mm) 
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Figure 3-12: Gradation curve - (Sand 0/0. 6mm) 

 

 

Figure 3-13: Gradation curve - (Fine Iron Powder 0/2.00mm) 
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Figure (3.14): Aggregates gradation curves 

 

3.3 Testing program 

3.3.1  Blending of aggregates 

Asphalt  mix  needs  the  combining  of  two  or  more  aggregates,  having  

different gradations, to produce an aggregate blend that meets gradation 

specifications for a particular asphalt mix. 

Existing aggregate materials (0/19), (0/12.5), (0/9.5), (0/4.75) and sand are 

integrated with the purpose of get the proper gradation within the acceptable 

limits according to ASTM specifications using mathematical trial method. This 

manner depends on suggesting different trial proportions for aggregate materials 

from whole gradation. The percentage of each size of aggregates is to be 

computed and compared to specification limits. If the calculated gradation is 

within the allowable limits, no further adjustments need to be made;  if  not, an 

adjustment  in the proportions must be  made and the calculations repeated. The 

trials are continued until the percentage of each size of aggregate are within 

allowable limits (Jendia, 2000). Aggregates blending results are offered in 

chapter (4) and in additional detail in Appendix (B).  
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3.3.2  Marshal test 

Marshall Method for designing hot asphalt mixtures is used to determine the 

optimum bitumen content (OBC) to be added to specific aggregate blend 

resulting a mix where the desired properties of strength and durability are met. 

According to standard 75-blow Marshal design method designated as (ASTM D 

1559-89) a number of 15 samples each of 1200 gm in weight were prepared using 

five different bitumen contents (from 4 - 6% with 0.5 % incremental). Three 

samples were used to prepare asphalt mixture with one-bitumen content to have 

an average value of Marshal Stability, bulk density and flow (El-Saikaly, 2012). 

Figure (3.15) show Marshal Specimens for different bitumen percentages, 

Marshall Properties of the asphalt mix such as stability, flow, density, air voids in 

total mix,  and  voids  filled  with  bitumen  percentage  are  obtained  for  various  

bitumen contents. The following graphs are then plotted: 

Steps for Marshal method: 

e) Preparation of test specimens. 

f) Bulk specific gravity determination. Bitumen Content; 

g) Stability and flow test determination. Bitumen Content; 

h) Density and voids determination (Va) vs. Bitumen Content; 

i) Voids Filled with Bitumen (VFB) vs. Bitumen Content These graphs 

are utilized to obtain optimum bitumen content. 

Figure (3.15): Marshal specimens for different bitumen percentages 
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3.3.2.1  Determination of optimum bitumen content (OBC) 

The optimum bitumen content (OBC) for proposed mix is the average of three 

values of bitumen content (Jendia, 2000), which consist of: 

 Bitumen content at the highest stability (% mb)Stability 

 Bitumen content at the highest value of bulk density (% mb)bulk density 

 Bitumen content at the median of allowed percentages of air voids  

(Va = 3-5%)  (% mb)Va 

Marshal graphs are utilized to obtain these three values. 

Optimum bitumen content (OBC) % = 

                                        

 
 

Characteristic of the asphalt mix using optimum bitumen content such as 

stability, flow, Va, bulk density and VMA are obtained and checked against 

specifications range. 

3.4 Preparation of asphalt mix modified with waste iron powder 

There are several different methods for used of waste iron materials in asphalt 

mix such as steel slag. In this study; the aim of adding waste iron powder (WIP) 

to asphalt mix is to provide an aggregate replace material .After obtaining OBC, 

28 samples were prepared at OBC to evaluate the effect of adding WIP to asphalt 

mixture samples by considering seven proportions of WIP, job mix 5% sand (0, 

1.25, 2.5, 3.75 and 5%), Application  job mix 10% sand (7.5 and10%) by replace 

sand from total job mix and added WIP. 

The method of incorporating WIP in asphalt mix can be summarized as follows: 

i. WIP have to be grinded then sieved to have a granular size (0 - 2.00 mm). 

ii. Obligatory amount of bitumen is heated until it reaches 150 °C. 

iii. WIP and course aggregates are mixed with fine aggregates followed by 
addition of  hot  bitumen  at  OBC.  All  component  are  mixed  
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dynamically  to  form  a homogeneous asphalt mixture. Figure (3.16) 
show adding WIP to job mix 

iv. After preparing modified asphalt mix, specimens are prepared, 

compacted, and tested according to standard 75-blow Marshal Method 

designated as (ASTM D 1559-89).  Figure  (3.17)  show  Marshal  

Specimens  modified with  different percentages of WIP.   

 

Figure (3.16): Adding WIP to aggregates after heating 

 

 

Figure (3.17): WIP modified Marshal Specimens 
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3.5 Scanning electron microscope and ASAP 2020 

The sand surfaces morphology and analysis of the waste iron powder were obtained 

using field emission scanning electron microscope AURIGA cross beam workstation 

(Carl Zeiss) equipped with EDAX (AMETEK, advanced microanalysis solutions) at 

an accelerating voltage of 25 kV (Fig. 3.18). 

 

Figure 3.18 : Photo of Scanning electron microscope AURIGA cross Beam 

Workstation (FESEM laboratory, Faculty of Engineering, University of Malaya) . 

The BET surface area, pore size and total pore volume of asphalt mix with iron 

powder samples were determined using N2 adsorption at 77 K using a Micromeritics 

ASAP 2020 surface area and porosity analyzer as shown in Fig. 3.19. The weight of 

the samples was around 0.2 g. All the samples were degassed under vacuum at 120 °C 

for 12 h before nitrogen adsorption in a vacuum system at about 1 atm. The 

Micromeritics ASAP 2020 performs automated analysis. It is capable of performing 

simultaneously BET multi-point and single point surface area, Langmuir surface area, 

t-method micro pore and BJH adsorption/desorption distribution. 
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Figure 3.19: Micromeritics ASAP 2020 surface area and porosity analyzer 

3.6 The characterization methods for waste iron powder 

3.6.1 Surface area and pore size analysis 

Nitrogen adsorption-desorption isotherms were recorded for the virgin of iron and 

asphalt mix. The specific surface area obtained according to the Brunauer-Emmett-

Teller (BET) model of virgin iron and iron with bitumen was 0.00 m2g-1 at 77 K, 

using N2 as adsorbate.  

3.6.2 Scanning Electron Microscopy Studies 

Surface morphology plays a significant role in determining the surface availability of 

waste iron powder. Scanning electron microscopy was used to observe the surface 

morphology at high resolution and to study the variation in surface texture. Figures 

3.20 and 3.21 show the typical morphological features of asphalt based on sand  and 

waste iron powder (WIP), respectively using scanning electron microscopy (SEM). 
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The pure sand and waste iron powder (Figures 3.20A and 3.20B) has low porosity and 

smooth surfaces. Figures 3.21a and 3.21b show the SEM image of the asphalt based 

on sand and iron respectively. As shown, the asphalt blend with sand are more 

uniformly distributed across the final surface with good homogeneity , unique 

structure and rough edges on the other hand, the asphalt mix with iron powder are 

more homogeneous and uniformly distributed. The best results are obtained when the 

iron powders are well mixed into the asphalt binder preparation. SEM micrographs 

obtained at the same magnifications indicate significant improvement in the 

microstructure of the proposed asphalt. It can be seen that after binding the asphalt 

with sand, and asphalt with iron, the morphology changes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20: SEM images of (A) Pure Sand, (B) Waste Iron Powder WIP 
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Figure 3.21: SEM images of (a) Asphalt withSand, (b) Asphalt with Wast Iron 

Powder 
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4.1 Introduction 

Results of laboratory work had been obtained and analyzed with the purpose of 

achieve study objectives which include studying the effect of adding different 

percentages of WIP on the mechanical properties of asphalt mix and determine 

the optimum percent of WIP to be added to hot mix asphalt. 

Laboratory work results are offered in this chapter in three stages. First, handle 

the results of blending aggregates to obtain asphalt binder course gradation curve. 

Second stage, Marshal Test is carried out with different percentages of bitumen 

which are (4.0, 4.5, 5.0, 5.5 and 6.0%) and the results are analyzed with the 

purpose of obtaining the optimum bitumen content (OBC). 

Later than identify OBC, the  next step is to study the effect of adding different 

percentages of WIP on asphalt mix properties which include two stage, First 

stage 5% sand ,Thus; different percentages of WIP which are added to asphalt 

mix (0, 1.25, 2.5, 3.75 and 5% by the weight of aggregate), Second stage 10% 

sand with different percentages of WIP which are added to asphalt mix (7.5 

and10% by the weight of aggregate). Marshal test results for modified asphalt 

mixes are analyzed and finally the optimum waste iron powder modifier content 

is obtained.  

4.2 First Stage 

4.2.1 Blending of aggregates  

The final ratio of each aggregate material in asphalt binder course is shown in 

Table (4.1).More specifically, this stage make at 5% sand. The proposed 

aggregates gradation curve is found to be satisfying ASTM specification for 

asphalt binder course gradation. The gradation of final aggregate mix with ASTM 

gradation limits is presented in Table (4.2) and Figure (4.1) . 
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Table (4.1): Proportion of each aggregate material from proposed mix 

Aggregates type Size (mm) 

Proportion 
from proposed 

mix (%) 

First stage  

(Sand 5%) 

Folia 0/19 18 

Adasia 0/12.5 26 

Simsimia 0/9.5 27 

Trabia 0/4.75 24 

Sand 0/0.60 5 

Sum 100 

 

Table (4.2): Gradation of proposed mix with ASTM specifications limits 

Sieve size 

(mm) 

% 
Passing 

ASTM D3515 

specification limits (%) 

First 
Stage  Min Max 

19 99 90 100 

12.5 78 67 85 

9.5 61 56 80 

4.75 43 35 65 

2.00 33 23 49 

1.18 29 15 37 

0.600 26 8 28 

0.300 16 5 19 

0.150 9 3 14 

0.075 6 2 8 
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Figure (4.1):Gradation curves of final aggregates for first  stage compared with 

ASTM specification  

 

4.3 Phase (I): optimum bitumen content for 5% sand 

As indicated in chapter (3). A number of 15 samples each of 1200 gm 

approximate in weight were prepared using five different bitumen contents (from 

4 - 6% with 0.5 % incremental) with the purpose to obtain the optimum bitumen 

content (OBC) for two job mix. Table (4.3) and Figures (4.2 –4.7 ) show 

summary of Marshal Test results. further details are offered in Appendix (D). 
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Table (4.3): Summary of Marshal Test results for first stage 

Bitumen 
%(by 
total 

weight) 

Sample 
No. 

