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Abstract 

 

Recycling is one of the most emerging, innovative and interesting techniques for the 

rehabilitation of road pavements. During the recent past, an increased interest in this 

process, has led to the development of various alternative methods for the recovery and 

the reuse of road bituminous materials. Cold recycling allows the recovery of bituminous 

material from an existing pavement without heating, whilst ensuring the strength of high 

quality bound base layers.  

 

Recycled Asphalt Pavement was used as controlled mix (E) to compare with four other 

mixes having variable binding material types and percentages. Foam bitumen, emulsified 

bitumen, steel slag, and marble waste were used as binders. Repeated load indirect tensile 

strength test (ASTM D4123), repeated uniaxial load strain test (ASTM D4123) and static 

load indirect tensile strength (AASHTO T283) tests were performed using UTM-5P. 

Mixes were evaluated at 40oC and 55oC under varying loading conditions of 150 ms and 

450 ms. 

 

Resilient modulus has been observed to decrease with an increase in temperature and 

time of loading for the mixes. The mixes containing emulsified bitumen performed best 

during Indirect Tensile Strength test (ITS). The mix containing foam bitumen showed 

higher resilient modulus as compared to the control mix (E, 100% RAP) and bitumen 

emulsified mixes (sample B, C and D) at constant temperature and pulse widths. Thus, 

use of foam bitumen in cold recycled mix provides more load carrying capacities as 

compared to the bitumen emulsion and control mix (100% RAP only). 



 

III 

 

It has been revealed that Cold recycled asphalt mixes could be successfully used as 

stabilized base course.  

 

In addition to above, cold recycling is very cost effective and environment friendly 

technique. 

 

A comprehensive study was also carried out to determine the economic and 

environmental feasibility of cold recycling. North bond of National Highway Authority 

(N-5) at Rawalpindi-Kharian section was selected for the study. The economic indicators 

(benefit/cost ratio, net present value and internal rate of return) revealed that cold in place 

recycling is economically feasible as compared to the conventional rehabilitation 

techniques being practiced in Pakistan. 

 

It has been revealed that increasing RAP contents causes a decrease in CO2 emission. 

Likewise, CO2 emission varies directly with moisture contents in RAP. In addition, the 

cold in place recycling has many supplementary benefits, like preservation of road 

construction materials, landfill sides and reduction in haulage of material etc. 

 

Key words: Creep stiffness, Cold recycled pavements, UTM-5P, Static creep test, 

Repeated load, Indirect tensile test, NPV, B/C ratio, IRR, greenhouse gas emissions 
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CHAPTER NO. 1 

Introduction 

 

1.1 Introduction 

Road network is considered to be a major infrastructure that reflects the development 

status of any country. It is the part and parcel of a transportation system that provides the 

mobility for passengers and freight across the country at a larger scale. Pakistan has 

emerged as a progressive country during the recent past. The advancements in the arena 

of industry, trade and tourism are evidences, which cannot be possible without an 

efficient road network. The construction of efficient roads is indispensable for the 

development and prosperity of the public. 

 

Road engineering has become an important area among the discipline of civil engineering 

across the globe. The efficient roads are considered to be the backbone of the economy of 

a country, as an efficient network provides the mobility of goods and peoples in a safe 

and convenient way. Goods brought to major distribution points by ship, rail or air, 

ultimately reach their destination by roads. 

 

Pavements experience heavy loads and environmental threats throughout their life. These 

factors are responsible in deterioration of pavements with the passage of time, while the 

proper maintenance of road can keep it in good condition. If the proper maintenance 

techniques are not practiced at a regular interval, the pavement deteriorates without 
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completing its design life causing severe pavement distresses like rutting, alligator 

cracking, stripping etc. and loss of riding quality or pavement structure. 

  

During the last few decades, pavement maintenance and rehabilitation has become a 

serious issue. Consequently, the road authorities are taking more interest in pavement 

maintenance and rehabilitation. The bituminous pavement can be rehabilitated mainly by 

overlaying, recycling or reconstructing. In recycling processes, material from the existing 

pavement is recovered from a certain depth and is known as Reclaimed Asphalt 

Pavement (RAP). The RAP comprises of aggregates and a thin film of bitumen around 

them. This RAP is mixed with some strengthening agents and re-laid .RAP can be fully 

used as the aggregate portion or sometimes mixed with some virgin aggregates. 

 

There are two main types of recycling; hot recycling and cold recycling. Hot recycling 

involves the softening of existing pavement surface with the application of heat, whereas 

in cold recycling material from existing pavement is recovered without the application of 

heat. Moreover, if both hot and cold recycling are carried out in situ, it is termed as Hot 

in Place Recycling (HIR) and Cold in Place Recycling (CIR) respectively. 

 

1.2 Brief History of Recycling 

It has been visualized that flexible pavement recycling technique grown rapidly in globe 

by the utilization of many recycling materials like crumb rubber, glass, shingles etc. 

Recycling technique was started in 1915, but it could not get much attention till 1970s. 

During 1970s, Arab countries retaliated against United States decision for the re supply 

of oil to Israel and hence the entire empire of Arab and Gulf unanimously put on embargo 
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on oil. In that situation, the prices of asphalt escalated. Owing to that, the researchers 

reacted and succeeded in the development of road recycling techniques, which implies 

the reduction in demand of asphalt binder in paving mixtures. Practices that were applied 

at that time are still used today. In addition to the reduction in demand of asphalt binder, 

recycling technique has some supplementary advantages as well, like environmental 

friendly technique and cost effective. Environmental advantages are reduction in fuel 

consumption and greenhouse gases emission because of using recycled materials, 

reduction in demand of non-renewable energy reserves, and reduction in disposal of used 

material on landfills. Cost effectiveness includes, economy saving because of using   

recycled material thus reducing the use of virgin aggregates and their transportation to the 

site. For thirty years, two basic principles of road recycling has been adopted as 

mentioned below. 

 

1. Requirement should be same as the mix containing virgin aggregates. 

2. The recycled mix should perform better than the mix having virgin aggregates. 

 

It has been observed minutely through surveys that about 12% - 15% RAP contents in 

asphalt mixes used in pavements in US. It was decided by the National Asphalt Pavement 

Association (NAPA) that to enhance the average RAP contents upto 25% by 2013 (West, 

2010). However, it is true that some researchers disparage the use of RAP contents in 

asphalt mix, but mixes having moderate to high RAP contents are quite satisfactory. For 

number of years, quality mixes were being designed and produced. A comparative study 

on Long Term Pavement Performance (LTPP) was done by West (2015), in which data 
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was collected from 18 US states and Canadian provinces and revealed that a mix having 

at least 30% RAP behaves equal to the mix having virgin aggregate in all respect. 

 

In Pakistan, the recycling technique is not very much common but it is gaining attention 

day by day. The recycling has been carrying out in Pakistan since 2006 and the cold 

recycling process has been carried out successfully on the Rawalpindi-Kharian section 

and Okara-Sahiwal section of N-5. Figure 1.1 shows the cold in place recycling on N-5. 

Fig 1.1: Cold in place recycling on N-5 in Pakistan 

 

1.3 Distresses Developed in Highways/Motorways of Pakistan 

There are mainly two types of distress in pavements which are rutting and fatigue 

cracking. These are the main concern in this research among different types of distress. 
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1.3.1 Rutting 

Technically, rutting is a longitudinal depression that forms on the wheel path in flexible 

pavements. Rutting is being observed in various sections of highways and motorways in 

Pakistan. It could be due to over loading, high temperature and unavailability of 

pavement design guidelines suiting local conditions. This type of distress appears 

gradually with the passage of time and due to repetition of heavy loads. Figure 1.2 and 

1.3 depict the rutting on Kashmir highway and Islamabad highway, respectively. It 

causes the hindrance in the following ways; 

 

 Hydroplaning by the accumulation of rain water in longitudinal depressions on 

the wheel path. 

 Riding discomfort and potential for the driver to lose the control of a vehicle. 

 Economic loss and inconvenience to road users during long periods of 

reconstruction and rehabilitation.  

Fig 1.2: Rutting on outer lane of Kashmir Highway (After Khan, 2009) 
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Fig 1.3: Severe rutting due to shear failure on Islamabad Highway (After Khan, 2009) 

 

1.3.2 Fatigue Cracking 

These types of cracks have resemblance to alligator skin or chicken wire as shown in 

Figure 1.4 and 1.5. A number of parameters impart the fatigue cracking, like heavier 

repeated loads, defective structural design, and poor workmanship. Fatigue cracks initiate 

from the bottom or top of the pavement. In case of thin layers, it initiates from the bottom 

where the tensile stress is maximum which further propagates to the surface resulting in 

one or more longitudinal cracks. In case of thick layers, these cracks initiate from the top 

in the areas of high localized tensile stresses due to tyres and pavement contact or due to 

the asphalt binder aging. Fatigue cracks subsequently cause moisture penetration, road 

roughness and formation of potholes.  
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Fig 1.4: Fatigue cracks at north bond of M-2 (After Khan, 2009) 

Fig 1.5: Fatigue cracks at north bond of M-9 (After Khan, 2009) 

 

1.4 Performance Parameters 

Pavement materials are typically characterized by their resistance to deformation under 

load, which can be either a measure of their strength (the stress needed to break or 

rupture a material) or stiffness (the relationship between stress and strain in elastic range 
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or how well a material is able to return to its original shape and size after being stressed). 

In general, the more resistant to deformation a paving material is, the more load it can 

take before a critical deformation value.  

 

The pavement material must have some flexibility, otherwise it deforms permanently 

under repeated vehicular load. A flexible material must have certain stiffness which 

should have recoverable deforming ability of material as a result of loading. If the applied 

load is less than the stiffness of the paving material then the strain thus produced is 

almost recoverable. Technically, resilient modulus (MR) describes the tendency of the 

material to recover from external shock or disturbance. The higher resilient modulus of a 

material describes that the material has more capability of carrying load without cracking. 

However, the pavement may undergo cracking and lead to the formation of fatigue 

cracking, if applied load is greater than the stiffness of the paving material. As such 

rutting is another very serious and debatable issue that leads to riding discomfort to users. 

It is actually a phenomena of accumulation of strain. The creep stiffness modulus is the 

measure of resistance against rutting. 

 

There are numbers of parameters upon which the resilient modulus and creep stiffness 

modulus depends. However, temperature, loading rate and type of material are important 

and greatly affect the resilient modulus and creep stiffness modulus. 

 

In addition to above, pavements have to encounter moisture susceptibility which greatly 

affects the tensile characteristics of recycled mixes. In some cases, the moisture 

susceptibility reduces the tensile strength of recycled mixes, which mainly depends upon 
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the type of material used. The performance of cold recycled material may be described in 

terms of resilient properties, rutting resistance and tensile properties.  

 

1.5 Need of Study 

In Pakistan, the road transport contributes towards the major portion of the transportation 

system. Most of passengers and goods are being transported through road traffic. It is a 

common practice in Pakistan that 2-axle truck and recently introduced multi-axle load 

trucks are overloaded as shown in Figure 1.6. Moreover, the tyres are being inflated, 

resulting in high concentrated load on pavement, even higher than its safe bearing 

capacity. When overloaded trucks ply on flexible pavements having unbound bases, signs 

of distresses appears soon after the facility is opened to traffic. This not only results in 

major distresses but also requires billions of rupees on maintenance. 

Fig 1.6: An overloaded bedford truck on Sukkur – Larkana section (ZUMA Press, 2015) 
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Those roads which are designed for 8.2 tons standard axle load are subjected to loads as 

high as 24 tons while the gross truck weight is about 80 tons against a permissible weight 

of 40 tons (Shafi, et al 2015). Though, haulage cost is reduced and profit margin for 

transporters increases, it causes severe damage to road as shown in Figure 1.7. 

Fig 1.7: An illustration of rutting due to overloaded trucks (NHA, 2015) 

 

The overloaded trucks result in the development of major pavement distresses. These 

distresses ultimately lead towards functional and structural failure. Approximately, the 

total incurred annual cost on maintenance of roads is about Rs. 20.961 billion in Pakistan 

(NHA, 2015). While Rs. 14. 774 billion rupees are utilized on periodic maintenance 

(structural and functional overlay) and a sum Rs. 6.187 billion for routine maintenance, 

highway safety, and other maintenance schemes (NHA, 2015). It has been realized that 
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the conventional rehabilitation techniques are insufficient to meet up our budget 

demands, mainly due to the following reasons,  

 

 Labour effort for patch work maintenance 

 Problems related to quality assurance 

  Pre-mix asphalt overlays in small stretches, far-off from Asphalt plant. 

 

Some modern techniques like Hot in Place Recycling (HIR) and Cold in Place Recycling 

(CIR) are considered to be more effective mean of rehabilitation as compared to the 

conventional methods, since recycled materials are most cost effective due to less fuel 

consumption. Especially, the CIR is considered as most cost effective technique than 

others. In addition, conventional rehabilitation is not considered as environmental 

friendly. Practically, it has been observed that a lot of CO2 emits during pavement 

construction and rehabilitation, but in contrast the recycling is liable to less emission of 

CO2 (Gallivan et al, 2010). 

 

In Pakistan, recycling technique is not very common but is gaining attention day by day. 

The recycling has been carrying out in Pakistan since 2006 and the cold recycling process 

has been carried out successfully on Rawalpindi-Kharian section and Okara-Sahiwal 

section of N-5 during 2011 and 2012. Since the pavements are overstressed in Pakistan, 

therefore it is the need of the day to study the mechanical behavior of cold recycled mix 

beforehand, in order to assess the performance of cold recycled mix under over loaded 

trucks.  
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In this research work, performance of different cold recycled mixes has been studied in 

terms of resilient behavior, rutting resistance and tensile properties considering 

temperature, loading frequencies and moisture conditions. 

 

1.6 Study Objectives 

The main objectives of this study were to determine; 

1. The factors affecting resilient properties of cold recycled materials. 

2. The factors affecting the rutting resistance of cold recycled materials. 

3. The extent of moisture damage to cold recycled mixes. 

4. The feasibility of using cold in place recycling based on its economic analysis. 

5. Evaluate the environmental impacts of cold recycling. 

 

1.7 Scope of Study 

This dissertation highlights study of different performance parameters of cold in place 

recycled asphalt pavement. The scope of work is summarized in Figure 1.8. Starting from 

the literature review, it proceeds further into three parts i.e. 

 

1. Material collection and performance testing. 

2. Economic analysis 

3. Study of greenhouse gases emission in transportation section. 

 

In first part, the materials were collected which include RAP from Sahiwal-Okara section 

of N-5, cement, foam bitumen, bitumen emulsion, steel slag and marble waste. Five 

different samples were prepared in the laboratory among which the 100% RAP sample 
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was used as a control mix. The control mix was compared with rest of other mixes. For 

this purpose, the repeated load indirect tensile strength test, repeated uniaxial load strain 

test and static load indirect tensile strength tests were performed. Further, the results from 

these tests were interpreted in the form of graphs and discussions. 

 

In second part, the cost data of Rawalpindi-Kharian section of N-5 was collected. This 

data was further utilized in the calculation of economic analysis to elaborate the 

economic feasibility of CIR in Pakistan. 

 

In third part, the detailed study was carried out which comprised of greenhouse gases 

emission in transportation sector, determination of greenhouse gases emission in cold in 

place recycling and environmental benefits of CIR. 

 

The conclusions has been drawn on the basis of results obtained after the successful study 

of mechanical testing of recycled mix at varying parameters, economic analysis of CIR in 

Pakistan and environmental benefits of cold in place recycling, followed by the 

recommendations for future studies. 
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Fig 1.8: Flow chart diagram (scope of work) 

 

1.8 Overview of the Dissertation 

Following are the outlines of the dissertation reflecting the above objectives; 

 

 Chapter No. 2 highlights the background study and literature review of cold 

recycling rehabilitation techniques, process of CIR and rest of general study 

related to CIR. 

 Chapter No. 3 provides the study of materials that can be used in recycling. This 

chapter also provides, step by step procedure of mix design for bitumen stabilized 

mixture. 
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 Chapter No. 4 provides the research methodology. This chapter includes details 

and procedure of mechanical tests performed for the performance evaluation, 

study of economic feasibility indicators, CO2 emission in transportation sector 

and study of reduction in CO2 emission due to CIR. 

 Chapter No. 5 comprises the results of the tests described in chapter no. 4 and 

their detailed discussion. 

 Chapter No. 6 involves the detailed study of economic analysis of CIR. The study 

was made on Rawalpindi-Kharian section N-5. 

 Chapter No. 7 aims at detailed comparative study CO2 emission at different RAP 

contents and moisture contents. 

 Chapter No. 8 entails the brief summary of whole dissertation, conclusions and 

future recommendations. 
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CHAPTER NO. 2 

Literature Review 

 

2.1 Recycling of Asphalt Pavements 

The practice of recycling or reusing the existing pavement material for rehabilitation 

purposes has been recognized due to its economic, environmental and energy 

conservation reasons. The recycling is broadly divided into following two main 

categories i.e. 

 

 Hot recycling  

 Cold recycling 

 

Hot Recycling involves the softening of the existing pavement surface with heat, 

removing the surface and mixing with modifier agents, new aggregates and bitumen in 

the required amount and to lay on the pavement. It can be In-place or In-plant recycling.  

In-place recycling is suitable for the pavements with moderate non-structural surface 

distresses. 

 

Cold recycling involves the recycling of the existing pavement surface material without 

heat, whilst ensuring the strength of high quality bound base layers. These are usually 

used as a base layer and can be processed in plant or in place and may need new asphalt 

surface course. 
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2.1.1 Cold In-place Recycling (CIR) 

Cold In-place Recycling (CIR) is defined as a rehabilitation technique in which the 

existing pavement materials are reused in place. Comparatively the cold central plant 

recycling is not convenient especially when central recycling plant situated at a greater 

distance for secondary and low volume roads. CIR is good in the sense that it does not 

involve transportation of RAP between central plant and work site thus saving time and 

also moreover does not affect the traffic operation as much. 

 

2.1.2 Cold In-place Recycling Process 

It involves a series of activities in which reclaimed asphalt pavement (RAP) material for 

rehabilitation purposes is obtained by milling, planning, or crushing the existing 

pavement. Virgin aggregates or recycling agent or both are added to the RAP material 

which is then laid and compacted. An improved road base is obtained at the end which is 

then paved with a bituminous layer. Thickness of the surface layer depends upon the 

traffic, it carries. Bituminous stabilizing agents such as (Portland cement, Foamed 

Bitumen, emulsified bitumen and lime) are used to improve properties to the RAP. 

 

2.1.3 Cold In-place Recycling Machines 

To carry out the pulverization and mixing task, a power reclaiming machine is required. 

The cold in place recycling process is carried out using a machine which is capable of 

recycling a thick pavement layer in a single pass.  These machines contain milling and 

mixing drums at the center equipped with a large number of steel cutting bits and drums 

rotates to mill the pavement material. The recycling process has been shown in Figure 

2.1. 
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During the milling process, water and stabilizing agents are injected through a hose into 

the mixing chamber of machine. The water is mixed thoroughly to attain optimum 

moisture content for compaction. The stabilizing agents such as foamed bitumen and 

emulsified bitumen can be added to the milled material with a help of spray bar as shown 

in Figure 2.2 (Wirtgen, 2001). Cement can also be added directly by spreading over the 

road ahead of the milling machine. The machine passes the cement, adding it with milled 

material with the help of water.  

 

Fig 2.1: Cold Recycling Process 

 Fig 2.2: Spray bar spraying stabilizing agents to milled material (After Wirtgen, 2001)  
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After the recycling and mixing process, the roller compacts the material being paved. 

Cold in-place recycling trains are used to accomplish the recycling of an existing 

pavement in a single pass. Depending upon the stabilizing agents being used and the 

recycling application, different trains can be used as shown in the Figure 2.3. Some have 

the capacity for emulsion and cement stabilization and others have it for foamed bitumen 

stabilization. 

 

The train in Figure 2.3 (a) is used for carrying out cold recycling with cement alone. The 

recycler is attached to the slurry mixer ahead of it and slurry in mixer is transferred 

through a hose and then injected into the recycler mixing chamber. The configuration of 

the train shown in Figure 2.3 (b) and (c) is for the case the bitumen emulsion used alone. 

The recycler is attached with two tankers, one filled with hot bitumen and other with 

water or to a single tanker filled with bitumen emulsion. When the bitumen is used with 

cement, there will be a tanker filled with bitumen and a water tanker ahead of the slurry 

mixer as shown in Figure 2.3(d). 
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Fig 2.3: Different types of recycling train (After Lewis and Collings, 1999) 
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2.1.4 Applications of Cold In-Place Recycling 

Following are the common applications of CIR as reported by Wirtgen (2001); 

 

1. Structural Strengthening of Pavements 

Modern recycling machines are designed to recycle the pavements ranging from 

150 mm to more 300 mm thick in a single pass. With this particular ability, the 

full depth of existing deteriorated asphalt layer along with the under lying 

unbound material can be recycled at the same time as shown in Figure 2.4 

(Wirtgen, 2001). Where the pavement with weakness in the deep layers can be 

strengthened is termed as deep recycling, which improves its structural capacity 

significantly. After the recycling, one or more layers of hot mix asphalt can be 

laid to provide a smooth surface. 

Fig 2.4: Recycling depth (After Wirtgen, 2001) 

 

2. Recycling of Asphalt Layer 

This technique can rehabilitate pavement distress caused by aging of asphalt layer 

i.e, minor cracking and surface degradation that occurs only in the asphalt surface 

layer without severe rutting. This is performed in an asphalt surface course to a 

depth ranging from 80 mm to 150 mm. This technique is called thin layer 
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recycling and is carried out to improve surface riding quality, rather than the 

structural capacity. 

3. Upgrading Unsurfaced Roads 

The cold in place recycling technique can be used for the upgrading of unsurfaced 

roads by recycling existing roads with foamed bitumen, bitumen emulsion, 

cement and then applying a thin layer of chip seal or slurry seal. This is carried 

out normally between 100 to 150 mm depth. 

 

2.1.5 Advantages and Disadvantage of Cold in Place Recycling (CIR) 

 The use of cold in-place recycling can restore old pavement to the desired 

profile, eliminate existing wheel ruts, restore the crown and cross slope, 

and eliminate pothole, irregularities and rough areas.  

 It conserves resources as it utilizes the recycled material for pavement 

rehabilitation and reduces the amount of new imported material, if any, used in 

the project. 

 It is an environmental friendly technique due to the fact that it causes less air 

pollution (no use of heat) and disposal of old pavement material is greatly 

reduced. 

 Cold in place recycling conserves energy as no heat is involved in the process.  

 It also maintains the geometry of the pavement as the crown and cross slopes can 

be restored due to uniform overlay application. 

 During the recycling process it is required to close a single lane so it is also safe. 

 Maintenance cost is reduced as the cold in place recycling is cost effective and 

long term. 
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 Cold in place recycling is effective in mitigation of cracking. Unlike the base 

layer of high plasticity soil stabilized with cement where cracking problem is a 

major disadvantage. 

 Cold recycling results in a thick bound layers of higher strength and high 

stiffness. 

 

Following are some disadvantages of the cold recycling process; 

 

 Cold recycled material containing stabilizing agents can have a problem of 

raveling and stripping and that’s why it is recommended to overlay a thin hot mix 

asphalt layer before opening for traffic.  

 The cold in place recycling is restricted to be performed during warm, dry 

weather, thus the construction is limited to summer season only. 

 The process requires a careful inspection of the material to avoid non-uniformity 

such as variability of aggregate grading, non-uniformity in distribution and 

mixing of the binding agents. 

 

2.1.6 Materials for Cold in Place Recycling 

Recycling of the existing asphalt pavement includes the following three main 

components. 

 

1. Reclaimed Asphalt Pavements 

2. Aggregate Substructure and 

3. Stabilizing agents or binder. 
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1. Reclaimed Aphalt Pavement (RAP) 

The asphalt pavement which is recovered with the help of milling, and is used as a 

recycled pavement after mixing some aggregates and binders like bitumen, lime, 

cement or other materials. Cold in place recycling being an economical and 

environmental friendly technique, RAP is used as a pavement material. 

 

2. Aggregate Substructure 

In cold in-place recycling, the asphalt layer along with the predetermined quantity 

of underlying base material is milled and is used as new stabilized road base 

course, after treatment. So the aggregate is recycled pavement is typically existing 

base material. An extra quantity of new aggregates can also be added to fulfil the 

desired depth and strength requirements. However, some percentage of modifiers 

may be used in place of RAP or virgin aggregates like steel slag aggregate which 

is incorporated at a rate of 10% by weight of coarse aggregates (Garrity, 2015). 

 

3. Binders or Stabilizing Agents 

Different binders such as hydrated lime, cement, foamed bitumen or emulsified 

bitumen are used in cold in-place recycling of asphalt pavements. Stabilizing 

agents are added in the reclaimed asphalt pavement material to increase the 

strength and to improve the durability and water resistance of the pavement. 

Therefore in many case there is no need to bring new material to add with the 

recycled material for increasing the strength of rehabilitated pavement. 

 

Broadly stabilizing agents are categorized into two types i.e. chemical and 

bituminous. Chemical stabilizing agents use additives like hydrated lime, fly ash 
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and Portland cement. While foamed bitumen and emulsified bitumen are used as a 

bituminous stabilizing agents. 

 

a. Cementitious Stabilizing Agents 

Cementitious stabilizing agents which are commonly used are cement, lime 

and there combination, mixed with fly ash and granulated blast furnace slag. 

For its use during the recycling process, cement is mixed with a 

predetermined amount of water to form a slurry and then this slurry is injected 

in the mixing chamber of the recycler. Cement can also be spread ahead of the 

milling machine on the road, but this may cause dust problems at the 

construction site. 

 

The amount of cement required in the stabilizing process may differ under 

certain conditions from country to country. The criteria for cement content 

determination is its required strength. 

 

b. Bituminous Stabilizing Agents 

Bituminous stabilizing agents are mostly used as in the form or foam or 

emulsion. Bitumen bound materials produce a flexible layer with superior 

fatigue properties. 

 

Emulsified bitumen is sprayed into the recycler mixing chamber during the 

recycling process and it is mixed with the milled material to produce a 

flexible, fatigue resistant emulsion stabilized base course as illustrated in 

Figure 2.5 (Wirtgen, 2002). 
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It can increase the moisture content above the optimum limit when in place 

moisture content is high and this results in reduced layer strength. Foamed 

bitumen is produced when hot bitumen is added with injected air and water 

under high pressure and is illustrated in Figure 2.6 (Wirtgen, 2002]. This 

foamed bitumen is mixed with the recycled material through the nozzles into 

the mixing chamber of recycler. 

Fig 2.5: Emulsified bitumen is being sprayed into mixing chamber (After Wirtgen, 2002) 

Fig 2.6: Manufacturing of foamed bitumen (After Wirtgen, 2002) 

 

2.1.7 Combination of Cementitious and Bituminous Stabilizing Agents 

The use of the cement or lime with a foamed or emulsified bitumen, in a specified 

quantity will have the following advantages; 
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 Improves adhesion between bitumen and aggregates. 

 The strength of recycled layer increases rapidly, enabling road to open soon after 

laying, for traffic. 

 Improves the performance and strength of recycled material. 

 

The agent can be added in the mixer chamber by the same process as described in section 

2.1.3. 

 

2.1.8 Selection of Stabilizing Agents  

The factors that affect the choice of the stabilizing agents for a particular application 

depends upon; 

 

 Relative cost of the stabilizing agent 

 Availability of ease with which the stabilizing agent can be resourced. 

 Material type, because different stabilizing agents are more effective with certain 

types of aggregates than others. 

 Acceptability, since some stabilizing agents are more acceptable, locally. 

 

2.2 Characteristics of Recycled Material 

2.2.1 Introduction 

Nowadays, the recycling of the existing pavement material using cold in-place recycling 

technique has become an increasingly growing practice for rehabilitation and 

maintenance of roads. Detailed deliberations had been made by various research studies 

regarding cold in place recycling in the following three main areas 
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1. Mix design and properties of cold recycled materials 

2. Structural design of cold in place recycled pavements 

3. Performance of cold in place recycled roads. 

 

2.2.2 Mix Design and Properties of Cold in Place Recycled Materials 

The mix design procedure for the recycled materials have been developed by many 

agencies for their own purposes but there is no standard mix design available. The 

following are the basic design steps. 

 

 Collection of sample from the reclaimed asphalt pavement material which is 

going to be used in mix design. 

 Processing of the samples. 

 Evaluation of recycled pavement that includes determination of  

a. Bitumen content 

b. Physical properties of bitumen (penetration, viscosity etc.) 

c. Aggregate gradation 

d. Recycled pavement gradation. 

 Selection of gradation and quantity of aggregates 

 Selection of bitumen required 

 Selection of stabilizing agent (type and quantity) 

 Mixing, compacting and testing of the samples 

 Establishment of job mix formula 

 Adjustments in the field 
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2.2.2.1 Sample Processing 

The mix design of cold in place recycled mixes contain; 

 RAP 

 Aggregates  

 Binder or stabilizing agent. 

The sample obtained from the pavement should be milled, but usually the pulverized 

material is not available before the construction gets started, consequently the core is 

obtained from the pavement and crushed in the laboratory. The new aggregates are then 

added as per requirement.   

 

2.2.2.2 Evaluation of RAP 

It involves the determination of bitumen content, physical properties of bitumen i.e. 

penetration, viscosity etc., aggregate gradation and recycled pavement gradation. This is 

the way to measure the quality of new bitumen to the recycling mix. 

 

2.2.2.3 Material Gradation 

Milton and Earland (1999) recommended two grading envelopes for recycled materials. 

The bitumen bounded materials are highly sensitive to reclaimed material grading 

specially the proportion of fine particles. New aggregates can be added for the correction 

of gradation or to increase the thickness of recycled pavements. A typical grading (target 

grading) envelope is shown below in Figure 2.7. 
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Fig 2.7: Typical grading (target grading) envelope (After Wirtgen, 2012) 

 

2.2.2.4 Binder Selection  

A variety of binding agents are available for cold in place recycling purposes. Portland 

cement, foamed bitumen and bitumen emulsion or combination of any of the agents can 

be used as a binder to produce reclaimed asphalt mixtures. 

 

2.2.3 Properties of Cold Recycled Mixtures 

The important properties for the mix design of the cold in place recycled material 

includes its compressive strength and indirect tensile strength for cement and bitumen 

bound mixes, respectively. Resilient modulus, fatigue and water resistance are also of 

great importance. 

 

1. Air voids (Va) 

Allen (1988) reported that air voids in mix normally varies from 10% to 15% and 

decreases with the increase of binder percentage and also with the passage of 
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time. The value has also been reported in the range of 12 to 15 % by some other 

researchers (Zeisner 1995, Epps 1990). Croteau and Lee (1997) has reported that 

with same quantity of air voids, cold in place recycled mixes has greater life 

against fatigue cracking as compared to Hot mix asphalt HMA. Open graded 

mixtures have high fatigue strength and less stiffness as compared to the HMA 

mixes which are dense graded (Hicks et al, 1995). 

 

2. Resilient Modulus 

Seven cores were recovered in Oregon from the seven projects for investigating 

the resilient moduli. The test results depicted that resilient moduli values varies 

from 150,000 to 600,000 psi. The resilient modulus is also effected by the 

stiffness of the RAP asphalt (Allen 1988) 

 

3. Aggregates 

The quality of aggregates being used is significant in crack resistance. Aggregates 

with high tensile strength, high abrasion resistance and low absorption have a 

relatively greater resistance to cracking failure (Shalaby, 1997). 

 

4. Economics 

Cold in place recycling technique, if selected properly, is very economical as 

compared to the conventional techniques. The following are the part percentages 

of cost of different components of cold in place recycling as reported from 

FHWA demonstration project 39 (Epps, 1990); 

 

a. Equipment: 29.7 % 
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b. Labor: 23.7 % 

c. Material: 46.6 % 

 

The material cost saving is the major financial benefit one we can get from cold in 

place recycling and is co-related with the new binders. 

 

A study revealed that representative cost of cold in place recycling varies from 

$1.71/m2 to $9.87/m2. But it depends upon a number of factors, which includes, 

depth of recycling, thickness of the overlay and the equipment type (FHWA, 

1987). The initial saving varied from 6 % to 67%. With the development in the 

field of recycling techniques and equipment, the cost of recycling have changed 

over the years. 

 

5. Cement Stabilized Recycled Asphalt Pavement Materials  

a. Compressive strength 

Taha et al (1999) investigated the use of RAP in roads construction. The result 

of the CBR test values of RAP and new aggregates blend is shown in the 

Figure 2.8. For high percentage of RAP aggregate, low CBR value has been 

reported and it increases with the increase in percentage of new aggregates in 

mix. This shows a better load transfer mechanism and interlocking between 

virgin aggregate and slip surface of the bitumen coated particles. Later on 

(Taha et al, 2002), added cement with RAP and new aggregate mix was tested 

under unconfined compressive strength test. The relationship between 

compressive strength of various mixes and curing time is shown in Figure 2.9. 
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This result shows that unconfined compressive strength increases as the curing 

period or cement content increases. 