Stability(Kg) Flow(mm) ρA 
(g/cm3) 

Va 
(%) 

Vb (%) (VMA) 
(%) 

(VFB) 
(%) 

4 

1 1194.00 2.95 2.37 5.38 9.29 14.67 63.30 
2 1225.09 2.88 2.37 5.50 9.27 14.78 62.77 
3 1190.52 2.82 2.38 5.37 9.29 14.66 63.35 

Average 1203.20 2.88 2.37 5.42 9.28 14.70 63.14 

4.5 

1 1275.95 3.49 2.39 3.56 10.52 14.08 74.70 
2 1185.59 3.32 2.38 3.85 10.49 14.34 73.15 
3 1142.62 3.48 2.36 4.76 10.39 15.15 68.58 

Average 1201.39 3.43 2.38 4.06 10.47 14.52 72.14 

5 

1 1222.55 3.43 2.39 2.42 11.69 14.10 82.87 
2 1345.81 3.29 2.38 2.89 11.63 14.52 80.12 
3 1318.79 3.50 2.39 2.34 11.69 14.03 83.35 

Average 1295.72 3.41 2.39 2.55 11.67 14.22 82.11 

5.5 

1 1308.46 3.72 2.40 1.63 12.90 14.53 88.81 
2 1292.10 3.85 2.40 1.45 12.93 14.38 89.93 
3 1421.64 3.80 2.40 1.49 12.92 14.41 89.68 

Average 1340.73 3.79 2.40 1.52 12.92 14.44 89.47 

6 

1 1274.34 4.74 2.39 0.65 14.04 14.69 95.58 
2 1291.23 4.84 2.39 0.80 14.02 14.82 94.63 
3 1236.05 4.84 2.39 0.87 14.01 14.88 94.13 

Average 1267.21 4.81 2.39 0.77 14.03 14.80 94.78 

4.3.1  Stability – bitumen content relationship 

Stability is the maximum load required to produce failure of the specimen when load 

is applied at constant rate 50 mm / min (Jendia, 2000). Figure (4.2) display the 

stability results for different bitumen contents are represented.  Stability of asphalt 

mix increases as the bitumen content increase till it reaches the peak at bitumen 

content 5.5% then it started to dropped gradually at higher bitumen content. 

    Bulk Density      Air voids content      Percent volume of bitumen 

VMA% : Percent voids in Mineral Aggregates VFB%: Percent Voids Filled with Bitumen 
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Figure (4.2): Stability vs. bitumen content 

4.3.2  Flow – bitumen content relationship 

Flow is the total amount of deformation which occurs at maximum load (Jendia, 

2000). Figure (4.3) display the Flow results for different bitumen contents are 

represented.  Flow of asphalt mix increases as the bitumen content increase till it 

reaches the peak at the max bitumen content 6 %. 

 

Figure (4.3): Flow vs. bitumen content 
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4.3.3  Bulk density – bitumen content relationship 

Bulk density is the real density of the compacted mix. Figure (4.4) display the 

Bulk density results  for different bitumen contents are represented. Bulk density 

of asphalt  mix increases as the bitumen content increase till it reaches the peak 

(2.40 g/cm3) at bitumen content 5.50 % then it started to decline gradually at 

higher bitumen content. 

 

Figure (4.4): Bulk density vs. bitumen content 

 

4.3.4 Air voids content (Va%)  – bitumen content relationship 

The air voids content (Va %) is the percentage of air voids by volume in 

specimen or compacted asphalt mix (Jendia,  2000). Figure  (4.5) display the (  

Va %) results  for  different  bitumen  contents  are represented. Maximum air 

voids content value is at the lowest bitumen percentage (4%), (Va %) decrease 

steadily as bitumen content increase due to the increase of voids percentage filled 

with bitumen in the asphalt mix. 
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Figure (4.5): Mix air voids proportion vs. bitumen content 

4.3.5  Voids Filled with Bitumen(VFB%) – bitumen content  

Voids Filled with Bitumen (VFB) is the percentage of voids in mineral 

aggregates filled with  bitumen  (Jendia,  2000).  Figure  (4.6) display the  

(VFB%)  results  for  different  bitumen contents  are  represented.  Minimum  

VFB  content  value  is  at  the  lowest  bitumen percentage (4%), VFB% increase 

steadily as bitumen content increase due to the increase of voids percentage filled 

with bitumen in the asphalt mix. 

 

Figure (4.6): Voids filled bitumen proportion vs. bitumen content 
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4.3.6  Voids in Mineral Aggregates (VMA)–bitumen content relationship 

Voids in Mineral Aggregates (VMA) is the percentage of voids volume in the 

aggregates before adding bitumen or the sum of the percentage of voids filled 

with bitumen and percentage of air voids remaining in asphalt mix after 

compaction (Jendia, 2000). Figure (4.7) display the VMA results for different 

bitumen contents are represented. VMA decrease steadily as bitumen content 

increase and fill higher percentage of voids in the asphalt mix. 

 

Figure (4.7): Voids of mineral aggregates proportion vs. bitumen content 

4.3.7  Determination of optimum bitumen content (OBC) 

Figures (4.2,4.4and 4.5) are used to find three values respectively. 

 Bitumen content at the highest stability (% mb)Stability = 5.50 % 

 Bitumen content at the highest value of bulk density (% mb)bulk density = 
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4.4 Phase (II):  Effect of adding WIP on the mechanical properties of 

asphalt mix 

4.4.1  Conventional asphalt mix   

The mechanical properties of asphalt mix prepared with OBC (5.0 %) without 
addition of WIP is shown in Table (4.4). 

Table (4.4): Mechanical properties of asphalt mix without addition of WIP 

 

4.4.2  Asphalt mix with (WIP) 

In relation to process previously illustrated in chapter (3), 20 samples were 

prepared at OBC to evaluate the effect of adding WIP to asphalt mixture samples 

by considering six proportions of WIP, which include two stages, The ratio of 

sand for the first stage was 5% from weight of aggregate,  Four proportions of 

WIP by weight of sand were tested (1.25, 2.5, 3.75, and 5%). Table (4.5) shows 

the mechanical properties of asphalt mix using different percentages of WIP (By 

weight of aggregates). More details are presented in Appendix (E). 

 

 

Sample 
No. 

Bitumen 
% (By 
total 

weight) 

stability 
(Kg) 

Flow 
(mm) 

ρA 

(g/cm3) 
Va 
(%) 

Vb 
(%) 

(VMA) 
(%) 

(VFB) 
(%) 

1 5.0 1222.55 3.43 2.39 2.42 11.69 14.10 82.87 

2 5.0 1345.81 3.29 2.38 2.89 11.63 14.52 80.12 

3 5.0 1318.79 3.50 2.39 2.34 11.69 14.03 83.35 

Average 5.0 1295.72 3.41 2.39 2.55 11.67 14.22 82.11 
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A. First Stage (sand 5%) 

Table (4.5): Mechanical properties of asphalt mix with WIP 

weight 
of sand 

WIP 
%(By 
weight 

of sand.) 

Sample 
No. 

Bitumen 
% (By 
total 

weight) 

stability 
(Kg) 

Flow 
(mm) 

ρA 

(g/cm3) 
Va 
(%) 

Vb 
(%) 

(VMA) 
(%) 

(VFB) 
(%) 

100% 0% Average 5.0 1295.72 3.41 2.39 2.55 11.67 14.22 82.11 

75% 
 

(3.75) 

25% 
 

(1.25)* 

1 5.0 1483.22 3.76 2.40 2.41 11.73 14.14 82.98 

2 5.0 1511.33 3.78 2.40 2.62 11.71 14.33 81.69 

3 5.0 1345.62 3.65 2.40 2.51 11.72 14.23 82.35 

Average 5.0 1446.73 3.73 2.40 2.51 11.72 14.24 82.34 

50% 
 

(2.50) 

50% 
 

(2.50)* 

1 5.0 1498.51 3.53 2.41 2.76 11.79 14.55 81.01 

2 5.0 1423.87 3.99 2.41 2.82 11.78 14.60 80.70 

3 5.0 1415.12 3.81 2.42 2.53 11.82 14.34 82.39 

Average 5.0 1445.83 3.78 2.41 2.70 11.79 14.50 81.37 

25% 
 

(1.25) 

75% 
 

(3.75)* 

1 5.0 1450.68 4.55 2.43 2.79 11.88 14.67 80.96 

2 5.0 1419.70 4.12 2.43 2.94 11.86 14.80 80.12 

3 5.0 1548.67 4.24 2.44 2.32 11.94 14.26 83.71 

Average 5.0 1473.02 4.30 2.43 2.69 11.89 14.58 81.60 

0% 
100% 

 
(5.00)* 

1 5.0 1665.26 4.34 2.43 3.88 11.89 15.76 75.41 

2 5.0 1523.23 4.45 2.45 3.32 11.96 15.27 78.28 

3 5.0 1588.26 4.72 2.45 3.34 11.95 15.29 78.17 

Average 5.0 1592.25 4.50 2.44 3.51 11.93 15.44 77.29 

*. Percentage of WIP from weight of aggregate 

 

4.4.2.1.A  Stability – WIP content relationship 

In the main,  the  stability  of  modified  asphalt  mixes  is  higher  than  the 

conventional asphalt mix 1295.72 kg. All the values of stability for different modifier 

percentages are higher than stability of conventional mix. The maximum stability 

value is found nearly 1592.25 kg at WIP content 100%.Figure (4.8) display that the 
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stability of modified asphalt mix increases as the WIP content increases till it reaches 

the peak at 100 % WIP content, That increase caused by morphology of iron particles 

and sand, Sand is ellipsoid but iron is circular shape, therefore, It occur more adhesive 

between iron particles and bitumen content.  

 

Figure (4.8): Asphalt mix Stability – WIP content relationship 

4.4.2.2.A  Flow – WIP content relationship 

In the main, the flow of modified asphalt mix is higher than the conventional 

asphalt mix 3.41mm.  Figure  (4.9)  display that  the  flow  increases  

continuously  as the  WIP modifier content increase. The flow value extend from 

3.73mm till it reach 4.50mm at WIP content 100%.  

 

Figure (4.9): Asphalt mix flow – WIP content relationship 
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4.4.2.3.A  Bulk density – WIP content relationship 

In the main, the bulk density of modified asphalt mix is higher than the 

conventional asphalt mix 2.39 g/cm3.  Figure  (4.10)  display that  the  bulk 

density  increases  continuously  as the  WIP modifier content increase. The bulk 

density value extend from 2.40 g/cm3 till it reach 2.44 g/cm3 at WIP content 

100%. This increase in bulk density can explained to be as a result of added iron 

powder density more than sand. Figure (4.10) display the curve which represents 

asphalt mix bulk density – WIP content relationship.  

 

Figure (4.10): Asphalt mix bulk density – WIP content relationship 

 

4.4.2.4.A  Air voids (Va) – WIP content relationship 

In the main,  the  air  voids  proportion  of  modified  asphalt  mixes  is  higher 

than conventional asphalt mix 2.55 %. Va % of modified asphalt mixes increases 

gradually as the  WIP content  increase till  it reaches the highest Va% value at 

100% WIP .Figure (4.11)  shows  the  curve  which  represents  asphalt  mix  air  

voids  –  WIP  content relationship. Asphalt mix modified with WIP exhibit 

higher air voids value as the WIP percentage increased. That increase in air voids 

can explain to be as a result of the gradation of added iron powder coarsen than 

sand, The gradation is (0-2mm) for iron and (0-0.6mm) for sand. 
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Figure (4.11): Asphalt mix air voids – WIP content relationship 

4.4.2.5.A  Voids in mineral aggregates (VMA) – WIP content relationship 

The voids in mineral aggregates percentage VMA% for asphalt mix is affected by 

air voids in asphalt mix Va and voids filled with bitumen Vb. VMA% of 

modified asphalt mixes  is  generally  higher  than  conventional  asphalt  mix  

14.22%. VMA % of modified asphalt mixes increases as the WIP content 

increase, it reaches 15.44% at WIP content  100%.  Figure  (4.12)  show  the  

curve  which  represents  asphalt  mix VMA% – WIP content relationship. 

 

Figure (4.12): Asphalt mix voids of mineral aggregates (VMA) – WIP content  
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4.4.2.6.A  Voids Filled with Bitumen(VFB %) – WIP content relationship 

Voids Filled with Bitumen (VFB) is the percentage of voids in mineral 

aggregates filled with  bitumen  (Jendia,  2000).  Figure  (4.13)  display the  curve  

which  represents  asphalt  mix VFB% – WIP content relationship. 

 

Figure (4.13): Asphalt mix voids Filled with Bitumen (VFB) – WIP content 
relationship 

4.4.3 Optimum modifier content 

A set of controls is recommended in order to obtain the optimum modifier 

content that produce an asphalt mix with the best mechanical properties (Jendia, 

2000). Asphalt mix with optimum modifier content satisfies the following: 

 Maximum stability. 

 Maximum bulk density. 

 Va % within the allowed range of specifications. 

 Optimum WIP content (By weight of aggregate) = 5% 

4.5 Conclusion of the first stage 

Adding of WIP to the asphalt mix (represents 5% from weight of aggregate) shows: 

1. Asphalt mix modified with WIP has approximately 23% higher stability 

value compared with the conventional asphalt mix. 
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2. Asphalt  mix  modified with  higher percentages of  WIP shows  higher 

bulk density, higher flow and higher air voids(Va limited increase because 

the amount of WIP in mix consider little compared with all aggregates in 

total job mix). 

3. Asphalt mix modified with WIP shows higher air voids value when the 

WIP percentage increased. 

4.6 Second Stage 10% sand 

This stage is done to ensure the results that appeared at the first stage by added 

WIP (7.5 and 10%) by weight of aggregates. 

4.6.1 Blending of aggregates 

The final ratio of each aggregate material in asphalt binder course is shown in 

Table (4.6). The proposed aggregates gradation curve is found to be satisfying 

ASTM specification for asphalt binder course gradation. The gradation of final 

aggregate mix with ASTM gradation limits is presented in Table (4.7) and Figure 

(4.14) .Also the effect of waste iron powder gradation on total job mix according 

to different ratio of added WIP (7.5 and 10%) shows in appendix (B). 

Table (4.6): Proportion of each aggregate material from proposed mix 

Aggregates type Size (mm) Proportion from 
proposed mix (%) 

Second Stage  

(Sand 10%) 

Folia 0/19 18 

Adasia 0/12.5 26 

Simsimia 0/9.5 27 

Trabia 0/4.75 19 

Sand 0/0.60 10 

Sum 100 
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Table (4.7):Gradation of proposed mix with ASTM specifications limits 

Sieve size 

(mm) 

% Passing 
ASTM D3515 

specification limits (%) 

Application 
Stage Min Max 

19 99 90 100 

12.5 78 67 85 

9.5 61 56 80 

4.75 43 35 65 

2.00 33 23 49 

1.18 30 15 37 

0.600 28 8 28 

0.300 16 5 19 

0.150 8 3 14 

0.075 5 2 8 

 

 

Figure (4.14):Gradation curves of final aggregates for second stage compared with 
ASTM specification  
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4.6 Phase (I): Optimum bitumen content 

A number of 15 samples each of 1200 gm approximate in weight were prepared using 

five different bitumen contents with the purpose of obtain the optimum bitumen content 

(OBC). Tables (4.8) and Figures (4.15 – 4.20) show summary of Marshal Test results. 

further details are offered in Appendix (D). 

Table (4.8): Summary of Marshal Test results for application stage 

Bitumen 
%(by 
total 

weight) 

Sample 
No. Stability(Kg) Flow(mm) 

ρA 
(g/cm3) 

Va 
(%) Vb (%) 

(VMA) 
(%) 

(VFB) 
(%) 

4 

1 960.44 2.55 2.35 6.57 9.21 15.78 58.35 

2 946.55 2.55 2.36 6.29 9.23 15.52 59.49 
3 1006.62 3.55 2.36 6.53 9.21 15.74 58.53 

Average 971.20 2.88 2.36 6.46 9.22 15.68 58.79 

4.5 

1 1115.76 3.53 2.37 4.23 10.41 14.64 71.08 

2 1089.77 3.23 2.37 4.20 10.41 14.61 71.24 

3 1172.74 3.58 2.37 3.97 10.43 14.40 72.43 

Average 1126.09 3.45 2.37 4.14 10.42 14.55 71.58 

5 

1 1188.87 3.61 2.40 2.24 11.71 13.94 83.97 

2 1140.21 3.69 2.37 3.32 11.58 14.90 77.70 

3 1048.40 3.40 2.37 3.24 11.59 14.82 78.17 

Average 1125.83 3.57 2.38 2.93 11.62 14.56 79.94 

5.5 

1 1001.75 4.25 2.39 1.61 12.85 14.46 88.88 

2 989.33 3.55 2.39 1.80 12.83 14.63 87.68 

3 960.95 3.50 2.39 1.62 12.85 14.47 88.83 

Average 984.01 3.70 2.39 1.68 12.85 14.52 88.46 

6 

1 936.17 3.59 2.39 0.46 14.01 14.47 96.85 
2 1004.43 4.23 2.38 0.79 13.96 14.76 94.64 
3 949.46 3.70 2.37 1.17 13.91 15.08 92.24 

Average 963.35 3.84 2.38 0.81 13.96 14.77 94.58 

4.6.1  Stability – bitumen content relationship 

Figure (4.15) display the stability results for different bitumen contents are 

represented.  Stability of asphalt mix increases as the bitumen content increase till it 

reaches the peak at bitumen content 4.6% then it started to dropped gradually at 

higher bitumen content. 
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Figure (4.15): Stability vs. bitumen content 

4.6.2  Flow – bitumen content relationship 

Figure (4.16) display the Flow results for different bitumen contents are 

represented.  Flow of asphalt mix increases as the bitumen content increase till it 

reaches the peak at the max bitumen content 6 %. 

 

Figure (4.16): Flow vs. bitumen content 
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4.6.3  Bulk density – bitumen content relationship 

Figure (4.17) display the Bulk density results  for different bitumen contents are 

represented. Bulk density of asphalt  mix increases as the bitumen content 

increase till it reaches the peak (2.39 g/cm3) at bitumen content 5.50 % then it 

started to dropped gradually at higher bitumen content. 