Fig 2.8: CBR at different percentages of RAP (After, Taha et al, 1999) 

Fig 2.9: Unconfined Compression Strength (UCS) Vs Cement Contents (%) after 3 days 

curing, 7 days curing and 28 days curing (After Taha et al, 2002) 

 

6. Bituminous Stabilized Recycled Asphalt Pavement Materials 

a. Marshall Stability and Flow 

DeFoe (1977)* reports the relationship among Marshall Properties, curing 

time, soaking, binder type and binder content of bituminous bond cold 
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recycled samples and have been shown in the Figure 2.10 and Figure 2.11. 

Generally stability increases with curing time. 

Fig 2.10: Flow after different curing time (After DeFoe, 1977)* 

*See Epps, 1990 
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Fig 2.11: Marshall Stability after different curing time (After DeFoe, 1977)* 

*See Epps, 1990 

 

b. Indirect Tensile Strength 

Table 2.1 shows (Ruenkrairergsa et al, 2004) mix design results of RAP and 

virgin crushed stones in various proportions, treated with foamed bitumen. As 

the RAP quantity in mixes increases, the indirect tensile strength of both dry 

and soaked samples decreases. On other hand, the moisture resistance of mix 

is improved as indicated by retained ITS. 
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Table 2.1: ITS Values at Different Proportion of Crushed Stone and RAP 

(Ruenkrairergsa et al, 2004) 

Mix Proportion 

(Crushed 

Stone:RAP) 

20 : 80 50 : 50 100 : 0 

Optimum Foamed 

Content (%) 
2.1 2.6 3.4 

Unsoaked ITS 

(kPa) 
453 465 540 

Soaked ITS (kPa) 366 348 390 

Retained ITS (%) 80 75 72 

Dry Density 

(Mg/m3) 
2.188 2.190 2.210 

 

Abd El Halim (1985;1986) reported the appearance of cracks during 

compacting the top layer due to relatively high rigidity of underlying layer. It 

was also reported that the number of induced cracks increases as the stiffness 

of the underlying layer increases while comparing the phenomena to the cold 

in place recycling process, it seems that CIR material shows some cracking 

which is compacted on subgrade. It was reported by Chen (2006) that a hot 

asphalt mix overlay is placed at about 130oC after the compaction CIR 

material.  

 

Muhammad et al (2003) presented the indirect tensile strength result of dry 

and soaked samples being treated with foamed bitumen and 1.5% Portland 

cement as shown in Figure 2.12. The strength of soaked sample is generally 

higher than the dry sample. 
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Fig 2.12: 𝐼𝑇𝑆𝐷𝑅𝑌, 𝐼𝑇𝑆𝑆𝑂𝐴𝐾, Retained 𝐼𝑇𝑆 and Air Voids at different foamed asphalt 

content (After Mohammad et al, 2003) 

 

c. Stiffness Modulus 

The stiffness modulus of cold in place recycled mixes stabilized with bitumen 

emulsion was determined by Cross and Fager (1995). The resilient modulus 

tests were performed on RAP with emulsion. The Figure 2.13 shows the 

result, it can be seen that resilient modulus of mixes decreases as the qunatity 

of bitumen emulsion increases.  

 

d. Fatigue Cracking 

Ruenkrairergsa et al (2004) reported the fatigue resistant data of foamed 

bitumen mixes. RAP and new aggregates at various proportions were treated 

with foamed bitumen. Samples were subjected to ITS at 250 kPa at 25oC. The 
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results are shown in Figure 2.14. The sample with 80% RAP and 20 % virgin 

crushed stone showed a relatively poorer fatigue resistance compared with 

other samples with lower RAP proportion. 

Fig 2.13: Resilient Modulus Vs Bitumen Emulsion (After Cross and Fager, 1995) 

 

Fig 2.14: Fatigue Resistance Vs RAP Contents (Ruenkrairergsa et al, 2004) 
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e. Moisture Resistance 

The effect of moisture susceptibility of cold in-place recycled mixes was 

evaluated by Mallick et al (2002), the cold recycled mixes treated with 

emulsified bitumen, emulsion with lime and emulsion with cement were 

subjected to indirect tensile strength test under dry and wet conditions and the 

tensile strength ratio among wet and dry mixes were determined. The Table 

2.2 depicting the results. 

 

Table 2.2: Tensile Strength (kPa) Under Dry and Wet Condition at Different Types of 

Binders (Mallick et al, 2002) 

Binder Condition 
Tensile Strength 

(kPa) 

Tensile Strength 

Ratio 

Emulsion 
Wet 56.2 

0.20 
Dry 274.3 

Emulsion + Lime 
Wet 189.1 

0.72 
Dry 263.0 

Emulsion + Cement 
Wet 79.9 

0.39 
Dry 199.9 

Cement 
Wet 61.7 

0.97 
Dry 63.3 

 

2.2.4 Structural Design of Cold in Place Recycled Pavement 

There is still no widely accepted method for structural design of cold recycled pavements 

available. The required thickness of the recycled layer is determined using the 

conventional method for other ordinary pavements. 
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1. Catalogue Design 

The catalogue design example for typical recycled pavement structure that 

includes bituminous and cementitious recycled layers is shown in Figure 2.15 

(Wirtgen, 2001). The catalogue is designed based on assumed properties of the 

materials. 

 

2. CBR Design Method 

This method is based on the California bearing ratio value of pavement materials. 

The full depth asphalt thickness is determined for the desired pavement by using 

Traffic data and CBR values from the subgrade. The full depth asphalt thickness 

is then converted into equivalent thicknesses of different pavement materials 

using substitution Ratio. The structural capacity of recycled asphalt materials 

were considered equal to that of the conventional materials in the past (Wood, 

1988). The unbound base materials were replaced with the same quantity of 

recycled material without further changing the structural design. The CBR 

method is an empirical approach method, so that’s why it is considered to be a 

simplest design method. 

 

3. AASHTO Method 

If the appropriate layer coefficients are available then AASHTO design guide of 

pavement structure 1993 can be used for the design of cold in place recycled layer 

(Epps, 1990). The Table 2.3 below shows some AASHTO layer coefficients. 
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4. Asphalt Institute Method 

The design procedure for the cold recycled mixtures stabilized with bitumen 

emulsion was introduced by Asphalt institute in 1983. Design pavement thickness 

was based on traffic which was classified by ESALs i.e. Equivalent Standard Axle 

Load, subgrade classified with the help of resilient modulus and the gradation of 

asphalt mixes. The thickness of asphalt surface course and cold recycled base are 

given below in the chart in Figure 2.16. The Table 2.4 shows minimum thickness 

of surface course laid above the recycled base. (AI, 1983). 

Fig 2.15: Catalogue method for the design of recycled pavement (After Wirtgen, 2001) 
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Table 2.3: AASHTO Layer Coefficient for Cold in Place Recycled Layer 

References Binder 
AASHTO Layer 

Coefficient 

Moore (1985)* Emulsion 0.30 

Kandhal and Koehler 

(1987)* 
Emulsion 0.25 – 0.40 

Tia and Wood (1983) Emulsion 0.22 – 0.49 

Wood et al (1988) Emulsion 0.14 – 0.44 

Sebaaly et al (2000)** No Information 0.26 

Mallick et al (2002) 

Emulsion 3.4% + Lime 2% 

Cement 5% 

Emulsion 2.2% 

0.37 

0.28 

0.24 

Wen et al (2003) Class C Fly Ash 8% 0.16 

New Mexico State Highway 

and Transportation 

Department (NMSHD)** 

No Information 0.30 

*Epps (1990) **Sebaaly et al (2004) 

Table 2.4: Minimum Thickness of Asphalt Surface Course over Cold Recycled Base (AI, 

1983) 

Traffic Level (ESAL) 
Minimum Surface Course Thickness 

(mm) 

104 50 

105 75 

106 75 

107 100 

108 130 
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Fig 2.16: Thickness design chart for cold mix recycled layers (AI, 1983) 
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2.3 Brief Survey on the Use of Cold in Place Recycling Technique 

ARRA, conducted a nationwide survey in early 1987, where the survey reported that 24 

states were using CIR, 5 have placed experimental sections and the remaining 21 states 

were not using cold in place recycling (Wood et al, 1988), according to the survey of 

ARRA, secondary highways and the county roads have equal projects of CIR (each 

responses 31%) whereas city streets project had 19 % and primary and interstate 

highways had 12% to 7% shares respectively. 

 

The survey showed that cold in place recycling was used for all types of structural section 

components and all types of roads. CIR was restricted to rural areas only by about twenty 

percent of ARRA reporting Companies. While most of the agencies limited the use of 

CIR to only base courses 95% (compaction) of max.dry density (MDD). From these base 

course projects 50% were surfaced with asphalt mix, 33% of the projects were surfaced 

with chips seal and 12% as sand, slag or slurry (Wood, 1988). 

 

Epps (1990) reported about the pavement construction using CIR single pass equipment 

train. The large quantities of the pavements can be recycled in less time with the help of 

the single pass equipment train which is capable of partial and full depth Cold in place 

recycling of the existing pavement. The components or machines used in this process are 

cold milling machine, travel plant mixer, laydown machines and portable crushers. 

 

The portable crusher and the crusher unit operate the oversized materials. The (RAP) 

material is discharged by the milling machine to the crusher unit, which passes this 

material to the screen with large sieve sizes. The particular sieve size depends upon the 

required specifications. The material retained on the screen is being rerouted to the role 
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units for crushing and then back to the screen. For depositing it into the paver, 100 % 

RAP will pass through the screen and conveyer for weighing purposes. 

 

In Mercer County (Pennsylvania) in May 1985, cold in place recycling was done using a 

paver, a milling machine, emulsion truck and a crusher. The Reclaimed Asphalt 

Pavements (RAP) was used as a recycled material with addition of water and emulsion. 

As the average daily traffic on the pavement was 2,000 to 3,000 so the recycled base 

course was overlaid with 90mm (3.5 in) hot mix overlay. The inspection performed in 

1986 showed that after one year the pavement was performing well. 

Fig 2.17: Cold in place recycling train in Virginia (VDOT, 2011) 

 

Fig 2.18: Condition of Pavement after recycling in America (American Asphalt of 

Wisconsin) 
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The crush unit and the screen can also be fitted in the asphalt feeder system for mixing 

purposes. The recycled mix will be then able to windrow behind the mixer directly. The 

partial depth Cold in place recycling technology is focused. 

 

During 1990 to 1992, four projects were constructed using Cold in place recycling 

technique in New York. The projects were basically rural roads projects. The project 

consisted 57 lane miles having an average traffic volume vary from 500 to 4300 vehicles 

per day. The performance of the all projects were evaluated after two years and found to 

be extremely good (Wohlscheid, 1995). 

 

2.4 Road Pavement Recycling in Asia 

Like other countries of the world, cold recycling projects are also being run in Asia. 

Excellent growth has been observed in China as well as South East Asia. It was known 

that about 20 recycling units are working in China in 2000 and had increased to 100 units 

in 2004. Some hot in place recycling projects were performed in early 80’s, there was 

some scarcity of projects performed and was done in Singapore, India and Korea. Later 

on the use on hot in place recycling was also observed in the other regions of the world 

such as Indonesia, Thailand and Malaysia. 

 

Malaysia is considered to be the first country that used the cold in place recycling. This 

was done in 1993, when the first recycling machine arrived. And the practice was also 

applied in the same year in Japan, while technique of cold in place recycling was 

introduced in 1995 in Thailand. In 1997, it was introduced in Indonesia whereas in 1998 
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was introduced in Philippines and China. In 2000, cold in plant recycling was used for 

the first time in Malaysia.  

 

As with the introduction of an innovative technique, the recognition take time and 

struggle too. A question rises regarding the extensive routine of the recycled pavements 

and there is probably consulted interest from the construction sectors that have a great 

tendency to obstruct the development in this field. The answer to these question can be 

obtained from the past experience of last 10 years where around the world cold recycling 

process has attained a popularity being an economical and environmental friendly 

process. 

 

These result shows that pavement recycling has been progressively used through Asia 

with an intense increase in last 15 years.  

 

2.4.1 Recycling Process in Thailand 

Cold in place recycling is considered as a best economical means for road maintenance 

around the country. Thailand had the highest number of recycling projects in Asia. The 

acceptance can be justified that during the first four months of the year 2004, around 13 

cold recycling trains had been brought to consumer in Thailand. These trains had cold 

recycler and cement mix slurry. And that were additional to the 12 more recycling trains 

which were working in the country on different projects. 

 

The Recycling Depth of the about 20cm is used where cement was used as a stabilizing 

agent about 3% to 4% by mass. One or two hot asphalt mix layers were provided as 

surface course above the recycled base layer, depending upon the traffic. As compared to 
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hot in place, cold in place recycling is done on a larger scale. The Figure 2.19 is showing 

the recycling job site in Thailand. 

(a)                                                                    (b) 

Fig 2.19: Cold in place recycling in Thailand (After Lewis, 2004) 

 

2.4.2 Recycling Process in China 

China has a road network of 1.8 million kilometers comprising of 25000 km of 

expressways. For the up keeping of the existing highways, plenty of recycling work is 

being done. Cold in place recycling is carried out in northern and eastern part of the 

country. The use of modified asphalt is increasing in China where thin 2 cm surface 

course is provided over the recycled base. Some mega projects being held had used 

bitumen emulsion and foamed bitumen as a stabilizing agents. 

 

2.4.3 Recycling Process in Malaysia  

Cold in place recycling is gaining national acceptance for the recycling process in 

Malaysia. Road authority of the country has introduced general specifications for these 

processes. In the last few years about 2 million square meters of the roads are using 

bituminous and cementitious stabilizing agents for the cold in place recycling process. 
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Foamed bitumen is a prefer choice for being used as a stabilizing agent with recycled 

material. In addition to the other described facts, cold in place recycling was used in 

Malaysia for the first time in Asia. Where Reclaimed Asphalt Pavement RAP material 

was stabilized with foamed bitumen. The Figure 2.20 is showing the recycling process 

being carried out in Malaysia. 

Fig 2.20: Cold in place recycling in Malaysia (After Lewis, 2004) 

 

2.5 Performance of Cold in Place Recycled Pavement 

The research performed in various countries has provided information about the 

performance of cold in place recycled asphalt pavements. Results of some studies are 

given below.  

 

The performance of the cold in place recycled roads stabilized with bitumen emulsion 

was investigated by Indiana department of highways as compared to the conventional 

overlaying technique (McDaniel, 1988). The observations showed that in terms of rutting 

and cracking appearance, the recycled asphalt pavement had performed better than 

conventional treated pavements after one year of service. No significant difference was 

found in terms of roughness and deflections between the both pavements types. The 
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present serviceability index (PSI) against different pavement conditions are mentioned in 

Table 2.5. 

 

Performance of 18 cold in place recycled roads were evaluated by Jahren (1999) in lowa 

by using PSI and PCI indexes to rate qualitative and quantitative performance as shown 

in the Table 2.6. The observations showed that roads were performing well, except few 

rutting problems had occurred. Reflected cracking problem was also mitigated. 

 

Table 2.5: PSI Rating Scale (Jahren et al, 1999) 

PSI Ride Rating Appearance Rating 

100 
New-no roughness or 

cracks 
Look dark and smooth 

80 Minor roughness,  
Minor Cracks are Barely 

Visible 

60 
Noticeably rough crack can 

be felt while driving 

Cracks are clearly visible. 

weathered surface 

40 Very rough 

Transverse cracks at short 

intervals. Longitudinal 

cracks present 

20 
Very rough. Difficult to 

maintain speed 

Heavily distressed. 

Transverse, longitudinal 

and block cracking present 

 

In 1986, cold in place recycling was initiated when Clinton County recycled Country 

Road E50 near Andover. The research was carried out in 1998 which appraised the 

performance of cold in place recycled pavements. The result showed that most of the 

roads were performing well and cold recycled asphalt was found good in modifying 

reflective cracks. 

 

In Kansas, the pavement having cold recycled asphalt mix shows less reflective cracking 

depending upon the thickness of the original mat (Brown 1989). The penetration of the 

equipment into the base course can be occurred if it is thin and doesn’t provide solid base 
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and it is usually unstable. On the other side cracks can reoccurred on the location of old 

cracks if remaining original mat is very thick. 

 

Study of cracking, ride quality, rut depth and deflection had been carried out on recycled 

pavements in Maine (Rand, 1978). After three years of performance, the reflective 

cracking problem was eliminated along with the frost problems with the usage of cold in 

place recycled material. 

 

The performance of roads after the 10 years of construction had been showed in Table 2.6 

(Jahren, 1999).  Deduction value of rutting and traverse cracking are shown in the Table 

2.6, these values are used in calculation PCI as components of total deduction values. 

Definitions being related to PSI are shown in Table 2.6. About two third of the projects 

had no deduction for rutting while one third had no deduction for traverse cracking. 

Boone County’s street 198 and 1A-144 showed poor performance obtaining the highest 

rutting deduction of 17 and alligator cracking. The investigations revealed that IA-44 was 

constructed during a rainy day and an extra amount of water was added to recycled 

material at Boone County’s street 198 because of equipment breakdown during 

construction. 

 

The deep cold in place recycled pavement with class C fly ash being used as a stabilizer, 

was evaluated for its performance in Wisconsin (Wen, 2004). The average daily traffic 

was 5050 vehicles with 5 percent heavy vehicles. The existing pavement had a structure 

of 178mm granular base course and 127mm asphalt surface. The recycled pavement had 

305mm recycled base layer and 127mm asphalt surface course. No rutting and cracking 

was found after the two years of the construction of road.  
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The deep cold in place recycled pavement with class C fly ash being used as a stabilizer, 

was evaluated for its performance in Wisconsin (Wen, 2004). The average daily traffic 

was 5050 vehicles with 5 percent heavy vehicles. The existing pavement had a structure 

of 178mm granular base course and 127mm asphalt surface. The recycled pavement had 

305mm recycled base layer and 127mm asphalt surface course. No rutting and cracking 

was found after the two years of the construction of road. 

 

Partial depth cold in place recycling was performed as an experimental project in Kansas 

(Thomas, 2000). Two different roads sections were recycled with class C fly ash and 

emulsion with lime slurry respectively. 10 % of class C fly ash was added for the fly ash 

road section while 1.5 % of hydrated lime was added to the other road section. Recycled 

layer was covered by 40mm asphalt surface course. The results from field inspection and 

laboratory showed that recycled material was not encountered by rutting, however asphalt 

surface was found effected by some minor cracks. The section with fly ash was reported 

to have cracking problem twice to the bitumen emulsion with lime section. 

 

 

The performance of demonstration road was evaluated in Canada by Kazmierowski 

(1992). The existing pavement structure contained 150mm of granular subbase, asphalt 

surface of 150 mm and granular road base of 150mm. The average annual daily traffic on 

the particular section was found to be 4000 with 10 to 15 % heavy vehicles. The 

pavement was recycled to the depth of 50 to 75mm with bitumen emulsion used as a 

stabilizer and then overlaid by 50mm hot mix asphalt. The results showed that riding 

quality of road was improved and pavement performed successfully under the traffic 
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loads. Falling weight deflectometer test indicate that deflection of pavement was 

decreased. The deflection study of roads Canada s shown below in Figure 2.21. 

 

Fig 2.21: FWD testing on a cold recycled road in Ontario (reproduced from 

Kazmierowski et al, 1992) 

 

Field performance of three cold in place recycled pavements was investigated by 

(Sebaaly et al, 2004) in Nevada. The top 50 to 75 mm of the existing pavement was cold 

in place recycled with bitumen emulsion. Asphalt surface course of 50 to 75 mm 

thickness was provided after recycling. The results shown in Figure 2.22 indicates 

reduction in reflective cracking and rutting. 

 

Accelerated loading facility experiments conducted on 200mm thick cold in place 

recycled pavement, stabilized with slag/cement and cement/bitumen material in Australia 

showed that test section performance was satisfactory where no subgrade deformation 

and fatigue cracking was found (Moffatt and Sharp, 1999). 
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Fig 2.22: Rutting performance of cold in place recycling projects in Nevada (a) US-50, 

(b) US-95 (After Sebaaly et al, 2004) 

 

2.6 Criteria for Cold in Place Recycled Material 

Table 2.7 contained the properties of the materials which are often used in recycled 

pavements being stabilized with bitumen and cement (Wirtgen, 2001). 

 

2.7 Deformation Behavior of Foamed Bitumen Stabilized Recycled 

Asphalt Pavement Materials 

2.7.1 Introduction 

Due to the advancement in the technology of Cold in place recycling in last decade, 

foamed bitumen has gained popularity because of its advantages as a stabilizing agent 

over the other alternative agents. The properties of foamed bitumen has been discussed 

earlier. So technical aspects of foamed bitumen mixtures are investigated in this chapter. 
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Table 2.7: Properties of Cold Recycled Mix (Wirtgen, 2001) 

RAP/Crushed rock (50/50 blend) 

 

 

Test parameter 

Cement 

Stabilized 

2-2.5% 

Cement 

 

Bitumen Stabilized 

1-1.5% 

Cement plus 

2.5-5% 

Emulsion 

1% Cement plus 

1.5-3% foam 

Density % modified 

AASHTO Unconfined 

Compressive Strength 

MPa 

Indirect tensile strength 

KPa 

Retained strength % 

Resilient modulus MPa   

96to  98 

1.5 to 3 % 

 

N/A 

N/A 

~5000* 

98 to 100 

N/A 

 

350 to 750 

>75 

2500 to 5000 

98 to 102 

N/A 

 

350 to 800 

>75 

2500 to 5000 

Crushedrock 

 

 

Test parameter 

Cement 

Stabilized 

2-2.5% 

Cement 

 

Bitumen Stabilized 

1-1.5% 

Cement plus 

2.5-5% 

Emulsion 

1% Cement plus 

1.5-3% foam 

Density % modified 

AASHTO Unconfined 

Compressive Strength 

MPa 

Indirect tensile strength 

KPa 

Retained strength % 

Resilient modulus MPa   

96to  98 

1.5 to 3 % 

 

N/A 

N/A 

~5000* 

98 to 100 

N/A 

 

400 to 800 

>60 

3000 to 6000 

98 to 102 

N/A 

 

400 to 900 

>60 

3000 to 6000 

Gravel 

 

Test parameter 

Cement 

Stabilized 

2-2.5% 

Cement 

 

Bitumen Stabilized 

1-1.5% 

Cement plus 

2.5-5% 

Emulsion 

1% Cement plus 

1.5-3% foam 

Density % modified 

AASHTO Unconfined 

Compressive Strength 

Mpa 

Indirect tensile strength 

KPa 

Retained strength % 

Resilient modulus MPa   

95to  97 

1.5 to 3 % 

 

N/A 

N/A 

~4000* 

97 to 100 

N/A 

 

250 to 500 

>50 

2000 to 4000 

98 to 100 

N/A 

 

250 to 500 

>50 

2000 to 4000 

*Before any cracking has occurred. 
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The laboratory study of the recycled material stabilized with foamed bitumen subjected to 

a loading resembling actual traffic load experienced on the pavements are reported here. 

The reclaimed asphalt pavements (RAP) and aggregates were stabilized with foamed 

bitumen to simulate recycled asphalt pavement materials. The permanent and resilient 

deformation were determined with the help of the triaxial tests. 

 

2.7.2 Response of Foamed Bitumen Stabilized Materials to Traffic Load 

The behavior of the foamed bitumen stabilized material under the traffic loading 

condition is the key investigation here. Figure 2.23 shows composition, behavioral 

characteristics and performance of foamed bitumen stabilized mixtures diagrammatically 

(Asphalt Academy, 2002).The application rate of bitumen according to (Wirtgen, 2001) 

is in the range of 1.5 to 3% for RAP and 2.5 to 4% for crushed stone while adding in the 

foamed bitumen stabilized materials. As in the picture, it is shown that foamed bitumen 

stabilized mixtures tends to fail in rutting where less amount of bitumen binder or no 

cementitious additive was used. Resilient modulus and permanent deformation are the 

two properties which relate to the performance of this type of materials. Resilient 

modulus is required to provide support to the upper layer and also spread load, protecting 

underlying layers. 

 

A compressive stress pulse is induced in the pavement materials when bituminous 

pavement materials are subjected to the traffic loads, which is small compared to their 

failure strength. Strain is the result of this induced stress. As the load is removed most of 

the strain recovered but a little part of it remains unrecovered. After every loading some 

permanent deformation will be experienced by the pavement. These deformations keep 
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on accumulating and result in the measurable permanent strain. And this can observe as 

rutting on the pavement surface. 

Fig 2.23: Types of stabilized mixtures (Asphalt Academy, 2002) 

 

The resilient modulus is used in pavement engineering to describe material response to 

repeated conditions for loading and unloading caused by the traffic. Resilient modulus 

and ratio of maximum repeated stress to the recoverable strain is also defined as elastic 

modulus based on recoverable strain under repeated load. 

 

2.8 Economic Analysis of CIR 

2.8.1 Terminologies 

 Highway or Facility Investment Cost 

Total investment is meant by a cost required for highway improvement for 

service, design work, supervision work, landscaping, sign and signal control 

devices, construction and supervision.  
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 Highway Maintenance Cost 

Highway maintenance cost is meant by the cost of keeping the road and its 

appurtenances in good condition. Changes in administrative costs that can be 

allocated to a particular improvement should also be included. 

 

 User Costs 

The user costs include the following as mentioned below. 

(a) Travel time 

(b) Vehicle operation 

(c) Accidents 

(d) Discomfort 

(e) Time delay and extra vehicle operating costs during resurfacing or major 

maintenance 

 

 User Benefits 

The advantages, privileges and/or cost reduction that accrue to highway 

motorway vehicle users (drivers or owners) through the use of particular 

transportation facility constructed by a particular way as compared with the use of 

another. For pavement at project level the comparison is between two pavement 

strategies. The decrease in user cost is basically the direct measure of benefits. 

 

 Present Value (PV) 

An economic concept that represents the translation of specified amounts of costs 

or benefits occurring in different time periods into a single amount at a single 

instant (usually the present). It is also termed as Present Worth. 
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 Net Present Value (NPV) 

It refers to cumulative present value of a series of costs and benefits stretching 

over time. It is derived by applying to each cost or benefit in the series an 

appropriate discount factor, which converts each cost or benefits to a present 

value. 

 

 Discount Rate 

The interest rate used to discount cash flow is generally called discount rate. 

 

2.9 Greenhouse Gases Emission in Transportation Sector 

2.9.1 Introduction 

Since the beginning of mankind on earth, man has been destroying the nature and the 

environment in many ways. The man works for his pros and imprints many cons on the 

environment. The aftermath of careless activities of man results in natural disorderness 

present in our ecosystem. The worst weapon that man has used to destroy environment is 

industrialization. The plants, industries, factories working in different areas of the world 

is facilitating the modern human beings in many ways but they are also creating the 

serious problems as well in the form of global warming. The global warming has become 

a serious issue that agitated the man and constrained him to make some policies in this 

regard.  

 

As far as concerning highway projects, the greenhouse gases emissions due to fuel 

consumption related to the construction of roads is also an alarming situation. It has been 
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revealed from the research studies carried out in Sweden and Canada that energy 

consumption during construction, maintenance and operation of roads is lower in case of 

asphalt roads than for concrete roads. For planning purposes of roads, it is necessary to 

think about advantages of different pavement, fuel efficiency and greenhouse gases 

emissions for different pavements. In this research, the data and study related to 

environmental impacts during road construction, maintenance and operation was made. 

Specifically, the benefits of road recycling has presented over conventional methods 

regarding environmental pros and cons. 

 

2.9.2 Greenhouse Gases (GHG) 

2.9.2.1 Introduction 

The energy coming from the sun intercepts from the earth atmosphere thus losing its 

concentration. A part of energy that reaches the earth is absorbed by the earth and rest 

radiates back. However, certain gases in the atmosphere called greenhouse gases, absorb 

some of the energy radiated from the earth and trap in the atmosphere. These gases 

actually acts as blanket, making the earth surface warmer. These gases occurs naturally 

and make the life possible on earth. 

 

There is a dramatic increase in greenhouse gases in past century due to careless human 

activities. It causes the more heat leading to the global warning or change of the climate.  

 

2.9.2.2 Types of Greenhouse Gases (GHG) 

Some common types of greenhouse gases are explained below whereas their part 

percentages are shown in Figure 2.24.  
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1. Carbon Dioxide (CO2) 

Carbon dioxide produces as a result of burning of fossil fuels (oil, natural gas and 

coal), solid waste, trees, wood products, and also as a result of chemical reaction 

in industries like manufacturing of cement. Carbon dioxide expels from the 

atmosphere by natural process like squeeze by plants. 

 

2. Methane (CH4) 

Methane gas produces due to production and transportation of natural gas, coal 

and oil. It also generates from livestock waste, decomposition of organic waste in 

municipal solid waste landfills. 

 

3. Nitrous Oxide (N2O) 

This type of gas produces from agricultural, industrial operations, from 

combustion of fossil fuels and solid waste. 

 

4. Fluorinated Gases 

The fluorinated gases like hydrofluorocarbons, sulfur hexafluoride, 

perfluorocarbons and nitrogen trifluoride are synthetic and powerful greenhouse 

gases that produce from various industries. Some fluorinated gases like 

chlorofluorocarbons, hydro-chlorofluorocarbons and Halons are responsible for 

ozone depletion. These gases generate in trace quantity but they have high 

potency and sometime High Global Warming Potential Gases (High GWP Gases). 
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Fig 2.24: Types of GHG and their part percentage (IPCC, 2014) 

 

2.9.2.3 General Analysis 

It has come to know that generally those countries that have larger population, larger 

economies or both are high emitters of GHG. It has come to know that all but eight of the 

top 25 emitters are also among the 25 most populous nations, with china the most 

populous an Australia the least (52nd globally) as shown in graph in Figure 2.25 and 

Table 2.8. 
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Fig 2.25: Aggregate contributions of major GHG emitting countries: 2000 (World 

Resource Institute) 

 

Table 2.8: Key Data for the 10 Largest CO2 Emitters (The Climate Change Performance 

Index Results, 2015) 

S. No Country 

Share of 

Global 

GDP 

Share of 

World 

Population 

Share of 

Global CO2 

Emission 

Share of 

Global 

Primary 

Energy 

Supply 

1st China 16.03% 19.30% 23.43% 21.76% 

2nd United States 17.17% 4.47% 14.69% 16.01% 

3rd India 6.72% 17.57% 5.70% 5.89% 

4th 
Russian 

Federation 
2.63% 2.04% 4.87% 5.66% 

5th Brazil 3.05% 2.82% 4.17% 2.11% 

6th Japan 4.82% 1.81% 3.61% 3.38% 

7th Indonesia 2.35% 3.51% 2.31% 1.60% 

8th Germany 3.44% 1.16% 2.23% 2.34% 

9th Korea 1.69% 0.71% 1.75% 1.97% 

10th Canada 1.56% 0.50% 1.57% 1.88% 

 

Pakistan is a developing country and vulnerable to threats of climate change but Pakistan 

has insignificant role in the contribution of problem. Pakistan ranked on 16th position out 
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of 170 countries in climate change vulnerability index and is located in the part of the 

world where the projected temperature is likely to be higher than the global average. 

However, it is responsible for an estimated 0.8 percent of global GHG emission and ranks 

135th in the world in terms of per capita emissions. 

 

2.9.3 Energy Conservation in Transportation Sector 

In 2005, the road transportation was considered as the second largest source that is 

responsible to the energy emission (Egis, 2010). The road transportation emits energy 

about 13.9% of the global emission and contribute to GHG emission about 90% - 95% as 

shown in Figure 2.26. 

Fig 2.26: Road transport as part of global and transport GHG emissions (IEA, 2004a) 

 

Asia is the region where large number of new roads are being constructed. Therefore, it is 

the region where GHG is greatly contributed due to transportation about 90% -95% to the 

transportation sector as mentioned in Table 2.9. By 2005, about 37% of manmade GHG 

had emitted (Egis, 2010). There are many factors that impart the local pollution or 

degrade the environment due to greenhouse gases while constructing the new road or 

performing the maintenance of old roads. Many researches have been made that reflects 
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the study of GHG emission from road construction techniques and the materials. It has 

come to know that concrete and cement are the major contributor in this regard as it 

contribute 50% - 160% times more emissions than asphalt as expressed in Figure 2.27. In 

addition, the recycling at the end of the life cycle may also provide substantial gains.  