 

Figure (4.17): Bulk density vs. bitumen content 

4.6.4 Air voids content (Va%)  – bitumen content relationship 

Figure  (4.18) display (Va%)  results  for  different  bitumen  contents  are 

represented.  

 

Figure (4.18): Mix air voids proportion vs. bitumen content 
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4.6.5  Voids Filled with Bitumen (VFB%) – bitumen content relationship 

Figure  (4.19) display  VFB%  results  for  different  bitumen contents  are  

represented.  Minimum  VFB  content  value  is  at  the  lowest  bitumen 

percentage (4%), VFB% increase gradually as bitumen content increase due to 

the increase of voids percentage filled with bitumen in the asphalt mix. 

 

Figure (4.19): Voids filled bitumen proportion vs. bitumen content 

4.6.6  Voids in Mineral Aggregates (VMA)–bitumen content relationship 

Figure (4.20) VMA display results for different bitumen contents are represented. 

 

Figure (4.20): Voids of mineral aggregates proportion vs. bitumen content 
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 4.6.7  Determination of optimum bitumen content (OBC) 

Figures (4.15,4.17and 4.18) are used to find three values respectively. 

 Bitumen content at the highest stability (% mb)Stability = 4.60 % 

 Bitumen content at the highest value of bulk density (% mb)bulk density = 

5.50% 

 Bitumen content at the median of allowed percentages of air voids 

(%mb)Va = 4.3% 

 Optimum bitumen content (OBC) 
              

 
      

4.7 Phase (II):  Effect of adding WIP on the mechanical properties of 

asphalt mix 

4.7.1  Asphalt mix with (WIP) 

Second phase, The ratio of sand in the second stage was 10% from weight of 

aggregate, Two proportions of WIP by weight of aggregate were tested (7.5 and 

10%). Table (4.10) shows the mechanical properties of asphalt mix using 

different percentages of WIP (By weight of aggregate). More details are 

presented in Appendix (E). 
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A. Second Stage 10% sand 

Table (4.9):Mechanical properties of asphalt mix with WIP 

WIP %By 
weight of  Sample 

No. 

Bitumen 
% (By 
total 

weight) 

stability 
(Kg) 

Flow 
(mm) 

ρA 

(g/cm3) 
Va 
(%) 

Vb 
(%) 

(VMA) 
(%) 

(VFB) 
(%) 

Agg. Sand 

7.5% 75% 

1 4.8 1346.52 4.30 2.43 4.22 11.41 15.64 72.99 

2 4.8 1362.28 4.81 2.43 4.49 11.38 15.87 71.72 

3 4.8 1348.63 4.95 2.44 3.86 11.46 15.32 74.78 

Average 4.8 1352.48 4.69 2.43 4.19 11.42 15.61 73.16 

10% 100% 

1 4.8 1334.99 4.5 2.47 3.66 11.57 15.24 75.95 

2 4.8 1375.68 4.72 2.48 3.31 11.61 14.93 77.80 

3 4.8 1246.84 4.88 2.45 4.21 11.51 15.72 73.21 

Average 4.8 1319.17 4.70 2.46 3.73 11.56 15.29 75.65 

 

4.8 Comparison of first stage (sand 5%) mix with second stage (sand 10%) 

4.8.1 Stability – WIP content relationship 

Figure (4.21) display that the stability of modified asphalt mix increases as the WIP 

content increases till it reach 5% then start decrease. 

 

Figure (4.21): Asphalt mix Stability – WIP content relationship 
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4.8.2 Flow – WIP content relationship 

Figure (4.22) display that the flow of modified asphalt mix increases as the WIP 

content increases.  

 

Figure (4.22): Asphalt mix flow – WIP content relationship 

4.8.3 Bulk density – WIP content relationship 

Figure (4.23) display that the density of modified asphalt mix increases as the WIP 

content increases. 

 

Figure (4.23): Asphalt mix bulk density – WIP content relationship 
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4.8.4 Air voids (Va)  – WIP content relationship 

Figure (4.24) display that the air voids of modified asphalt mix increases as the WIP 

content increases. 

 

Figure (4.24): Asphalt mix air voids – WIP content relationship 

4.9  Comparison of control mix with WIP modified mix   

A  comparison  of  the  mechanical  properties  of  WIP  modified  asphalt  mix  

at  the optimum WIP content (5 % by weight of aggregate) and properties of the 

conventional asphalt mix is shown in Table (4.9). 

Table (4.10): Comparison of WIP modified asphalt mix and conventional mix  

Property 

Conventional  
asphalt mix 

WIP modified 
asphalt mix (By 

weight of aggregates) 
Change amount 

First 
Stage 

First 
Stage 

First 
Stage 

Optimum Bitumen content (%) 5 5 -- 
Stability (kg) 1295.72 1592.25 +22.89 
Flow (mm) 3.41 4.50 +31.96 

Theoretical Density (g/cm3) 2.44 2.53 +3.69 
Void in Mineral aggregate 

(VMA)% 
14.22 15.44 +8.58 

Air voids (Va)% 2.55 3.51 +37.65 
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5.1 Conclusions 

Based on experimental work, results for WIP modified asphalt mixtures 
compared with conventional asphalt mixtures, the following conclusions can be 
drawn: 

a) It  is  possible  to  use iron powder as fine aggregates  in  preparing  the  

asphalt  layers, particularly, in the asphalt Binder Course. 

b) It achieves sustainable management of iron waste as well as it improves 

performance of asphalt mix. 

c) The optimum blending percentages of the iron powder are 5% from 

weight of aggregates 

d) Asphalt mix modified with WIP has approximately 23% a higher stability 

value compared with the conventional asphalt mix. 

e) Asphalt  mix  modified with  higher percentages of  WIP shows  higher 

bulk density, higher flow and higher air voids. 

f) Asphalt mix modified with WIP shows a higher air voids value when the 

WIP percentage is increased. 

g) There  is  no increase  of  the  cost  when  using  WIP  modified  asphalt  

mix compared  to  conventional  asphalt  mix.   

5.2 Recommendation 

a) It is recommended to use WIP with asphalt in maintenance roads. 

b) It is recommended to unify the specification of the asphalt binder course. 

c) Further researches are recommended to develop specification for binder 
course with iron. 

d) It is recommended to conduct researches to measure the effects of the 

other  bitumen types on the asphalt mix with iron. 

e) It is recommended to provide more equipment's for the Islamic 

University's labs in order to let researchers to execute their experiments. 
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5.3 Future studies 

a) Further researches are recommended to conduct similar tests on other 

layers of the asphalt mix using different waste iron  percentages. 

b) Further researches are recommended to investigate other gradation from 
iron 2mm – 4.75mm. 

c) Further researches are recommended to use other form of iron such as FeO 
and      . 
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Appendix (A)  

Aggregates sieve analysis (ASTM C 136)    
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Table (A-1): Sieve analysis Folia (0/19) 

Sieve size 

(mm) 

Sieve 

# 

Cumulative 

retained(g) 

Cumulative 

retained(%) 

Sample 

passing(%) 

25 1" 0 0.0 100.0 

19 3/4" 106.1 5.4 94.6 

12.5 1/2" 1711.4 87.9 12.1 

9.5 3/8" 1879.6 96.5 3.5 

4.75 #4 1932.6 99.2 0.8 

2 #10 1933.3 99.3 0.7 

1.18 #16 1933.5 99.3 0.7 

0.6 #30 1933.7 99.3 0.7 

0.3 #50 1934.4 99.3 0.7 

0.15 #100 1936.3 99.4 0.6 

0.075 #200 1939.8 99.6 0.4 

Pan Pan 1947.8 100.0 0.0 

 

 

Figure (A-1): Sieve analysis Folia (0/19) 
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Table (A-2): Sieve analysis Adasia (0/12.5) 

Sieve size 

(mm) 

Sieve 

# 

Cumulative 

retained(g) 

Cumulative 

retained(%) 

Sample 

passing(%) 

25 1" 0 0 100 

19 3/4" 0 0.0 100.0 

12.5 1/2" 297.9 23.1 76.9 

9.5 3/8" 1024.7 79.5 20.5 

4.75 #4 1258.2 97.7 2.3 

2 #10 1258.6 97.7 2.3 

1.18 #16 1258.7 97.7 2.3 

0.6 #30 1258.9 97.7 2.3 

0.3 #50 1261.1 97.9 2.1 

0.15 #100 1270.4 98.6 1.4 

0.075 #200 1279.4 99.3 0.7 

Pan Pan 1288.3 100.0 0.0 

 

 

Figure (A-2): Sieve analysis Adasia (0/12.5) 
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Table (A-3): Sieve analysis Simsimia (0/12.5) 

Sieve size 

(mm) 

Sieve 

# 

Cumulative 

retained(g) 

Cumulative 

retained(%) 

Sample 

passing(%) 

25 1" 0 0.0 100 

19 3/4" 0 0.0 100 

12.5 1/2" 0 0.0 100.0 

9.5 3/8" 38.4 3.0 97.0 

4.75 #4 608.7 47.1 52.9 

2 #10 955.7 73.9 26.1 

1.18 #16 1006.6 77.9 22.1 

0.6 #30 1042.6 80.6 19.4 

0.3 #50 1110 85.9 14.1 

0.15 #100 1188.4 91.9 8.1 

0.075 #200 1216.1 94.1 5.9 

Pan Pan 1292.91 100 0 

 

 

Figure (A-3): Sieve analysis Simsimia (0/12.5) 
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Table (A-4): Sieve analysis Trabia (0/4.75) 

Sieve size 

(mm) 

Sieve 

# 

Cumulative 

retained(g) 

Cumulative 

retained(%) 

Sample 

passing(%) 

25 1" 0 0.0 100 

19 3/4" 0 0.0 100 

12.5 1/2" 0 0.0 100.0 

9.5 3/8" 0 0.0 100.0 

4.75 #4 64.3 5.8 94.2 

2 #10 196.3 17.7 82.3 

1.18 #16 315.7 28.5 71.5 

0.6 #30 412.2 37.2 62.8 

0.3 #50 636.9 57.5 42.5 

0.15 #100 827.2 74.7 25.3 

0.075 #200 911.8 82.4 17.6 

Pan Pan 1106.7 100.0 0.0 

 

 

Figure (A-4): Sieve analysis Trabia (0/4.75) 
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Table (A-5): Sieve analysis natural sand (0/0.6) 

Sieve size 

(mm) 

Sieve 

# 

Cumulative 

retained(g) 

Cumulative 

retained(%) 

Sample 

passing(%) 

25 1" 0 0.0 100 

19 3/4" 0 0.0 100 

12.5 1/2" 0 0.0 100.0 

9.5 3/8" 0 0.0 100.0 

4.75 #4 0 0.0 100 

2 #10 0 0.0 100 

1.18 #16 0 0.0 100.0 

0.6 #30 0.9 0.1 99.9 

0.3 #50 825.8 65.4 34.6 

0.15 #100 1232.3 97.7 2.3 

0.075 #200 1249 99.0 1.0 

Pan Pan 1261.9 100.0 0.0 

 

 

Figure (A-5): Sieve analysis natural sand (0/0.6) 
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Table (A-6): Sieve analysis iron powder (0/2.00) 

Sieve size 

(mm) 

Sieve 

# 

Cumulative 

retained(g) 

Cumulative 

retained(%) 

Sample 

passing(%) 

25 1" 0 0.0 100 

19 3/4" 0 0.0 100 

12.5 1/2" 0 0.0 100.0 

9.5 3/8" 0 0.0 100.0 

4.75 #4 0 0.0 100 

2 #10 2 0.5 99.5 

1.18 #16 8.1 2.1 97.9 

0.6 #30 65.9 16.7 83.3 

0.3 #50 179.3 45.5 54.5 

0.15 #100 285.4 72.5 27.5 

0.075 #200 354.4 90.0 10.0 

Pan Pan 393.86 100.0 0.0 

 

 

Figure (A-6): Sieve analysis iron powder (0/2.00) 
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Appendix (B)  

Aggregate Blending  
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Table (B-1): Suggested percentages for binder course aggregate mix 

(First Stage 5% sand) 

Aggregate mix 

Grain size (mm) 
Suggested percents for 

final agg. Mix 0.075 0.15 0.3 0.425 0.6 1.18 2 4.75 9.5 12.5 19 25 

Filler  
61.4 34.6 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Trabia (0/4.75) 
17.6 7.7 17.2 0.0 20.3 8.7 10.8 11.9 5.8 0.0 0.0 0.0 

24.0 
4.2 1.8 4.1 0.0 4.9 2.1 2.6 2.9 1.4 0.0 0.0 0.0 

Sand (0/6.0) 
1.0 1.3 32.3 0.0 65.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 

5.0 
0.1 0.1 1.6 0.0 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Simsimia (0/9.5) 
5.9 2.2 6.0 0.0 5.3 2.7 4.0 26.8 44.1 3.0 0.0 0.0 

27.0 
1.6 0.6 1.6 0.0 1.4 0.7 1.1 7.2 11.9 0.8 0.0 0.0 

Adasia (0/12.5) 
0.7 0.7 0.7 0.0 0.2 0.0 0.0 0.0 18.2 56.4 23.1 0.0 

26.0 
0.2 0.2 0.2 0.0 0.1 0.0 0.0 0.0 4.7 14.7 6.0 0.0 

Folia (0/19) 
0.4 0.2 0.1 0.0 0.0 0.0 0.0 0.1 2.7 8.6 82.5 5.4 

18.0 
0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 1.5 14.9 1.0 

Sum 6.1 2.7 7.6 0.0 9.6 2.8 3.7 10.1 18.5 17.0 20.9 1.0 100.0 

∑% passing 6.12 8.85 16.41 16.41 26.03 28.85 32.52 42.63 61.15 78.17 99.03 100.00 
  

Sieve size (mm) 0.075 0.15 0.3 0.425 0.6 1.18 2 4.75 9.5 12.5 19 25 
Binder0/ 19  

(min) 2 3 5 6 8 15 23 35 56 67 90 100 ASTM 
SpecificationsD3515 – 

D-4 (max) 8 14 19 22 26 37 49 65 80 85 100 100 

Note: Summation of aggregate mix in table is exact number according to excel sheet without approximation. 
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Table (B-2): Suggested percentages for binder course aggregate mix 

(Second Stage 10% sand) 

Aggregate mix 

Grain size (mm) 
Suggested percents for 

final agg. Mix 0.075 0.15 0.3 0.425 0.6 1.18 2 4.75 9.5 12.5 19 25 

Filler  
61.4 34.6 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Trabia (0/4.75) 
17.6 7.7 17.2 0.0 20.3 8.7 10.8 11.9 5.8 0.0 0.0 0.0 

19.0 
3.3 1.5 3.3 0.0 3.9 1.7 2.1 2.3 1.1 0.0 0.0 0.0 

Sand (0/6.0) 
1.0 1.3 32.3 0.0 65.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 

10.0 
0.1 0.1 3.2 0.0 6.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Simsimia (0/9.5) 
5.9 2.2 6.0 0.0 5.3 2.7 4.0 26.8 44.1 3.0 0.0 0.0 

27.0 
1.6 0.6 1.6 0.0 1.4 0.7 1.1 7.2 11.9 0.8 0.0 0.0 

Adasia (0/12.5) 
0.7 0.7 0.7 0.0 0.2 0.0 0.0 0.0 18.2 56.4 23.1 0.0 

26.0 
0.2 0.2 0.2 0.0 0.1 0.0 0.0 0.0 4.7 14.7 6.0 0.0 

Folia (0/19) 
0.4 0.2 0.1 0.0 0.0 0.0 0.0 0.1 2.7 8.6 82.5 5.4 

18.0 
0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 1.5 14.9 1.0 

Sum 5.3 2.4 8.3 0.0 11.9 2.4 3.1 9.5 18.2 17.0 20.9 1.0 100.0 

∑% passing 5.29 7.70 16.02 16.02 27.89 30.28 33.41 42.92 61.15 78.17 99.03 100.00 
  

Sieve size (mm) 0.075 0.15 0.3 0.425 0.6 1.18 2 4.75 9.5 12.5 19 25 
Binder0/ 19  

(min) 2 3 5 6 8 15 23 35 56 67 90 100 ASTM 
SpecificationsD3515 – 

D-4 (max) 8 14 19 22 26 37 49 65 80 85 100 100 

Note: Summation of aggregate mix in table is exact number according to excel sheet without approximation. 
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Table (B-3): Gradation of difference WIP ratio with ASTM specifications 
limits 

Sieve 
size 

(mm) 

% Passing 

First Stage Application Stage 

A B C D E F 

Iron sand Iron sand Iron sand Iron sand Iron sand Iron sand 

1.25 3.75 2.5 2.5 3.75 1.25 5.0 0.0 7.5 2.5 10 0.0 

25 100 100 100 100 100 100 

19 99 99 99 99 99 99 

12.5 78 78 78 78 78 78 

9.5 61 61 61 61 61 61 

4.75 43 43 43 43 43 43 

2.00 33 33 32 32 33 33 

1.18 29 29 29 29 30 30 

0.600 26 26 25 25 27 26 

0.300 17 17 17 17 18 18 

0.150 9 9 10 10 10 10 

0.075 6 6 6 7 6 6 
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     Figure (B-A): Percentage of passing in total mix 

 

 

     Figure (B-B): Percentage of passing in total mix 

 

0

10

20

30

40

50

60

70

80

90

100

0.01 0.1 1 10 100

P
as

si
n

g
 %

 

Sieve Size (mm) 
 

Final mix

0

10

20

30

40

50

60

70

80

90

100

0.01 0.1 1 10 100

P
as

si
n

g
 %

 

Sieve size mm 

Final mix



 

91 

     Figure (B-C): Percentage of passing in total mix 

 

 

     Figure (B-D): Percentage of passing in total mix 
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     Figure (B-E): Percentage of passing in total mix 

 

 

     Figure (B-F): Percentage of passing in total mix 
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Appendix (C)  

Calculations of physical properties of 
aggregates   
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1- Specific gravity and absorption (ASTM C127 - C128) 

 Coarse aggregate  (Folia 0/19) 

A= Weight of oven-dry sample in air, grams = 1809.8 gr 

B=weight of saturated - surface -dry sample in air = 1833.40 gr 

C= weight of saturated sample in water = 1131.90 gr 

 Bulk dry S.G = 
 

   
 

       

               
      

 SSD  S.G =
 

   
 

       

               
      

 Apparent S.G =
 

   
 

       

               
      

 Effective S.G = 
                  

 
 

         

 
       

 Absorption = 
   

 
     

               

       
           

 Coarse aggregate  (Adasia 0/12.5) 

A= Weight of oven-dry sample in air, grams = 910.30 gr 

B=weight of saturated - surface -dry sample in air = 921.86 gr 

C= weight of saturated sample in water = 572.85 gr 

 Bulk dry S.G = 
 

   
 

      

             
      

 SSD  S.G =
 

   
 

      

             
      

 Apparent S.G =
 

   
 

      

             
      

 Effective S.G = 
                  

 
 

         

 
      

 Absorption = 
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 Coarse Aggregate (Simsimia 0/9.5) 

A= Weight of oven-dry sample in air, grams = 595.70 gr 

B=weight of saturated - surface -dry sample in air = 621.63 gr 

C= weight of saturated sample in water = 377 gr 

i. Bulk dry S.G = 
 

   
 