 

Fig 2.27: Total CO2 emissions over a 40 years period for a 1 km long and 13 m wide road 

during construction, maintenance, and operation (Lighting, Traffic Lights, Winter 

Treatment) (After Egis, 2010) 

 

Table 2.9: Regional Breakdown of Road Transport Share in Transport GHG Emissions 

(Egis, 2010) 

Region 
Road Transport Contribution to 

Transport Sector 

World 72% 

Asia 95% - 100% 

Europe 93% 

North America 85% 

Central America and Caribbean NA 

Middle East and N. Africa NA 

South Africa More than 50% 

Sub-Saharan Africa NA 

Oceania 84% 
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CHAPTER NO. 3 

Materials 

 

3.1 Introduction 

Cold recycled asphalt mix mainly comprises of aggregates, stabilizing agents/binders and 

additives. The aggregate portion fully or partially consists of reclaimed asphalt pavement 

(RAP). In the case when aggregates portion partially consist of RAP, the rest consists of 

virgin aggregates. Stabilizing agents serves the purpose of providing strength, these may 

be cement or bitumen. Whereas the additives are used in recycled material to serve the 

certain supplementary purpose or to reduce the cost of material. 

  

In this research, we prepared five different kinds of mixes and named them A, B, C, D 

and E. Among them, the mix (E) consisted of 100% RAP only which is recovered from 

the existing pavement and it was used as control mix to compare the results of other 

mixes. In addition, we used foamed bitumen, bitumen emulsion, cement, RAP, steel slag 

and marble waste for the preparation of above mentioned mixes. The detailed 

composition of above mentioned mixes is explained in chapter no. 4 in Table 4.1. 

 

Foamed bitumen, bitumen emulsion and cement were used as stabilizing agent. The 

foamed bitumen was produced in the laboratory by using WLB 10 S foaming machine. 

The aggregate portion fully consisted of RAP, however, steel slag and marble waste were 

also used as additives in mix C and D respectively. These additives was incorporated at 

the rate of 10% by weight of coarse aggregates (RAP). 
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3.2 Materials Used 

3.2.1 Reclaimed Asphalt Pavement (RAP) 

Reclaimed asphalt pavement (RAP) is becoming more common to produce new asphalt 

pavement, and is being used in United States. Hot mix asphalt having (RAP) depicts the 

similar properties as that of hot mix asphalt without (RAP) material in terms of rutting, 

raveling, weathering and fatigue. Moreover, recycled asphalt pavement has greater 

resistance against water absorption (Ayan et al, 2014). The RAP recovered from existing 

pavement has been shown in Figure 3.1 

 

Fig 3.1: RAP extracted from Sahiwal-Okara section of N-5 

 

The following are some applications of RAP in the construction and maintenance; 

 Granular Base Aggregates: 

The RAP extracted from pavement is crushed, screened and mixed with virgin 

aggregates for the production of granular base or sub base aggregates. The RAP 

has to be mixed with virgin aggregates as it has comparatively low strength. 
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 Asphalt Concrete Aggregates and Asphalt Cement Supplements: 

As we know that RAP extracted from pavement contains both aggregates and 

binders, therefore, RAP also provides the characteristics of binder substitute when 

it is used in place of virgin aggregates. 

 

 Stabilized Base Aggregates: 

In order to get stabilized base or sub base aggregates, RAP is crushed, screened, 

and mixed with some stabilizing agents and then it is compacted to attain the 

required strength.  

 

 Embankment: 

For embankments and backfills, the RAP can be employed as granular material. 

However, the RAP is not widely used for embankment fill as it is very costly. 

 

 Hot Mix Asphalt (Central Processing Facility): 

The RAP is stockpiled by conveyor and stacker after grading, crushing and 

screening. Ultimately, the product is mixed in hot asphalt plant with virgin 

aggregates, asphalt, and recycling agent. The bitumen can be soften by heat 

transfer method. Currently, the hot mix recycling is mostly used as recycling 

operation across the world. The ratio of RAP aggregates to virgin aggregates 

being used in hot recycling ranges from 85% to 90% (Han et al, 2011). 

 

 Hot Mix Asphalt (in-place recycling): 

In this method, no processing is required before actual recycling job. Specialized 

heating, scratching, rejuvenating, lay down and compaction processes are carried 
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out to repave. The entire recycling work of existing pavement is carried out at the 

site. 

 

 Cold Mix Asphalt (Central Processing Facility): 

In cold in place recycling, the graded aggregates is mixed into cold mix asphalt 

paving mixture as an aggregate substitute. The RAP material is reused and 

reprocessed by adding binder, without heat. 

 

 Cold in Place Asphalt: 

In this method, the existing pavement is ground up to a depth of 150mm, 

processed, blended with asphalt emulsion, and then placed and compacted in 

single pass. 

 

 Full Depth Reclamation: 

In this technique, the full depth of asphalt pavement and predetermined thickness 

of base or sub base course are ground, more materials are added if required, and 

blended to provide an upgraded homogenous materials.  

 

The RAP has many potential advantages while some of them have been listed below; 

 

 Economical: 

The reserves of good quality aggregates are reducing day-by-day, resulting in 

high cost and availability. Consequently, the use of RAP along with virgin 

aggregates can meet the requirement of aggregates in pavements. In addition, the 

cost of petroleum and it’s by products are also increasing. The asphalt extracted 

from RAP can lessened the cost of virgin binder for pavement. 
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 Environmental Friendlier: 

The RAP not only reduces the cost of project but also reduces the quantity of 

disposal materials.  

 

 Technical Advantages: 

The properly made recycled hot asphalt is similar to the conventional hot mix 

asphalt towards its functional and structural performance in terms of fatigue 

cracking, weathering, raveling and rutting. 

 

 Energy Preservations: 

The use of RAP can reduce the energy consumption up to 25%-40% (Han et al, 

2011). 

 

The (RAP) used in this research from Sahiwal-Okara section of N-5 (National highway). 

The gradation of the RAP was determined to be in the range of Type B gradation of 

asphalt cold recycling manual MS-21. The oversized material i.e. greater than 25mm was 

removed from RAP. The bitumen content of the RAP was determined using ASTM 

D2172. 

 

3.2.2 Stabilizing Agents or Binders 

Globally, different kinds of stabilizing agents are being used in cold recycling. The 

desired strength can be achieved by adding minor quantity of stabilizing agents at 

comparatively lesser cost from local marginal material (Williams, 1986). The stabilizing 

agents not only increase the strength but also they are capable of providing sufficient 

water resistance and durability of the pavement (Mallick et al 2002a, 2002b, Tarefder et 



 

72 

 

al 2005). Likewise, the stabilizing agents are also used to improve the material properties 

extracted from existing pavement. Therefore, the stabilizing agents fulfil the need of 

importing new materials to produce stronger layers in the rehabilitated pavement 

structure. 

 

According to Kearney and Huffman (1999), the stabilizing agents can be classified into 

following two categories; 

 

1. Chemical stabilizing agents 

2. Bituminous stabilizing agents 

 

Ordinary Portland cement, fly ash and hydrated lime etc. are the types of chemical 

stabilizing agents whereas foamed bitumen and asphalt emulsions are bituminous 

stabilizing agents. Many types of stabilizing agents are available in the market having 

different pros and cons, but they all have common goal i.e. to bind the material particles, 

to increase the strength and durability. 

 

3.2.2.1 Foamed Bitumen 

Foamed bitumen can be used as stabilizing agent and recycling agent with a variety of 

materials ranging from good quality crushed stone, marginal gravels with relatively high 

plasticity to reclaimed asphalt mixture. This economical and innovative cold recycling 

technology with foamed bitumen is sustainable and environmental friendly. In Norway 

and Netherlands, the in situ recycling method with foamed bitumen has become very 

popular. In Norway, for example, where cold recycling with bitumen has been using 

since 1983, as much as approximate 1.8 million m2 of roads were rehabilitated with this 
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process in 1997 (Wirtgen GmbH, 2003). According to Ramanujam et al (1997), the use 

of foamed asphalt is more effective because of easy application, rapid strength gain and it 

requires small percentage of cement to improve the early strength significantly. 

 

The foamed bitumen, or expanded bitumen, is produced by a process in which water is 

injected into the hot bitumen, resulting in spontaneous foaming as shown in Figure 3.2. 

The physical properties of the bitumen are temporarily altered when the injected water, 

on contact with hot bitumen, is turned into vapour which is trapped in thousands of tiny 

bitumen bubbles. However the foam dissipates in less than a minute and the bitumen 

resumes its original properties. In order to produce foamed asphalt, the bitumen has to be 

incorporated into the aggregates while still in its foamed state. 

Fig 3.2: Manufacturing process of foamed bitumen (After Wirtgen, 2001) 

 



 

74 

 

The foamed bitumen can be produced in the laboratory by using Wirtgen WLB 10 S 

foaming machine. It generates the bitumen of similar characteristics as that produced by 

the foamed bitumen unit mounted on actual recycling machine. 10 kg bitumen (80-100 

grade) is put into the machine and the thermostatic control system of the machine keeps 

the bitumen at temperature ranging between 100oC to 200oC. The machine is equipped 

with compressed air tank and water storage tank. The air pressure in compressed air tank 

and water pressure in water storage tank are regulated with pressure gauges. The plant is 

also equipped with a flow meter to control the amount of cold water added into hot 

bitumen in terms of percentage by mass of the bitumen (usually 2% - 3%). 

 

Foamed bitumen generates when water and air are injected into hot bitumen in Wirtgen 

WLB 10 S machine as shown below in Figure 3.3. It has been revealed that if the 

pressure of air is less than 100 kPa then its foaming capability affects badly (Wirtgen, 

2001). In addition, the water pressure has to be higher than the air pressure in order to 

allow water to spray in.  Based on this information, air and water pressure are set at 

500kPa and 600kPa, respectively. 

 

Fig 3.3: WLB 10 S for producing foamed bitumen in laboratory (After Wirtgen Cold 

Recycling Technology, 2012) 
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The quantity of foamed bitumen in WLB 10 S can be controlled by the time of discharge 

of the foam. Usually, the WLB 10 S is capable of producing foamed bitumen at the rate 

of 100gram per second. The discharge timer was set to the required time in seconds 

corresponding to the amount of foamed bitumen required and the foamed was generated 

accordingly. It was then sprayed out through nozzle.  

 

The foaming properties are characterized by two terms; expansion ratio and half-life. The 

expansion ratio is meant by maximum volume of the foamed bitumen compared to the 

volume of the unformed bitumen (𝐸𝑅𝑚𝑎𝑥), whereas the half-life is meant by time taken 

for the volume of the foamed bitumen to settle to half of the maximum volume achieved. 

In order to ensure the proper coating of the fine aggregates by bitumen, the foamed 

bitumen must bears the proper expansion ratio and half-life. Otherwise, because of 

deficient dispersion of bitumen within the material, it may lead to the production of 

inferior stabilized product. 

 

Some of the factors that greatly affects the characterization of foamed bitumen have been 

below; 

 

 Foaming temperature 

 Anti-foaming agents 

 Water quantity in foaming 

 Agents used for foaming 

 Chemical formation of bitumen. 
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The properties of foaming can be greatly alter due to change in water content. This 

characteristics is graphically shown below in graph in Figure 3.4. It has been concluded 

by (Kendall et al, 2000) that the best foaming properties can be achieved with a water 

content 2.5%. It is recommended that half-life should not be less than 30 seconds and the 

expansion should not be less than 10 times. 

Fig 3.4: Graph showing expansion ratio and half-life of foam bitumen vs moisture 

content (After Kendall et at, 2000) 

 

3.2.2.2 Bitumen Emulsion 

The bituminous emulsion has widespread applications in asphalt industry including 

sealing agents for driveways, cracks and roofs. Some pronounce advances have been 

made in the past years to make good quality bitumen emulsion and their further 

applications in the field.  

 

The history of asphalt emulsion in road industry dates back to early quarter of 20th 

century. Now a days, more than 8 million tons of emulsion has been manufactured across 
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the globe. Emulsion production varies greatly among countries with the United States, 

France, Mexico and Brazil, being significant producers. 

 

In most common processes the bitumen is heated to 100oC – 200oC until fluid enough to 

mix the aggregate. The ‘hot mixed’ materials must themselves be stored, transported and 

used hot to maintain their workability. The final strength of roadway is developed as the 

mixture cools. Alternatively, the bitumen is diluted with petroleum solvents like kerosene 

until fluid and the final strength of the material only develops when the solvent 

evaporates. 

 

In order to make emulsion, there must be two immiscible liquids, usually the one is 

water. In emulsion there are two phases; the continuous phase and the dispersed phase. If 

the continuous phase is water and the disperse phase is oil then such type emulsion falls 

into the category of oil-in-water (O/W) emulsion. On the other hand, the water-in-oil 

(W/O) are opposite to oil-in-water phase. The types of emulsion depending upon the type 

of phase have been shown in Figure 3.5. The emulsion may have multiple phases in 

which the dispersed phase contains another phase which may not have the same 

composition as the continuous phase. 

Fig 3.5: (a) O/W emulsion (b) W/O emulsion, and (c) multiple W/O/W. (After Asphalt 

Emulsion Technology, 2006) 
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The standard emulsion has O/W type nature and comprises of about 40% to 75% 

bitumen, 0.1% to 2.5% emulsifier, 25% to 50% water plus some minor components. The 

size of bitumen droplet varies between 0.1 to 20 microns in diameter. Emulsion with 

particle sizes in this range are sometimes referred to as macro emulsion. The micrograph 

of emulsion has been shown below in Figure 3.6. Some bitumen droplets may contain 

smaller water droplets within them; a better description of asphalt emulsion would be a 

W/O/W multiple emulsion. The viscosity of emulsion during storage are strongly 

influenced by this internal water phase. 

 

After a period of time, that may be hours or years, the asphalt phase in the long run will 

separate from water. Due to this separation, there is a coalition of asphalt droplets as 

shown in Figure 3.7. 

Fig 3.6: Emulsion micrograph (After Asphalt Emulsion Technology, 2006) 
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Fig 3.7: Stages in the breakdown of emulsion (After Asphalt Emulsion Technology, 

2006) 

 

In many road construction applications emulsions provide a safer and environmental 

friendlier system, than hot bitumen due to the following advantages; 

 

 The asphalt emulsion has comparatively lower viscosity (0.5 – 10 poise at 60oC) 

than that of asphalt (100-4000 Poise). This quality facilitates in application at 

lower temperature, reduces the energy consumption, abstain the oxidation of 

asphalt, and are less harmful than hot asphalt.  

 Asphalt emulsion are more economical and environmental friendlier than hot 

asphalt using cutback asphalts. Especially environmental effects are particularly 

positive when used in place or on site techniques which avoid the energy usage 

and emissions associated with heating, drying and haulage of aggregates. 

 Usually the emulsions are water based but sometimes that may be diluted further 

with water for applications like dust control and priming. 

 They also have compatibility with hydraulic binders like cement and lime as well 

as water based polymer dispersion like natural and synthetic latex. 
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Selection of bitumen is important because of compatibility issues with the aggregates and 

its gradation. Bitumen emulsions have positive or negative electric charges they can show 

different characteristics while blended with aggregates. In this study anionic (RS-I) 

bitumen emulsion is used (0.5 – 10 poises at 60oC).  

 

3.2.2.3 Ordinary Portland Cement 

Cement utilization in asphalt mixture is not a new idea; Portland cement was first used as 

filler in warm-mixed bituminous mixtures to prevent stripping of the binder from 

previously dried aggregates.  

 

The ordinary Portland cement as shown below in Figure 3.8 is being used commonly in 

cold mix asphalt and many researchers have studied its function. The major benefits of 

ordinary Portland cement are developing early stiffness, reduction in permanent 

deformation and enhancing the durability of the mixtures. The studies given below are 

clearly demonstrating the advantages of using cement in cold asphalt mixes.   

 

It was reported by Terrel and Wang (1971) that by adding cement to emulsion treated 

mixes resulted in acceleration of development rate of resilient modulus. About one 

percent addition of ordinary Portland cement, the Marshall stability can be increased up 

to three times as compared to the untreated mix (Head, 1974). In addition, the addition to 

cement with aggregates at the time the asphalt emulsion was combined, the mixes cured 

faster, and more resilient modulus developed rapidly (Schimdt et a, 1973). The usage of 

cement in asphalt mix can increase the following mechanical properties of the mix 

(Brown and Needham, 2000). 
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 Stiffness modulus 

 Resistance against permanent deformation 

 Fatigue strength of the emulsified mixes. 

 

Fig 3.8: Ordinary Portland cement 

 

The increase in strength development and improvement in mechanical properties of 

modified cold mixes in early days can be achieved by adding 1% to 2% of rapid 

hardening cement to cold mix asphalt (Thanaya et al., 2009). 