      

          
      

ii. SSD  S.G =
 

   
 

      

          
      

iii. Apparent S.G =
 

   
 

      

          
      

iv. Effective S.G = 
                  

 
 

         

 
      

v. Absorption = 
   

 
     

             

      
           

2- Pycnometer method 

 Fine Aggregate (Iron 0/2.00) 

(    )    =  Weight of Pycnometer filled with water = 1785.68gr 

(  )         =  Weight of the Iron sample dry and SSD = 425.73gr 

(      ) =Weight of Pycnometer filled with water and the Iron sample = 

2122.41 gr 

 
       

  
                 

 

 
                 

      

                           
              

 

i. Apparent S.G =
   

            
 

      

             
      

ii. Absorption = 
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Fine Aggregate (Trabia 0/4.75) 

(    )    =  Weight of Pycnometer filled with water = 1785.68gr 

(  )         =  Weight of the crushed sample SSD = 565.96gr 

(  )         =  Weight of the crushed sample Dry = 559.80gr 

 

 (      ) =Weight of Pycnometer filled with water and the crushed sample = 

2138.90 gr 

 
       

  
                 

 

  
             

      

                           
              

 

  
             

      

                           
              

 

 Apparent S.G =
   

            
 

      

             
      

 Effective S.G = 
                  

 
 

         

 
      

 Absorption = 
       

   
     

             

      
           

3-  Abrasion value (ASTM C131) 

 Grade (B) 

Passing 19mm (3/4”) Retained on 12.5 mm (1/2”) = 2500 gr 

Passing 12.5mm (1/2”) Retained on 9.5mm (3/8”) = 2500 gr 

A= Original sample weight = 5000 gr 

B=Weight retained on the 1.7mm sieve = 4000 gr 

A.V=  
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Appendix (D)  

Binder Course Job Mix 
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Used Equations to calculate the mechanical properties of asphalt mix 

 

 
    

       
    

 

 
      

  
   

   
 

%VMA =        

%VFB = 
  

   
     

  :Air voids contents in total mix. 

  :Percent bitumen volume. 

   : Percent of Bitumen. 

   : Density of compacted mix (g/   ). 

    : Density of Bitumen at 25°C. 

     : Max. Theoretical density. 

VMA: Voids in mineral Aggregates. 

 VFB: Voids filled with bitumen 
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Marshal tests results 

(First stage 5% sand) 

Bitumen content = 4.0 % 

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C   

Table (D-1): Marshal test results for 4% bitumen content 

Bitumen % (By total weight) 4% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1193.88 1176.82 1219.44 1196.71 
Weight in water (gm) 694.77 684.92 708.19 695.96 
SSD weight (gm) 1197.49 1181.07 1221.61 1200.06 
Bulk volume (cm3) 502.72 496.15 513.42 504.10 
Density of compacted mix ρA (g/cm3) 2.37 2.37 2.38 2.37 
Max. theoretical density ρbit (g/cm3) 2.51 2.51 2.51 2.51 
Stability (Kg) 1172.66 1209.36 1218.54 1200.19 
Average sample high (mm)  62.80 63.00 64.40 63.40 
Stability correction factor 1.018 1.0130 0.9770 1.0027 
Corrected stability (Kg) 1194.00 1225.09 1190.52 1203.20 
Flow (mm) 2.95 2.88 2.82 2.88 
Stiffness (Kg/mm) 404.74 425.38 422.17 417.43 
Air voids content in total mix Va (%) 5.38 5.50 5.37 5.42 
Percent bitumen volume Vb (%) 9.29 9.27 9.29 9.28 
Voids in mineral Agg. (VMA) (%) 14.67 14.78 14.66 14.70 
Voids fill with bitumen (VFB) (%) 63.30 62.77 63.35 63.14 
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Marshal tests results  

Bitumen content = 4.5 %   

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C  

Table (D-2): Marshal test results for 4.5% bitumen content 

Bitumen % (By total weight) 4.50% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1211.81 1209.62 1217.50 1212.98 
Weight in water (gm) 707.76 704.02 704.31 705.36 
SSD weight (gm) 1214.45 1211.30 1219.77 1215.17 
Bulk volume (cm3) 506.69 507.28 515.46 509.81 
Density of compacted mix ρA (g/cm3) 2.39 2.38 2.36 2.38 
Max. theoretical density ρbit (g/cm3) 2.48 2.48 2.48 2.48 
Stability (Kg) 1296.04 1201.21 1166.54 1221.26 
Average sample high (mm)  64.10 64.00 64.30 64.13 
Stability correction factor 0.9845 0.9870 0.9795 0.98 
Corrected stability (Kg) 1275.95 1185.59 1142.62 1201.39 
Flow (mm) 3.49 3.32 3.48 3.43 
Stiffness (Kg/mm) 365.60 357.11 328.34 350.35 
Air voids content in total mix Va (%) 3.56 3.85 4.76 4.06 
Percent bitumen volume Vb (%) 10.52 10.49 10.39 10.47 
Voids in mineral Agg. (VMA) (%) 14.08 14.34 15.15 14.52 
Voids fill with bitumen (VFB) (%) 74.70 73.15 68.58 72.14 
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Marshal tests results  

Bitumen content = 5 %   

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C  

Table (D-3): Marshal test results for 5% bitumen content 

Bitumen % (By total weight) 5% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1219.34 1215.08 1224.30 1219.57 
Weight in water (gm) 712.73 708.86 713.39 711.66 
SSD weight (gm) 1222.74 1219.55 1225.06 1222.45 
Bulk volume (cm3) 510.01 510.69 511.67 510.79 
Density of compacted mix ρA (g/cm3) 2.39 2.38 2.39 2.39 
Max. theoretical density ρbit (g/cm3) 2.45 2.45 2.45 2.45 
Stability (Kg) 1254.54 1370.48 1370.88 1331.97 
Average sample high (mm)  64.50 64.20 65.00 64.57 
Stability correction factor 0.9745 0.9820 0.9620 0.9728 
Corrected stability (Kg) 1222.55 1345.81 1318.79 1295.7152 
Flow (mm) 3.43 3.29 3.50 3.41 
Stiffness (Kg/mm) 356.74 409.06 376.80 380.87 
Air voids content in total mix Va (%) 2.42 2.89 2.34 2.55 
Percent bitumen volume Vb (%) 11.69 11.63 11.69 11.67 
Voids in mineral Agg. (VMA) (%) 14.10 14.52 14.03 14.22 
Voids fill with bitumen (VFB) (%) 82.87 80.12 83.35 82.11 
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Marshal tests results  

Bitumen content = 5.5 %   

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C  

Table (D-4): Marshal test results for 5.5% bitumen content 

Bitumen % (By total weight) 5.50% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1224.78 1226.03 1260.81 1237.21 
Weight in water (gm) 715.23 716.42 737.22 722.96 
SSD weight (gm) 1225.49 1226.27 1261.75 1237.84 
Bulk volume (cm3) 510.26 509.85 524.53 514.88 
Density of compacted mix ρA (g/cm3) 2.40 2.40 2.40 2.40 
Max. theoretical density ρbit (g/cm3) 2.44 2.44 2.44 2.44 
Stability (Kg) 1363.54 1349.88 1504.06 1405.83 
Average sample high (mm)  65.10 65.20 65.70 65.33 
Stability correction factor 0.9596 0.9572 0.9452 0.95 
Corrected stability (Kg) 1308.46 1292.10 1421.64 1340.73 
Flow (mm) 3.72 3.85 3.80 3.79 
Stiffness (Kg/mm) 351.74 335.61 374.11 353.82 
Air voids content in total mix Va (%) 1.63 1.45 1.49 1.52 
Percent bitumen volume Vb (%) 12.90 12.93 12.92 12.92 
Voids in mineral Agg. (VMA) (%) 14.53 14.38 14.41 14.44 
Voids fill with bitumen (VFB) (%) 88.81 89.93 89.68 89.47 
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Marshal tests results  

Bitumen content = 6 %   

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C 

Table (D-5): Marshal test results for 6% bitumen content 

Bitumen % (By total weight) 6% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1241.28 1213.20 1224.29 1226.26 
Weight in water (gm) 723.08 706.30 711.97 713.78 
SSD weight (gm) 1241.50 1213.74 1224.45 1226.56 
Bulk volume (cm3) 518.42 507.44 512.48 512.78 
Density of compacted mix ρA (g/cm3) 2.39 2.39 2.39 2.39 
Max. theoretical density ρbit (g/cm3) 2.41 2.41 2.41 2.41 
Stability (Kg) 1341.42 1314.90 1288.09 1314.80 
Average sample high (mm)  65.50 64.20 65.10 64.93 
Stability correction factor 0.9500 0.9820 0.9596 0.9639 
Corrected stability (Kg) 1274.34 1291.23 1236.05 1267.21 
Flow (mm) 4.74 4.84 4.84 4.81 
Stiffness (Kg/mm) 268.85 267.00 255.43 263.76 
Air voids content in total mix Va (%) 0.65 0.80 0.87 0.77 
Percent bitumen volume Vb (%) 14.04 14.02 14.01 14.03 
Voids in mineral Agg. (VMA) (%) 14.69 14.82 14.88 14.80 
Voids fill with bitumen (VFB) (%) 95.58 94.63 94.13 94.78 
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Marshal tests results 

(Second Stage 10% sand) 

Bitumen content = 4.0 % 

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C   

Table (D-6): Marshal test results for 4% bitumen content 

Bitumen % (By total weight) 4% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1229.20 1212.41 1209.67 1217.09 
Weight in water (gm) 712.34 702.75 699.12 704.74 
SSD weight (gm) 1234.42 1216.15 1212.66 1221.08 
Bulk volume (cm3) 522.08 513.40 513.54 516.34 
Density of compacted mix ρA (g/cm3) 2.35 2.36 2.36 2.36 
Max. theoretical density ρbit (g/cm3) 2.52 2.52 2.52 2.52 
Stability (Kg) 1003.38 973.81 1032.96 1003.38 
Average sample high (mm)  65.20 64.60 64.50 64.77 
Stability correction factor 0.957 0.9720 0.9745 0.9679 
Corrected stability (Kg) 960.44 946.55 1006.62 971.20 
Flow (mm) 2.55 2.55 3.55 2.88 
Stiffness (Kg/mm) 376.64 371.19 283.55 343.80 
Air voids content in total mix Va (%) 6.57 6.29 6.53 6.46 
Percent bitumen volume Vb (%) 9.21 9.23 9.21 9.22 
Voids in mineral Agg. (VMA) (%) 15.78 15.52 15.74 15.68 
Voids fill with bitumen (VFB) (%) 58.35 59.49 58.53 58.79 
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Marshal tests results 

Bitumen content = 4.5 % 

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C   

Table (D-7): Marshal test results for 4.5% bitumen content 

Bitumen % (By total weight) 4.50% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1232.44 1185.40 1226.07 1214.64 
Weight in water (gm) 712.14 687.08 711.58 703.60 
SSD weight (gm) 1233.16 1188.05 1228.49 1216.57 
Bulk volume (cm3) 521.02 500.97 516.91 512.97 
Density of compacted mix ρA (g/cm3) 2.37 2.37 2.37 2.37 
Max. theoretical density ρbit (g/cm3) 2.47 2.47 2.47 2.47 
Stability (Kg) 1168.58 1075.78 1222.11 1155.49 
Average sample high (mm)  65.30 63.00 65.10 64.47 
Stability correction factor 0.9548 1.0130 0.9596 0.98 
Corrected stability (Kg) 1115.76 1089.77 1172.74 1126.09 
Flow (mm) 3.53 3.23 3.58 3.45 
Stiffness (Kg/mm) 316.08 337.39 327.58 327.02 
Air voids content in total mix Va (%) 4.23 4.20 3.97 4.14 
Percent bitumen volume Vb (%) 10.41 10.41 10.43 10.42 
Voids in mineral Agg. (VMA) (%) 14.64 14.61 14.40 14.55 
Voids fill with bitumen (VFB) (%) 71.08 71.24 72.43 71.58 
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Marshal tests results 

Bitumen content = 5 % 

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C 

Table (D-8): Marshal test results for 5% bitumen content 

Bitumen % (By total weight) 5% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1233.16 1190.92 1248.80 1224.29 
Weight in water (gm) 719.31 689.51 723.57 710.80 
SSD weight (gm) 1234.15 1192.31 1250.33 1225.60 
Bulk volume (cm3) 514.84 502.80 526.76 514.80 
Density of compacted mix ρA (g/cm3) 2.40 2.37 2.37 2.38 
Max. theoretical density ρbit (g/cm3) 2.45 2.45 2.45 2.45 
Stability (Kg) 1245.16 1143.19 1117.69 1168.68 
Average sample high (mm)  65.30 63.60 66.00 64.97 
Stability correction factor 0.9548 0.9974 0.9380 0.9634 
Corrected stability (Kg) 1188.87 1140.21 1048.40 1125.8281 
Flow (mm) 3.61 3.69 3.40 3.57 
Stiffness (Kg/mm) 329.33 309.00 308.35 315.56 
Air voids content in total mix Va (%) 2.24 3.32 3.24 2.93 
Percent bitumen volume Vb (%) 11.71 11.58 11.59 11.62 
Voids in mineral Agg. (VMA) (%) 13.94 14.90 14.82 14.56 
Voids fill with bitumen (VFB) (%) 83.97 77.70 78.17 79.94 
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Marshal tests results 

Bitumen content = 5.5 % 

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C 

Table (D-9): Marshal test results for 5.5% bitumen content 

Bitumen % (By total weight) 5.50% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1239.31 1208.75 1233.40 1227.15 
Weight in water (gm) 721.69 703.22 717.91 714.27 
SSD weight (gm) 1240.03 1209.78 1233.82 1227.88 
Bulk volume (cm3) 518.34 506.56 515.91 513.60 
Density of compacted mix ρA (g/cm3) 2.39 2.39 2.39 2.39 
Max. theoretical density ρbit (g/cm3) 2.43 2.43 2.43 2.43 
Stability (Kg) 1054.47 1007.46 1006.44 1022.79 
Average sample high (mm)  65.50 64.20 65.30 65.00 
Stability correction factor 0.9500 0.9820 0.9548 0.96 
Corrected stability (Kg) 1001.75 989.33 960.95 984.01 
Flow (mm) 4.25 3.55 3.50 3.77 
Stiffness (Kg/mm) 235.71 278.68 274.56 262.98 
Air voids content in total mix Va (%) 1.61 1.80 1.62 1.68 
Percent bitumen volume Vb (%) 12.85 12.83 12.85 12.85 
Voids in mineral Agg. (VMA) (%) 14.46 14.63 14.47 14.52 
Voids fill with bitumen (VFB) (%) 88.88 87.68 88.83 88.46 
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Marshal tests results 

Bitumen content = 6 % 

 No. of blows on each side : 75 blow  

 Mixing temp : 150° C 

Table (D-10): Marshal test results for 6% bitumen content 

Bitumen % (By total weight) 6% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1193.99 1202.31 1233.26 1209.85 
Weight in water (gm) 694.66 697.79 715.96 702.80 
SSD weight (gm) 1194.43 1202.75 1235.90 1211.03 
Bulk volume (cm3) 499.77 504.96 519.94 508.22 
Density of compacted mix ρA (g/cm3) 2.39 2.38 2.37 2.38 
Max. theoretical density ρbit (g/cm3) 2.40 2.40 2.40 2.40 
Stability (Kg) 943.53 1017.66 994.41 985.20 
Average sample high (mm)  63.80 64.00 65.30 64.37 
Stability correction factor 0.9922 0.9870 0.9548 0.9780 
Corrected stability (Kg) 936.17 1004.43 949.46 963.35 
Flow (mm) 3.59 4.23 3.70 3.84 
Stiffness (Kg/mm) 260.77 237.45 256.61 251.61 
Air voids content in total mix Va (%) 0.46 0.79 1.17 0.81 
Percent bitumen volume Vb (%) 14.01 13.96 13.91 13.96 
Voids in mineral Agg. (VMA) (%) 14.47 14.76 15.08 14.77 
Voids fill with bitumen (VFB) (%) 96.85 94.64 92.24 94.58 
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Appendix (E)  

WIP Modified asphalt mix tests results 
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Marshal tests results 

(First stage 5% sand) 

Conventional mix     

WIP  = 0 % 

 No. of blows on each side : 75 blow 

 3/4" binder course mix 

 Bitumen  = 5 % (By total weight) 

 Mixing temp. : 150° C 

Table (E-1): Marshal test results for 0% WIP 

WIP content (By Weight of sand) 0% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1214.15 1213.47 1162.03 1196.55 
Weight in water (gm) 706.60 707.15 677.87 697.21 
SSD weight (gm) 1216.32 1215.63 1164.85 1198.93 
Bulk volume (cm3) 509.72 508.48 486.98 501.73 
Density of compacted mix ρA (g/cm3) 2.38 2.39 2.39 2.38 
Max. theoretical density ρbit (g/cm3) 2.44 2.44 2.44 2.44 
Stability (Kg) 1267.49 1307.66 1249.13 1274.76 
Average sample high (mm)  64.00 63.90 63.00 63.63 
Stability correction factor 0.987 0.9896 1.0130 0.9965 
Corrected stability (Kg) 1251.01 1294.06 1265.37 1270.15 
Flow (mm) 3.44 3.85 3.35 3.55 
Stiffness (Kg/mm) 363.67 336.12 377.72 359.17 
Air voids content in total mix Va (%) 2.38 2.19 2.21 2.26 
Percent bitumen volume Vb (%) 11.64 11.66 11.66 11.66 
Voids in mineral Agg. (VMA) (%) 14.02 13.86 13.87 13.92 
Voids fill with bitumen (VFB) (%) 83.04 84.17 84.10 83.77 
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Marshal tests results 

WIP   = 25 % (By weight of sand) 

 No. of blows on each side : 75 blow 

 3/4" binder course mix 

 Bitumen  = 5 % (By total weight) 

 Mixing temp. : 150° C 

Table (E-2): Marshal test results for 25% WIP 

WIP content (By Weight of sand) 25% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1213.46 1201.68 1213.50 1209.55 
Weight in water (gm) 710.62 701.95 709.69 707.42 
SSD weight (gm) 1216.06 1203.60 1215.69 1211.78 
Bulk volume (cm3) 505.44 501.65 506.00 504.36 
Density of compacted mix ρA (g/cm3) 2.40 2.40 2.40 2.40 
Max. theoretical density ρbit (g/cm3) 2.46 2.46 2.46 2.46 
Stability (Kg) 1494.88 1515.27 1356.20 1455.45 
Average sample high (mm)  63.80 63.60 63.80 63.73 
Stability correction factor 0.9922 0.9974 0.9922 0.99 
Corrected stability (Kg) 1483.22 1511.33 1345.62 1446.73 
Flow (mm) 3.76 3.78 3.65 3.73 
Stiffness (Kg/mm) 394.47 399.82 368.66 387.65 
Air voids content in total mix Va (%) 2.41 2.62 2.51 2.51 
Percent bitumen volume Vb (%) 11.73 11.71 11.72 11.72 
Voids in mineral Agg. (VMA) (%) 14.14 14.33 14.23 14.24 
Voids fill with bitumen (VFB) (%) 82.98 81.69 82.35 82.34 
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Marshal tests results 