  

Al Hdabi et al (2013) performed experiments on mechanical properties and water 

sensitivity of cold rolled asphalt by using cement as replacement for the traditional filler 

and waste bottom ash. The results showed a substantial improvement in the mechanical 

properties in terms of stiffness modulus and uniaxial creep tests as well as the water 

sensitivity. Thus, new cold rolled asphalt was created.  
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Fang et al. (2015) mentioned three reasons for the hardness of cement asphalt emulsion 

composites, namely: breaking of the emulsion, water evaporation and cement hydration. 

They also demonstrated two possible benefits of cement asphalt emulsion composites, 

which are the lower temperature susceptibility compared with asphalt concrete and 

flexibility, which is higher than that of cement concrete.  

 

In this research, the ordinary Portland cement was used at rate of 2% by weight of 

aggregates. It is well in line with the study already conducted by Lewis and Collings 

(1999), that using 2-3% cement by weight of aggregates can produce good recycled layer. 

 

3.2.3 Additives 

In addition to above mentioned materials, some additives can also be used in asphalt mix 

immediately before or during mixing to get some supplementary properties or to modify 

the properties of asphalt mix or to reduce the cost of construction. There are many kinds 

of additives that can be used in recycled mix. 

 

In this research, steel slag and marble waste were used as additives. The steel slag and 

marble waste have been used because of easy availability and environmental 

compatibility in Pakistan. 

 

3.2.3.1 Steel Slag 

Steel slag is a by-product of steel manufacturing process and is being commonly used in 

landfilling but after successful research it has found that the steel slag may also be 

utilized in the preparation of hot mix asphalt concrete (Hunt and Boyle, 2000). Since the 

slag obtained from steel manufacturing process can be crushed and processed into 
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products like aggregates as shown in Figure 3.9, therefore, it is the reason that the steel 

slag is being used in the construction of pavements since decades. The slag is usually 

added as part of the coarse aggregate fraction of the mixture at a percentage of 20-100% 

depending upon the application of the mixture. 

 

Steel slag aggregates are being using extensively in the construction of asphalt roads in 

the Midwest and eastern United States. It has been experienced in these states that the 

roads having slag aggregates improves the skid resistance of the pavement as these 

aggregates have rough textures. In addition to this, due to comparatively higher density 

and angular shapes the slag aggregates bears good interlocking properties (Ramirez 1992, 

Noureldin and McDaniel 1990, Lemass 1992). 

Fig 3.9: Steel furnace slag aggregates (Australian Slag Association) 

 

Steel slag aggregates are usually expansive in nature. Such kinds of aggregates are 

specifically used when better quality aggregates are deficient and not readily available. 

These aggregates comprises of calcium oxide (CaO) or free lime and magnesium oxide or 

magnesia (MgO). These contents are directly responsible in the expansion of aggregates. 

Actually these contents react with water when added in the mixtures and causes the 

aggregates to expand. This expansion may goes up to 10% depending upon the origin of 
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slag, gradation and grain size, the hydration of unslaked lime and magnesia, and oldness 

of the stockpile.   

 

In this research, steel slag aggregates at the rate of 10 percent was used because (Ameri et 

al 2012) evaluated the effect of steel, as a substitute of virgin aggregates in CIR mixes, on 

the mechanical properties of CIR mixes. They prepared two types of mixes containing 

20% and 10% of the two types of new aggregates i.e. steel slag in accordance with 

Asphalt Institute Cold in Place Recycling grading requirements. They found that addition 

of steel slag in the cold recycled mixes enhances its Marshall stability, modulus of 

resilience, tensile strength, resistance against moisture damage and resistance to 

permanent deformation. Moreover, steel slag aggregate is incorporated at rate of 10 

percent by weight of coarse aggregates (Garrity, 2015). 

 

3.2.3.2 Marble Waste 

The waste yielding from the industries has become a serious issue from the environment, 

health and economy point of view. The Figure 3.10 shown below is depicting the dump 

of marble waste. Researchers are discovering the possible and adequate mitigation of 

industrial waste. They have succeeded up to some extent in pavement industry and of an 

opinion marble industry can be used as fine aggregates in the preparation of hot mix 

asphalt concrete.   

 

The marble waste can be used in place of natural aggregates in the production of hot mix 

asphalt. The marble waste taken from marble industry is crushed and ground to obtain 

fine aggregates. It has been reported by (Kofteci and Kockal, 2014) that the use of 

recycled marble aggregates (RMA) instead of virgin aggregates as a fine aggregate is 
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promising in many applications where cost and environmental aspects are primarily 

considered. Some characteristics of marble waste have been tabulate in Table 3.1 and 3.2. 

Fig 3.10: Marble waste from marble industry in Pakistan (After Khan et al, 2013) 

 

Table 3.1: Physical Properties of Marble Waste (Sangjani Marble Industry, Taxila) 

Property Result 

Bulk Density 1.3 to 1.5 gm/cc 

Specific Gravity 2.83 to 2.85 

 

Table 3.2: Chemical Analysis of Marble Waste (Sangjani Marble Industry, Taxila) 

Test Carried Out Test Value % 

Ignition Loss 43.46 

Silica 1.69 

Alumina 1.04 

Iron Oxide 0.21 

Lime 49.07 

Magnesia 4.47 
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3.3 Mix Design 

The mix design process is carried out to produce the mix with necessary quality and 

consistency. The mix design of materials takes place not only in terms of volumetric and 

compaction characteristics, but also requires the consideration of engineering properties 

of the mix, durability and long term performance. At the same time, economic 

considerations remain paramount in the selection of mix designs. For bituminous mixes, 

the binder has a significant influence on the cost of the overall material. 

 

3.3.1 Foam Bitumen Stabilized Mix 

Unlike hot mix asphalt (HMA), there is no universally accepted mix design method for 

foamed bitumen. Most of agencies which use foamed bitumen mix have their own design 

procedures which are the result of numerous efforts over decades. However, the basic 

steps involve in mix design of foamed bitumen have been explained below. 

 

3.3.1.1 Sampling and Preparation 

1. Taking Samples 

From the respective sources (test pits, barrow pits and pavement etc.), samples are 

taken. While in case of sampling from pavement, it must be about 100kg from 

each layer up to the depth of (± 300mm) and should be pulverize thoroughly by 

using small milling machine to achieve required grading.  

 

2. Sample Mixing 

Where it is necessary, mix the material extracted from different layers to assemble 

the layer up to full recycling depth. However, the in situ density of various 

components must be considered. An example is shown below in Figure 3.11. 
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Fig 3.11: Existing upper pavement structure (After Wirtgen Cold Recycling Technology, 

2012) 

 

Table 3.3: Mixing of Material in Proportion to Layer Thickness and in Situ Density 

(Wirtgen Cold Recycling Technology, 2012) 

Material Mass/m2 
Proportion by 

mass (%) 

Per 10 kg sample 

(g) 

Asphalt 

(60mm at 2,300 

kg/m3) 

0.06 x 2,300 = 138 138/418 = 0.33 
0.33 x 10,000 = 

3300 

GCS (Graded 

Crush Stone) 

(140mm at 2,000 

kg/m3) 

0.14 x 2,000 = 280 280/418 = 0.67 
0.67 x 10,000 = 

6700 

Total 418 1.00 10,000 

 

3. Grading (Sieve Analysis) 

After sample mixing, sieve analysis is performed and the grading curve is plotted. 

The gradation will facilitate to estimate the additional material required other than 

blended in the previous step.  

 

4. Representative Proportioning 

From the prepared sample, isolate Separate the material in the prepared bulk 

sample into the following four fractions. 

a. Retained on the 19.0mm sieve 

b. Passing the 19.0mm sieve, but retained the 13.2mm sieve 

c. Passing the 13.2mm sieve, but retained on the 4.75mm sieve 
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d. Passing the 4.75mm sieve. 

 

Reconstitute representative samples in accordance with the grading determined 

above (for the bulk sample) for the portion passing the 19.0mm sieve, Substitute 

the portion retained on 19.0mm sieve with material that passes the 19.0mm sieve 

on the 13.2mm sieve. The example in the Table 3.4 below explains this 

procedure. 

 

Table 3.4: Representative Proportioning of the Sample Material (Wirtgen Cold Recycling 

Technology, 2012) 

Sieve Analysis 
Quantity of Material to be Included in a 10 kg 

Sample 

Sieve Size 

(mm) 

Percentage 

Passing (from 

sieve analysis 

on bulk 

sample) 

Passing 

4.75mm 

Passing 

13.2mm and 

retained on 

4.75mm 

Passing 

19.0mm and 

retained on 

13.2mm 

19.0 90.5 
(53.6 / 100 x 

10,000) = 

5,360g 

((72.3 - 53.6) / 

100 x 10,000) = 

1,870g 

((100 - 72.3) / 

100 x 10,000) = 

2,770g 

13.2 72.3 

4.75 53.6 

 

If there is insufficient material passing the 19.0mm sieve on the 13.2mm sieve for 

substituting that retained on the 19mm sieve, then lightly crush the material 

retained on the 19.0mm sieve to provide more of this fraction. 

 

3.3.1.2 Manufacturing of Specimen for Testing 

Usually the 100mm specimen is used to determine the 𝐼𝑇𝑆𝐷𝑅𝑌 and 𝐼𝑇𝑆𝑊𝐸𝑇 values. 

However, where there is a coarser material, it is strongly recommended that 150mm 
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specimen should be manufactured for in place of 100mm diameter. The specimens were 

prepared at different contents of foamed bitumen. 

 

3.3.1.3 Curing the Specimen 

In standard method of curing, the specimen is kept for 72 hours in forced draft oven at 

40oC. After 72 hours weigh specimen and keep it back in oven for four hours for further 

drying if possible. After four hours remove the specimen from the oven and reweight. 

Continue the testing in case of constant mass otherwise again place the specimen in oven 

for further four hours until the constant mass is achieved.  

 

3.3.1.4 Indirect Tensile Strength (ITS) Test 

This test determines the indirect tensile strength of specimen at ultimate load and at 

constant deformation rate of 50.8mm/minute. Cured specimens are tested (unsoaked) at a 

temperature of 25oC as shown in Figure 3.12. The complete detailed procedure of this test 

is explained in the next chapter.  

Fig 3.12: Indirect Tensile Strength (ITS) Test (After Wirtgen Cold Recycling 

Technology, 2012) 
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3.3.1.5 Interpretation of Indirect Tensile Strength (ITS) Test Results 

Plot the graph between ITS values and foamed bitumen added (%). A typical example is 

shown below in Figure 3.13. In graph, the minimum recommended strength is indicated 

in red dot line for both soaked and dry condition.  

Fig 3.13: Graphical representation of ITS test (After Wirtgen Cold Recycling 

Technology, 2012) 

 

 

3.3.2 Bitumen Emulsion Stabilized Mix 

Like foamed bitumen stabilized mix, no universally recognized mix design procedure is 

present for emulsion stabilized mix. In this research, the emulsified mixture was 

produced by using a simplified procedure as explained below. 

 

3.3.2.1 Sampling and Preparation 

The procedure of sampling and preparation would be same as described in foamed 

bitumen stabilized mix design procedure (section 3.3.1.1). 

 

3.3.2.2 Manufacturing of Specimens 

The 100mm diameter and 150mm diameter specimen are manufactured in the same way 

as adopted in mix design procedure for foamed bitumen stabilized mix design (section 

3.3.1.2).  
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3.3.2.3 Curing the Specimens 

The same procedure is adopted for curing the specimen as mentioned in the mix design 

procedure for foamed bitumen stabilized mix (section 3.3.1.3). 

 

3.3.2.4 Indirect Tensile Strength (ITS) Test 

This test is performed in the same way as adopted in the mix design procedure for 

foamed bitumen stabilized mix as mentioned in chapter 3.3.1.4. However, the detailed 

procedure for ITS test is explained in chapter no. 4.2.5.2 in chapter no. 4. 

 

3.3.2.5 Interpretation of Indirect Tensile Strength (ITS) Test Results 

After ITS test, the graph is plotted between ITS values and foamed bitumen added (%). A 

typical example is shown below in Figure 3.14. In graph, the minimum recommended 

strength is indicated in red dot line for both soaked and dry condition.  

Fig 3.14: Graphical representation of ITS test (Wirtgen Cold Recycling Technology, 

2012) 
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CHAPTER NO. 4 

Methodology 

 

4.1 Introduction 

The research methodology adopted comprised of three parts, as mentioned below; 

 

 Mechanical testing 

 Economic Analysis of CIR recycling in Pakistan 

 Environmental impacts of CIR 

 

Mechanical testing comprised of three different types of tests which were carried out in 

the laboratory as mentioned below; 

 

1. Repeated load indirect tensile strength test, to determine the modulus of resilience 

of the mix to find out the load carrying capacity of cold recycled mixes. 

2. Repeated load uniaxial strain test, to determine the creep stiffness modulus which 

indicates the rutting resistance of cold recycled mixes. 

3. Static load indirect tensile strength test, to determine the tensile strength of the 

mix at dry condition and wet condition to know the variation in tensile strength in 

case of moisture susceptibility. 

 

These tests were performed on cold recycled asphalt mixes using UTM-5P at 40oC and 

55oC under varying loading condition of 150ms and 450ms. Five different mixes were 

prepared in which RAP was used as controlled mix to compare with four other mixes.  
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The second part of research methodology comprised of Economic Analysis of CIR in 

Pakistan. For this purpose, detailed cost data of Rawalpindi-Kharian section of N-5 was 

compiled and three economic indicators (net present value, benefit cost ratio and internal 

rate of interest) were determined for the economic feasibility of CIR in Pakistan. 

 

The third part was environmental study of CIR. In this part, a detailed study on 

greenhouse gases which emit during CIR was carried out. The energy conservation is 

directly responsible on greenhouse gases emission, whereas the CO2 is major the 

greenhouse gas which emit during road construction. The CIR is considered as an 

effective mean of rehabilitation which implies less CO2 emission than conventional 

techniques. Therefore, the study was made on impacts of CO2 emission during CIR. 

 

4.2 Mechanical Testing 

4.2.1 Preparation of Samples 

In order to prepare the specimens, RAP was recovered from the National Highway N-5 

South Bond (Sahiwal to Okara) in Punjab, Pakistan. The gradation of RAP was 

determined, and was in the range of Type B gradation of Asphalt Cold Recycling Manual 

MS-21. The oversized material i.e. greater than 25mm was removed from RAP. The 

bitumen content of the RAP was determined as per ASTM D2172. Lab samples were 

prepared using Marshall Mix design for various proportion of RAP, foam bitumen, 

bitumen emulsion, cement, slag and marble waste as tabulated in Table 4.1.  
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Fig 4.1: Testing Matrix 

 

 

Table 4.1: Mixes Used for Testing 

Sample Type Description 

A Foam Bitumen + Cement 2% + RAP 100% 

B Emulsified Bitumen + Cement 2% + RAP 100% 

C Emulsified Bitumen + Cement 2% + RAP 90% + Steel Slag 10% 

D Emulsified Bitumen + Cement 2% + RAP 90% + Marble Waste 10% 

E RAP 
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Figure 4.1 shows the testing matrix, whereas Figure 4.2, the test samples prepared using 

Marshall Mix design for performance testing. 

Fig 4.2: (a) Test samples for repeated load indirect tensile test (b) Emulsified bitumen (c) 

RAP + Filler + Cement (d) RAP + Filler in unmixed form (e) Marshal compactor for 

compaction of samples (f) Laboratory Marshall samples 

 

4.2.2 Equipment (UTM-5P) 

4.2.2.1 Loading Machine 

The equipment used for UTM-5P consisted of loading machine which was capable of 

applying compressive load on the specimen over a range of frequencies, loading 

durations, and load levels. The machine thus used was an electro-hydraulic machine 

along with a function generator. Some other available machines in market like those 

using pneumatic repeated-loading can also be used. However, it must be recognized that 
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some of this equipment may be limited in its capacity to handle large loads at the colder 

test temperatures. In addition, the preload on the specimens should be as small as possible 

to reduce creep deformations prior to actual testing. 

 

4.2.2.2 Loading Head 

The loading head for indirect tensile strength test consisted of guided upper and lower 

steel loading strips as shown in Figure 4.4 with concave surfaces having radius of 

curvature equal to the normal radius of the test specimen. The specimen size selected was 

4 inches diameter whereas the loading strip of 0.5 inches width was used. The specimen 

was placed between the loading platens in case of creep test as shown in Figure 4.5. 

Fig 4.3: Specimen orientation in UTM-5P for indirect tensile strength test 
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Fig 4.4: Marshall Test head 

Fig 4.5: Specimen orientation in UTM-5P for creep test 

 

4.2.2.3 Measurement System 

The capability of measuring load, horizontal and vertical deformation, are required to 

determine tensile strength, Poisson’s ratio, and modulus of elasticity. If tensile strength is 

the only parameter desired, then applied load is the only measurement required.  
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 Load- the applied compressive load was set using a load cell, air or hydraulic 

pressure gauge, or pressure transducer. The ability to monitor the minimum and 

maximum stress is extremely important.  

 Deformations- the vertical and horizontal deformations was measured using 

linear variable differential transducers (LVDT) or other suitable devices. The 

least count in this regard was 0.00001 inch (0.00025 mm) for the horizontal 

deformation. A positive contact by spring loading or gluing attachment to the 

specimen was provided to ensure direct contact between the specimen and the 

measuring device. 

Transducers such as Trans-Tex Model 350-000 LVDT’s and Statham UC-3 have 

been found to be satisfactory for this purpose.  The gauges were wired to 

preclude the effects of eccentric loading so as to give the algebraic sum of the 

movement of each side of the specimen. Alternatively, each gauge was read 

independently and the results summed for use in the calculations. 

 Recorders – two X-4 plotters were used to continuously record load and vertical 

and horizontal deformations. 

 

4.2.3 Repeated Load Indirect Tensile Strength Test (MR Test) 

4.2.3.1 Background Study 

In this research, the repeated load indirect tensile test was performed to find out the 

resilient modulus of asphalt mixture. The resilient modulus is a very significant 

parameter to know the elastic properties of mix. The paving material must have some 

flexibility otherwise the permanent deformation may develop under each repetition of 
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load. Every flexible material have certain stiffness which is meant by recoverable 

deforming ability of material as a result of loading. If the loading intensity is less than 

that of stiffness of the paving material the deformation produced under the result of each 

load is almost recoverable i.e. the deformation produced is within the elastic range of the 

material. 

 

Generally the resilient modulus (MR) relates to the tendency of the material to recover 

from external shocks or disturbance. It describes that how much energy that a material 

can absorb upon elastic deformation and release of energy upon unloading. In fact, this 

property is indirectly the measure of modulus of elasticity of the material (E). The 

modulus of elasticity can be determined where there is slow application of load in 

linearly elastic region of stress strain curve. But resilient modulus is used when the load 

is applied rapidly like in case of pavements.  

 

The MR is considered as very significant parameter for the design of pavement as it tells 

the mechanical response of a pavement base or subgrade produce as a result of applied 

cyclic traffic load.  

 

In this research, the repeated load indirect tensile test (MR test) was conducted in 

laboratory according to ASTM D4123 for determining the resilient modulus of cold 

recycled asphalt mixes at different temperature and loading. The repeated load indirect 

tensile strength test is primarily used for evaluating the modulus of resilience of asphalt 

mix.  
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The indirect tensile test was developed simultaneously but reported independently by 

Carneiro and Barcellos in Brazil and Akazawa in Japan in 1953. Before 1956, the 

application of ITS test were limited to concrete and the mortar specimens to measure 

their tensile strength. However, Thompson (1956) proposed that the test could be 

performed satisfactorily to find out the tensile characteristics of lime-soil mixtures. 

Messina et al (1966) first time applied this test on asphaltic concrete to determine the 

tensile characteristics of asphaltic concrete. These days, the ITS test is being performed 

on different kinds of material because it has the following advantages as mentioned 

below. 

 

 Its mechanism is quite simple. 

 The specimen and the equipment are quite similar as those used for compression 

testing. 

 Failure is not seriously affected by surface condition. 

 Failure setups at the area of uniform tensile stress. 

 There is lower coefficient of variation 

 Mohr’s theory is satisfactory for expressing failure conditions for brittle material 

such as concrete. 

 

4.2.3.2 Procedure 

1. First of all measure the dimensions (diameter and thickness) of the specimen. The 

thickness of the specimen must be equal to minimum one-half of the diameter. 

There should be at least three test specimens for individual test condition. The test 

conditions adopted in this research are shown below in Table 4.2.  
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Table 4.2: Test Conditions for Repeated Load Indirect Tensile Strength Test 

S. No Conditions Values 

1 Condition pulse count 5 

2 Loading cycles 1200 

3 Condition pulse period (ms) 2000 

4 Test pulse period (ms) 1000 

5 Peak loading force (N) 300 

6 Estimated poisson ratio 0.40 

7 Temperature (oC) 40 & 55 

8 Total pulse width (ms) 1000 

9 Pulse width (ms) 150,450 

10 Peak loading(N) 300 

11 Poisson ratio 0.40 

 

2. It is necessary to keep the specimen under controlled temperature and 

environment for 3 hours before testing. The temperature adopted in this research 

was 40oC & 55oC. 

3. Place the specimen in load head between loading strips and care must be taken to 

properly align the specimen. 

4. Apply preload which was smaller as possible to make sure that the specimen was 

seated and to prevent impact loading.  

5. Put horizontal and vertical deformation transducer into contact with specimen. 

6. Adjust and balance all measuring devices.  

7. Apply a repeated haversine waveform load at preselected frequencies, load 

repetitions and loading duration (As shown in Table 4.2). 
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8. Keep noting the horizontal deformation and the vertical deformations. However, 

vertical measurement were omitted as the Poission’s ratio was assumed during the 

test. 

9. Determine the resilient modulus by using Poission’s ratio and horizontal 

deformation. Results of MR test are presented in section 5.1 in Chapter 5. 

 

4.2.4 Repeated Uniaxial Load Strain Test (Creep Test) 

4.2.4.1 Background Study 

During last 20 years, the road traffic in Pakistan has become remarkably high. This rapid 

growth consists of both passengers and freight. This growth resulted the premature 

rutting in flexible pavement due to higher axle loads and their repetitions. The permanent 

deformation or rutting is a very significant problem that directly affects the performance 

of hot mix asphalt. Technically, rutting is meant by accumulation of permanent 

deformation in all or a portion of the layers in a pavement structure that results in a 

distorted pavement surface. Actually, the rut is longitudinal depression formed on the 

wheel path. The mechanism of rutting consists of both densification and shear flow of the 

pavement material. An example of rutting in asphalt pavement is illustrated below in 

Figure 4.6. 

 

The shear flow is very important factor that causes the severity of rutting in pavement 

rather than densification. The shear stress is considered as the one of major critical factor 

that directly affects the performance of pavement and it is necessary to well understand 

shear stress in asphalt pavement. 
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Fig 4.6: Rutting in asphalt pavement (NHA, 2015) 

 

The longitudinal variation in the magnitude of the rutting causes roughness. Some of 

them are mentioned below. 

 

 Water may become trapped in ruts resulting in reduced skid resistance. 

 Increased potential for hydroplaning and spray that reduces visibility. 

 Progression of rutting can lead to cracking and eventually complete 

disintegration. 

 According to (Haas et al. 1994), the rutting in asphalt pavement affects comfort 

ability, riding reliability, motorist safety and general performance. 

The National Highway Authority (NHA) is facing serious issues of rutting due to 

frequent failures of pavement, poor riding quality and high maintenance cost. Therefore, 

it is very necessary to study the behavior and performance of asphalt pavement to get the 

best solution against current issues of rutting.  
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If the flexible pavement is loaded under stress that is beyond the flow strength of the 

material, at that temperature the material will start to deform, known as creep. Rutting in 

case of asphalt pavement is also sometimes known as creep.  

 

There are many methods of analyzing rutting resistance or creep stiffness of asphalt mix 

like Marshall Test, static creep test, dynamic test, and wheel tracking test. However, the 

repeated uniaxial load strain test was used in this research to know the rutting behavior of 

five mixes which was discussed in the start of this chapter. The test was carried out by 

considering ASTM D 4123. The test was performed to determine the rutting resistance of 

asphalt mixes subjected to uni-axial repeated load. 

 

4.2.4.2 Procedure 

1. First of all measure the dimensions (diameter and thickness) of the specimen.  

2. It is necessary to place the specimen under control temperature (40oC & 55oC) for 

3 hours before testing. The testing conditions applied during this test is shown 

below in Table 4.3. 

3. Adjust the specimen between the platens of UTM-5P as shown earlier in Figure 

4.5. 

4. Apply preload which should be as small as possible to make sure that the 

specimen is seated and to prevent impact loading. 

5. Apply the load as mentioned above in Table 4.3. for some specified time 

6. After specified time remove the load and allow the specimen to rebound for 10 

minutes. 
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Table 4.3: Test Conditions for Repeated Uniaxial Load Strain Test 

S. No Conditions Values 

1 Loading Stress (kPa) 100 

2 Temperature (oC) 40 and 55 

3 Pulse Width (ms) 150,450 

4 Peak Loading Force (N) 300 

5 Loading Pulse Period (ms) 1000ms 

 

7. Also keep recording the applied load and vertical deformation during loading and 

unloading time. 

8. Determine the total strain and creep stiffness modulus. Results of the creep tests 

are presented in section 5.2 in Chapter no. 5. 

 

4.2.5 Static Load Indirect Tensile Strength Test 

4.2.5.1 Background Study 

Tensile stresses develops in the pavement due to traffic load in each layer of pavement. 

As a result of traffic load, each layer of pavement deflects and thus creates the flexure. 

This flexure ultimately creates the tensile stresses in the underside of each layer. If the 

tensile stresses thus produced is less than the tensile strength of the pavement material, 

the layers will crack and causes the failure of the pavement. 

  

The tensile strength basically depends upon the binder properties. There are number of 

factors that affects the tensile properties of asphalt mix and some of them are described 

below. 

 The tensile strength is basically contributed by the asphalt binder in mixture and 

its stiffness. 
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 The tensile strength also depends upon the absorption capacity of aggregates. 

 The film thickness of binder around aggregates and particle to particle contact 

contribute the adhesion which ultimately influence the tensile strength of 

mixture.  

 Many researchers have found that tensile strength varies inversely with the air 

voids. 

 The tensile strength of the mixture is strongly contributed by the consistency of 

the asphalt cement, which can influence rutting.  

 The water is the worst enemy against failure of asphalt pavement as it detaches 

the asphalt around the aggregates and ultimately reduces the tensile strength of 

the asphalt mix. 

In this research, static load indirect tensile tests were completed according to AASHTO 

T283 to evaluate the tensile strength of five asphalt mixes that are mentioned earlier in 

this chapter using UTM-5P. The ITS test was performed both on dry and one day soaked 

specimen. 

 

4.2.5.2 Procedure 

1. First of all measured the dimensions of specimen and thickness was kept as half 

of diameter.  

2. Place the specimen between loading strip but care must be taken that alignment of 

the specimen should be correct. 

3. Apply preload as small as possible to make sure that the loading strips are seated 

and to prevent the impact loading and it was not more than 20Ibs. 

4. Position horizontal deformation measuring device. 
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5. Adjust and balance all measuring devices for test. 

6. Apply a compressive load at specified rate of loading. 

7. Continuously record load, horizontal and vertical deformations with a continuous 

recording devices and ultimately determine the indirect tensile strength. Results of 

these tests are presented in section 5.3 in Chapter 5. 

 

4.3 Economic Analysis of Cold in Place Recycling in Pakistan 

4.3.1 Cost Data 

The original cost of Rawalpindi-Kharian section of N-5 was estimated as 902.053 million 

rupees but the contract value was revised to 837.144 million rupees. On the basis of 

revised design by M/s (Messers) Loudon International hired by M/s (Messers) HCL, 

“The contractor” after the approval from NHA. The cost was revised, item wise for a 

total lane length of 164 km. The total lane km (164 km) and per lane km cost of major 

rehabilitation, deep patching with ACWC (Asphalt Concrete Wearing Course) and 

ACBC (Asphalt Concrete Base Course) (20%, 40% and 60% surface cracked area) and 

an option of deep patching without considering ACBC on Rawalpindi-Kharian section 

was calculated. The item rates of Gujrat City taken from NHA CSR (2005) have been 

used. 

 

4.3.2 Presentation of Traffic Data 

The traffic on the project data was collected from Road and Asset Management 

Directorate (RAMD), operations Wing, NHA Islamabad. This traffic data was used as the 

base line for the calculation of Economic Indicators, Net Present Value (NPV), Benefit 

Cost Ratio and Internal Rate of Return (IIR). The summary of traffic data of year 2006-
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2020 in graphical representation is shown below in Figure 4.7 at the growth rate of 5%. 

Whereas the AADT from year 2006-2020 at the rate of 5% growth is shown in Figure 

4.8. 

Fig 4.7: Graph of Traffic Growth @ 5% annually (Category wise 2006-2020) (RAMD, 

NHA) 
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 Fig 4.8: Traffic Growth @ 5% annually (AADT Year 2006-2020) (RAMD, NHA) 

 

4.3.3 Economic Analysis 

The traffic data, project cost and other relevant information obtained were used in 

Economic Analysis calculations. The Japan International Cooperation Agency (JICA) 

and National Transport Research Center (NTRC)’s, Pakistan Transport Plan Study 

(PTPS) Report (March 2006) was used for the calculation of Vehicle Operating Costs 

(VOC) values and thereafter savings obtained by improving the facility. The vehicle 

operating costs of a truck carrying 15 tons of cargo was estimated at about Rs. 21/km. 

From this, the unit cost of freight transport by road was estimated at Rs. 1.4 ton/km. The 

detailed economic analysis of National Highway N-5 (Rawalpindi – Kharian section) has 

been presented in section 6.4 in chapter 6. The economic feasibility of cold in place 

recycling in Pakistan was predicted on the basis of three economic indicators. 

 

1. Benefit/Cost ratio (B/C ratio) 

2. Net Present Value (NPV) 
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3. IRR (Internal Rate of Return) 

 

4.4 Environmental Impacts of CIR  

Recycling of pavement is an efficient mitigation technique against the Green House 

Gases (GHG) emission that produced during new construction. It has come to know that 

the recycling yields 52% less CO2 emission than conventional method (Chan et al, 2009).  

 

As the CIR implies usage of recycled material like RAP, therefore, there is less 

consumption of fuel for processing and transportation of material at the site. 

Consequently, the less consumption of fuel yields less CO2 emission. Hence, it can be 

concluded that the CO2 emission varies inversely with the RAP contents. Moreover, the 

fuel consumption is also greatly affected by moisture contents present in RAP, since 

more fuel is needed to heat RAP having certain percentage of moisture as compared to 

the dry RAP. In this research a comparative study has been made on CO2 emission at 

different RAP ontents and moisture contents. Moreover, some miscellaneous 

environmental benefits of CIR has also been studied and have been presented in section 

7.3 in Chapter no. 7. 
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CHAPTER NO. 5 

Test Results and Discussions 

 

5.1 Repeated Load Indirect Tensile Strength Test (MR Test) 

The samples prepared as mentioned in Table 4.1 in chapter no. 4 were tested and the 

results of resilient modulus obtained after repeated load indirect tensile strength test are 

summarized in Table 5.1. 

 

Table 5.1: Resilient Modulus (MPa) 

Sample Type 
40oC 55oC 

150ms 450ms 150ms 450ms 

A 3608 2607 2259 1989 

B 2164 1436 1444 789 

C 701 561 414 384 

D 1500 900 794 478 

E 2211 1348 1635 1138 

 

The graphical representation of resilient modulus of different mixes at various 

temperature and pulse width have been shown from Figure 5.1 to Figure 5.5. 
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Fig 5.1: Resilient modulus of different mixes at different temperature and pulse width 

 

It can be observed from the Figure 5.1 that those mixes having 100% RAP (A, B and E) 

depict higher resilient modulus at constant temperature and pulse width, which reveals 

that, the resilient modulus varies directly with the RAP contents at constant temperature 

and pulse width. Consequently, the mixtures having higher pecentage of RAP would have 

more load carrying capacity without cracking. From Figure 5.1, it can be revealed that the 

mixtures having steel slag and marble waste (C and D) showed lower values of resilient 

modulus, even lower than control mix (E) i.e. mix having 100% RAP only, thus it can be 

concluded that the load carrying capacity paving material decreases with the increase of 

steel slag and marble waste. Especially, the mixture having steel slag showed drastic 

reduction in resilient modulus. It could be due to improper bonding between bitumen 

emulsion and waste material and because of incompatible chemical properties of steel 

slag and bitumen emulsion.  

 

Sample A, having foam bitumen has higher resilient modulus as compared to the control 

mix (E) and bitumen emulsified mixes (sample B, C and D) at constant temperature and 
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pulse width as shown in the Figure 5.1. Thus use of foam bitumen in cold recycled mix 

provides more stiffness as compared to the bitumen emulsion and control mix (100% 

RAP only). However, the stiffness of foamed bitumen stabilized mix decreases with the 

increase in both pulse width and temperature.  