WIP   = 50 % (By weight of sand) 

 No. of blows on each side : 75 blow 

 3/4" binder course mix 

 Bitumen  = 5 % (By total weight) 

 Mixing temp. : 150° C 

Table (E-3): Marshal test results for 50% WIP 

WIP content (By Weight of sand) 50% 

Sample No. 1 2 3 Average 

Weight of sample in air (g) 1220.50 1212.91 1209.26 1214.22 
Weight in water (gm) 716.05 712.82 711.80 713.56 
SSD weight (gm) 1222.17 1216.07 1212.04 1216.76 
Bulk volume (cm3) 506.12 503.25 500.24 503.20 
Density of compacted mix ρA (g/cm3) 2.41 2.41 2.42 2.41 
Max. theoretical density ρbit (g/cm3) 2.48 2.48 2.48 2.48 
Stability (Kg) 1514.25 1427.58 1418.81 1453.55 
Average sample high (mm)  63.90 63.60 63.60 63.70 
Stability correction factor 0.9896 0.9974 0.9974 0.9948 
Corrected stability (Kg) 1498.51 1423.87 1415.12 1445.83 
Flow (mm) 3.53 3.99 3.81 3.78 
Stiffness (Kg/mm) 424.51 356.86 371.42 384.26 
Air voids content in total mix Va (%) 2.76 2.82 2.53 2.70 
Percent bitumen volume Vb (%) 11.79 11.78 11.82 11.79 
Voids in mineral Agg. (VMA) (%) 14.55 14.60 14.34 14.50 
Voids fill with bitumen (VFB) (%) 81.01 80.70 82.39 81.37 
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Marshal tests results 

WIP   = 75 % (By weight of sand) 

 No. of blows on each side : 75 blow 

 3/4" binder course mix 

 Bitumen  = 5 % (By total weight) 

 Mixing temp. : 150° C 

Table (E-4): Marshal test results for 75% WIP 

WIP content (By Weight of sand) 75% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1216.01 1215.09 1187.12 1206.07 
Weight in water (gm) 717.24 717.11 702.69 712.35 
SSD weight (gm) 1217.62 1217.88 1188.83 1208.11 
Bulk volume (cm3) 500.38 500.77 486.14 495.76 
Density of compacted mix ρA (g/cm3) 2.43 2.43 2.44 2.43 
Max. theoretical density ρbit (g/cm3) 2.50 2.50 2.50 2.50 
Stability (Kg) 1465.92 1434.62 1536.69 1479.07 
Average sample high (mm)  63.90 63.90 63.20 63.67 
Stability correction factor 0.9896 0.9896 1.0078 1.00 
Corrected stability (Kg) 1450.68 1419.70 1548.67 1473.02 
Flow (mm) 4.55 4.12 4.24 4.30 
Stiffness (Kg/mm) 319.04 344.92 365.25 343.07 
Air voids content in total mix Va (%) 2.79 2.94 2.32 2.69 
Percent bitumen volume Vb (%) 11.88 11.86 11.94 11.89 
Voids in mineral Agg. (VMA) (%) 14.67 14.80 14.26 14.58 
Voids fill with bitumen (VFB) (%) 80.96 80.12 83.71 81.60 
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Marshal tests results 

WIP   = 100 % (By weight of sand) 

 No. of blows on each side : 75 blow 

 3/4" binder course mix 

 Bitumen  = 5 % (By total weight) 

 Mixing temp. : 150° C 

Table (E-5): Marshal test results for 100% WIP 

WIP content (By Weight of sand) 100% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1232.76 1209.72 1231.04 1224.51 
Weight in water (gm) 729.37 716.92 728.67 724.99 
SSD weight (gm) 1236.27 1211.48 1232.05 1226.60 
Bulk volume (cm3) 506.90 494.56 503.38 501.61 
Density of compacted mix ρA (g/cm3) 2.43 2.45 2.45 2.44 
Max. theoretical density ρbit (g/cm3) 2.53 2.53 2.53 2.53 
Stability (Kg) 1691.48 1527.20 1613.27 1610.65 
Average sample hight (mm)  64.10 63.60 64.10 63.93 
Stability correction factor 0.9845 0.9974 0.9845 0.9888 
Corrected stability (Kg) 1665.26 1523.23 1588.26 1592.25 
Flow (mm) 4.34 4.45 4.72 4.50 
Stiffness (Kg/mm) 383.70 342.30 336.42 354.14 
Air voids content in total mix Va (%) 3.88 3.32 3.34 3.51 
Percent bitumen volume Vb (%) 11.89 11.96 11.95 11.93 
Voids in mineral Agg. (VMA) (%) 15.76 15.27 15.29 15.44 
Voids fill with bitumen (VFB) (%) 75.41 78.28 78.17 77.29 
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Marshal tests results 

(Second Stage 10% sand) 

WIP   = 75 % (By weight of sand) 

 No. of blows on each side : 75 blow 

 3/4" binder course mix 

 Bitumen  = 4.80 % (By total weight) 

 Mixing temp. : 150° C 

Table (E-6): Marshal test results for 75% WIP 

WIP content (By Weight of sand) 75% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1230.31 1222.88 1225.28 1226.16 
Weight in water (gm) 728.97 723.72 726.48 726.39 
SSD weight (gm) 1234.71 1227.79 1228.26 1230.25 
Bulk volume (cm3) 505.74 504.07 501.78 503.86 
Density of compacted mix ρA (g/cm3) 2.43 2.43 2.44 2.43 
Max. theoretical density ρbit (g/cm3) 2.54 2.54 2.54 2.54 
Stability (Kg) 1367.72 1376.60 1366.40 1370.24 
Average sample high (mm)  64.10 63.90 64.00 64.00 
Stability correction factor 0.9845 0.9896 0.9870 0.9870 
Corrected stability (Kg) 1346.52 1362.28 1348.63 1352.48 
Flow (mm) 4.30 4.81 4.95 4.69 
Stiffness (Kg/mm) 313.44 283.16 272.51 289.70 
Air voids content in total mix Va (%) 4.22 4.49 3.86 4.19 
Percent bitumen volume Vb (%) 11.41 11.38 11.46 11.42 
Voids in mineral Agg. (VMA) (%) 15.64 15.87 15.32 15.61 
Voids fill with bitumen (VFB) (%) 72.99 71.72 74.78 73.16 
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Marshal tests results 

WIP   = 100 % (By weight of sand) 

 No. of blows on each side : 75 blow 

 3/4" binder course mix 

 Bitumen  = 4.80 % (By total weight) 

 Mixing temp. : 150° C 

Table (E-7): Marshal test results for 100% WIP 

WIP content (By Weight of sand) 100% 

Sample No. 1 2 3 Average 
Weight of sample in air (g) 1239.70 1200.68 1228.33 1222.90 
Weight in water (gm) 739.02 717.31 731.42 729.25 
SSD weight (gm) 1241.70 1202.40 1232.33 1225.48 
Bulk volume (cm3) 502.68 485.09 500.91 496.23 
Density of compacted mix ρA (g/cm3) 2.47 2.48 2.45 2.46 
Max. theoretical density ρbit (g/cm3) 2.56 2.56 2.56 2.56 
Stability (Kg) 1359.46 1375.68 1266.47 1333.87 
Average sample high (mm)  64.20 63.50 64.10 63.93 
Stability correction factor 0.9820 1.0000 0.9845 0.9888 
Corrected stability (Kg) 1334.99 1375.68 1246.84 1319.17 
Flow (mm) 4.50 4.72 4.88 4.70 
Stiffness (Kg/mm) 296.67 291.46 255.34 281.15 
Air voids content in total mix Va (%) 3.66 3.31 4.21 3.73 
Percent bitumen volume Vb (%) 11.57 11.61 11.51 11.56 
Voids in mineral Agg. (VMA) (%) 15.24 14.93 15.72 15.29 
Voids fill with bitumen (VFB) (%) 75.95 77.80 73.21 75.65 
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Determination of the maximum theoretical density for the asphalt mix 

 

Pycnometer method   

(    ) = Weight of Pycnometer filled with water 

(  ) = Weight of the asphalt sample 

(      ) = Weight of Pycnometer filled with water and the 

crushed sample 

       
  

                 
 

Table (E-8): theoretical density for the asphalt mix 

WIP (By 
Weight of 

sand) 

     (g)    (g)        (g)     (g) 

First Stage 5% sand 
0 1785.44 663.34 2176.81 2.44 
25 1785.44 532.67 2101.28 2.46 
50 1785.44 585.96 2135.12 2.48 
75 1784.00 344.81 1990.886 2.50 
100 1784.00 404.24 2028.23 2.53 

Second Stage 10% sand 
0 1783.70 410.25 2027.18 2.46 
75 1783.70 403.74 2028.42 2.54 
100 1783.70 442.03 2053.08 2.56 
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Appendix (F)  

Photos   
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          Figure (F.1): Aggregates preparing for specific gravity and water absorption         Figure (F.2): Sieve analysis  

 

 

 

 

 

 

 

           Figure (F.3): Waste iron powder                                                                             Figure (F.4): Used aggregate type 
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Figure (F.5): Measuring the theoretical density of WIP using Pycnometer         Figure (F.6): Dry WIP and aggregate in oven 

 

 

 

 

 

 

 

Figure (F.7):   Removing Marshal samples molds after compaction                   Figure (F.8):Marshal Samples weighting in water 
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Figure (F.9):  WIP modified Marshal Sample                                                        Figure (F.10):Testing Marshal Samples for stability and flow
  

 

 

 

 

 

 

 

   Figure (F.11):  SEM for natural sand 0-0.6mm                                                    Figure (F.12):SEM for WIP 0-2.00mm 

 

 