 

Fig 5.2: Resilient modulus of different mixes at different temperature and constant pulse 

width of 150ms 

 

Fig 5.3: Resilient modulus of different mixes at different temperature and constant pulse 

width of 450ms. 
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The resilient modulus decreases with the increase of temperature at constant pulse width 

and vice versa for all mixes as expressed in Figure 5.2 and 5.3. Thus the recycled 

pavements would have higher load carrying capacity without cracking in winters as 

compared to that in summers. 

Fig 5.4: Resilient modulus of different mixes at different pulse width and constant 

temperature of 40oC 

 

Fig 5.5: Resilient modulus of different mixes at different pulse width and constant 

temperature of 55oC 
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As such it can also be revealed from the above results that resilient modulus varies 

inversely with the pulse width at a constant temperature. Technically speaking, the pulse 

width represent the loading duration. From the Figure 5.4 and 5.5 it can be observed, 

recycled pavements absorb more load without cracking at higher speed as compared to 

the slower speed.  

 

5.2 Repeated Uniaxial Load Strain Test (Creep Test) 

The creep stiffness modulus of five different mixes at different temperature and pulse 

width have been tabulated in Table 5.2, whereas the graphical relationship have been 

shown from Figure 5.6 to Figure 5.10. 

 

Table 5.2: Values of Creep Stiffness Modulus after Repeated Uniaxial Load Strain Test 

(kPa) 

Sample Type 
40oC 55oC 

150ms 450ms 150ms 450ms 

A 19 10.3 13.2 6.8 

B 14 10.2 12.3 5.1 

C 9.4 7.1 7.3 5 

D 15.5 11.3 12.4 8.3 

E 14.0 10.1 12.0 7.9 
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Fig 5.6: Creep stiffness modulus of various mixes at different temperature and pulse 

width 

 

From Figure 5.6, it can be observed that the creep stiffness modulus decreases with the 

increase of both pulse width and temperature, for all mixes, which depicts that cold 

recycled mixes would be more susceptible to rutting in summer season as compared to 

the winter season. Likewise, there would be more chances of rutting in case of low speed 

traffic as compared to the high speed traffic. It is well in line with study already 

conducted by (Khan et al, 2013) 

 

The bitumen emulsion stabilized mix (C) provided with 10% steel slag yields very low 

creep stiffness modulus as compared to the control mix (E) and rest of the mixes. It 

happens due to improper bonding between emulsion and steel slag aggregates and 

incompatibility of chemical properties between emulsifier and fillers. 
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Fig 5.7: Creep stiffness modulus of different mixes at different temperature and constant 

pulse width of 150ms. 

 

 

Fig 5.8: Creep stiffness modulus of different mixes at different temperature and constant 

pulse width of 450ms 

 

From Figure 5.7, it can be revealed that the foamed bitumen stabilized mix (A) is more 

suitable for low temperature and low pulse width i.e. where the traffic speed is low and 

for cold areas. It approximately yields 35% more rutting resistance as compared to the 

control mix (E) at 40oC and 150ms pulse width.  
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From Figure 5.8, it can be observed that the emulsion stabilized mix provided with 10% 

marble waste is more suitable for high pulse width as compared control mix (E) and rest 

of other mixes. However, bitumen emulsion stabilized mix provided with marble waste 

(D) yields overall good results, This is due to the fact that marble waste is a lime bearing 

material and lime possess cementing properties, thus it is capable of providing good 

bonding with fillers and bitumen emulsion. 

 

Fig 5.9: Creep stiffness modulus of different mixes at different pulse width and constant 

temperature of 40oC 

 

It has been explained earlier that foamed bitumen stabilized mix (A) functions better 

regarding rutting resistance at low temperature and low pulse width but its creep stiffness 

modulus decreases with the increase of pulse width as shown in Figure 5.9. Therefore, it 

can be recommended for lower pulse width and lower temperature. 
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Fig 5.10: Creep stiffness modulus of different mixes at different pulse width and constant 

temperature of 55oC 

 

Mix (D) stabilized with bitumen emulsion and provided with marble waste is 

recommended for high temperatures because of providing good creep stiffness modulus 

as it is crystal clear from Figure 5.10. 

 

5.3 Static Load Indirect Tensile Strength Test 

The samples thus prepared as mentioned in Table 4.1 in chapter no. 4 were tested using 

static load indirect tensile strength test. Results of indirect tensile test have been tabulated 

in Table 5.3 and graphically shown below in Figure 5.11. 

Table 5.3: Results of ITS test (Tensile strength in kPa) 

Sample Type Dry One Day Soaked 

A 30.7 37.4 

B 45.2 49.1 

C 47.0 46.0 

D 46.0 33.0 

E 49.0 41.0 
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Fig 5.11: ITS and mixes for both dry and wet conditions 

 

It can be observed from the Figure 5.11 that sample B which comprises of bitumen 

emulsion with 100% RAP depicts higher soaked indirect tensile strength as compared to 

the dry mix. Whereas, samples C and D that are provided with bitumen emulsion material 

plus 90% RAP and 10% waste material (steel slag and marble waste respectively) depicts 

lower soaked indirect tensile strength as compared to dry indirect tensile strength. 

Furthermore, sample C provided with steel slag have higher soaked indirect tensile 

strength as compared to sample D which provided with marble waste. Hence it can be 

concluded that mix having bitumen emulsion with 100% RAP increases the tensile 

strength in case of moisture susceptibility as compared to foamed bitumen stabilized 

mixtures and even higher than the dry condition. But, this tensile strength in case of 

moisture penetration reduces with increasing the contents of waste material, like steel 

slag and marble waste. Providing marble waste greatly reduces the indirect tensile 

strength in case of moisture penetration as compared to the steel slag. This could be due 
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to the fact that marble waste is hygroscopic in nature and the strength of hygroscopic 

materials will tend to reduce due to moisture penetration. 
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CHAPTER No. 6 

Economic Analysis of CIR in Pakistan 

 

6.1 Background Study 

Road transportation system is considered as the part and parcel in the economic and 

social advancement in an area. Besides, it takes a significant part percentage of national 

budget. Road transport is considered to be the back bone of the transport system of a 

country. Figure 6.1 below depicts the share of roads in transport system of Pakistan. 

 

Fig 6.1: Modal share of Pakistan transportation mode (NHA, 2012) 

 

The current road density in Pakistan is about 0.32 km/km2 having a network of about 260, 

000 km. Figure 6.2 depicts the road density comparison of different countries. 
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Fig 6.2: Road density Comparison of different Countries (Pakistan Economic Survey, 

2009-10) 

 

In Pakistan, it is hard to increase the road density and could be possible only by balancing 

our finances, provided that the cost of maintenance and rehabilitation is controlled to an 

acceptable limit, and only then the finances can be utilized for the construction of new 

roads in Pakistan.  

 

The National Highway Authority (NHA) is working on new rehabilitation and 

maintenance techniques, like hot recycling and cold recycling. The cost of pavements 

incurred during design life is classified into following three categories; 
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 Construction Cost 

 Maintenance Cost 

 Road User Costs 

 

Modern rehabilitation techniques are being practiced in various parts of the world, due to 

its some positive impact like construction material preservation, environmentally 

friendlier, cost effective and accelerated progress of work. NHA has realized that the 

conventional rehabilitation techniques are not sufficient to meet the budget demands, 

mainly due to the following reasons; 

 

 Labour effort for patch work maintenance 

 Problems related to quality assurance; and 

 With pre-mix asphalt overlays in the small rehabilitation stretches far from 

asphalt plant. 

 

For an emerging country, the following given statistics should be fulfilled for road 

industry (NHA, 2012); 

 

 Transport sector should be 5%-10% of GDP. 

 Transport fuels and machinery account for 40% of import bill 

 Every rupee not spent on maintenance increases transport cost by four rupees. 

 

The following are the some impacts that should be kept in mind while carrying out the 

maintenance of roads (NHA, 2012); 

 

 Road condition (Service level of road) 
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 Socio economic effect 

 Road user cost 

 Accident level and cost 

 Road administration cost 

 

Some modern techniques like Hot in Place Recycling (HIR) and Cold in Place Recycling 

(CIR) are considered as most effective mean of rehabilitation process as compared to 

conventional methods. Especially, the CIR is considered to be the most effective mean, 

than the rest due to its economic viability. The road recycling either HIR or CIR has the 

following advantages over HMA; 

 

 It reduces the cost of construction 

 Preserves the aggregates and binders thus reduces the cost of material 

 Preserves the existing pavement 

 Good progress of work i.e., users have to face less delay 

 Conservation of energy 

 

6.2 Economic Indicators 

The economic feasibility are determined on the basis of three economic indicators as 

mentioned. 

1. Benefit/Cost Analysis or Ratio 

2. Net present value (NPV) 

3. Internal rate of interest (IRR) 
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1. Benefit/Cost Analysis or Ratio 

The B/C ratio represent the net discounted benefits of an alternative divided by 

net discounted costs. B/C ratios greater than 1.0 indicate that benefits exceed cost. 

B/C ratio less than 1 indicate that the alternative is not feasible.  

 

2. Net Present Value (NPV) 

NPV sometimes called Net Present Worth (NPW), is the discounted monetary 

value of expected net benefits (i.e. discounted benefits minus discounted cost). 

NPV is computed by assigning monetary values to benefits and costs, discounting 

future benefits (𝑃𝑉𝑏𝑒𝑛𝑒𝑓𝑖𝑡𝑠) and costs (𝑃𝑉𝑐𝑜𝑠𝑡𝑠) using an appropriate discount 

rate, and subtracting the sum total of discounted costs from the sum total of 

discounted benefits. Discounting benefits and costs transforms gains and losses 

occurring in different time periods to a common unit of measurement. Programs 

with positive NPV value increase social resources and are generally preferred. 

Program with negative NPV should generally be avoided. There is fairly strong 

agreement in the literature that NPV is the economic efficiency indicator of 

choice. 

𝑁𝑃𝑉 = 𝑃𝑉𝑏𝑒𝑛𝑒𝑓𝑖𝑡𝑠 −  𝑃𝑉𝑐𝑜𝑠𝑡𝑠       (6.1) 

Because the benefits of keeping the roadway above some pre-established terminal 

service ability level are the same for all design alternatives, the benefits 

component drop out and the formula reduces to:  

𝑁𝑃𝑉 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑠𝑡 +  ∑ 𝑅𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 [1
(1 + 𝑟)𝑛𝑘⁄ ]𝑛

𝑘=1      (6.2) 

Where 
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𝑟  = discount rate 

𝑛  =  year of expenditure 

 

3. Internal Rate of Return (IRR) 

The NPV method applies a specific rate of interest- the cost of funds – to the cash 

flows of a project in order to evaluate the project. The IRR method, on the other 

hand, finds the max rate of interest that the company could afford to pay without 

suffering a loss on project. The IRR represent “the maximum rate of interest that 

could be applied to the cash flows of a project and results in a nil NPV”. Projects 

are then accepted if IRR is greater than the cost of funds. While the IRR does not 

generally provide an acceptable decision criterion, it does provide useful 

information, particularly when budgets are constrained or there is uncertainty 

about the appropriate discount rate. 

 

6.3 Cost Analysis of Rawalpindi-Kharian Section of N-5 

Item wise total (164 lane km) and per lane km cost of CIR and Major rehabilitation, deep 

patching with ACWC and ACBC (20%, 40% and 60% surface cracked area) and deep 

patching without ACBC is tabulated and plotted in graphical forms below for 

comparison.  

 

Table 6.1 contains 164 km and per lane km cost using CIR with foamed bitumen on 

Kharian-Rawalpindi project. Table 6.2 to 6.4 include 164 lane km and per lane km cost 

by adopting major rehabilitation, deep patching with ACWC, ACBC (20%, 40% and 
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60% surface cracked area) and deep patching without including ACBC. Summary of 

these results have been presented in Table 6.5. 

 

Table 6.1: Item-Wise Cost by CIR of Rawalpindi – Kharian Section (NHA, 2011) 

Item 
Lane  

(m) 

Thickness 

(m) 

Lane 

Width 

(m) 

Quantities Unit 
Rate* 

(Rs.) 

Cost (Rs.) 

(Million) 

Cold 

Recycling 
164000 0.175 3.65 104755.00 m3 2100* 219.985 

Bitumen - - - 1172.75 Ton 26000* 30.491 

Cement - - - 651.53 Ton 6500* 4.234 

Tack Coat 164000 - 3.65 598600.00 m2 15* 8.979 

Asphalt 

Concrete 

Wearing 

Course 

164000 0.05 3.65 29930.00 m3 5050* 151.146 

For 164 Lane km 414.837 

For One Lane km 2.529 

*M/s HCL rates quoted in their bid have been used since CSR is without CIR (FB) rates. 
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Table 6.2: Item-Wise Cost by Conventional (Major) Rehabilitation of Rawalpindi-

Kharian section (NHA, 2011) 

Item 
Lane  

(m) 

Thickness 

(m) 

Lane 

Width 

(m) 

Quantities Unit 
Rate* 

(Rs.) 

Cost (Rs.) 

(Million) 

Sub Base 164000 0.25 3.65 149650 m3 785.05 117.482 

Base 

Course 
164000 0.35 3.65 209510 m3 1106 231.755 

Asphalt 

Concrete 

Base 

Course 

164000 0.11 3.65 65846 m3 6586 433.657 

Asphalt 

Concrete 

Wearing 

Course 

164000 0.05 3.65 29930 m3 7338.8 219.650 

Tack Coat 164000 - 3.65 598600 M2 15 8.979 

Prime Coat 164000 - 3.65 598600 M2 36 21.549 

Excavation 

of 

Unsuitable 

Material 

164000 0.76 3.65 454936 m3 141.91 64.559 

For 164 Lane km 748.395 

For One Lane km 4.563 

*CSR (2005) rates of Gujrat City have been used. 
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Table 6.3: Item Wise Cost by Deep Patching with ACBC and ACWC of Rawalpindi-

Kharian section (NHA, 2011) 

Item-wise cost by Deep patching (20% surface cracked area) 

Item 
Lane 

(m) 

Thickness 

(m) 

Lane 

Width 

(m) 

Quantities Unit 
Rate* 

(Rs.) 

Cost (Rs.) 

(Million) 

Deep 

Patching 
164000 - 3.65 119720 m2 44 5.283 

Tack Coat 164000 - 3.65 598600 m2 15 8.979 

Asphalt 

Concrete 

Base Course 

164000 0.07 3.65 41902 m3 6586 275.963 

Asphalt 

Concrete 

Wearing 

Course 

164000 0.05 3.65 29930 m3 7338.8 219.650 

Prime Coat 164000 - 3.65 119720 m2 36 4.309 

For 164 Lane km 499.923 

For One Lane km 3.048 

Item-wise Cost by Deep Patching (40% Surface Cracked Area) 

Item 
Lane 

(m) 

Thickness 

(m) 

Lane 

Width 

(m) 

Quantities Unit 
Rate* 

(Rs.) 

Cost (Rs.) 

(Million) 

Deep 

Patching 
164000 - 3.65 239440 m2 44 105.664 

Tack Coat 164000 - 3.65 598600 m2 15 8.979 

Asphalt 

Concrete 

Base Course 

164000 0.07 3.65 41902 m2 6586 275.963 

Asphalt 

Concrete 

Wearing 

Course 

164000 0.05 3.65 29930 m3 7338.8 219.650 

Prime Coat 164000 - 3.65 239440 m3 36 8.619 

For 164 Lane km 504.233 

For One Lane km 3.074 

Item-wise Cost by Deep Patching (60% Surface Cracked Area) 

Item 
Lane 

(m) 

Thickness 

(m) 

Lane 

Width 

(m) 

Quantities Unit 
Rate* 

(Rs.) 

Cost (Rs.) 

(Million) 

Deep 

Patching 
164000 - 3.65 359160 m2 44 15.849 

Tack Coat 164000 - 3.65 598600 m2 15 8.979 

Asphalt 

Concrete 

Base Course 

164000 0.07 3.65 41902 m2 6586 275.963 

Asphalt 

Concrete 

Wearing 

Course 

164000 0.05 3.65 29930 m3 7338.8 219.650 

Prime Coat 164000 - 3.65 359160 m3 36 12.929 

For 164 Lane km 508.543 

For One Lane km 3.100 

*NHA CSR (2005) Rates of Gujrat City have been used. 
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Table 6.4: Item-Wise Cost by Deep Patching without ACBC of Rawalpindi-Kharian 

Section (NHA, 2011) 

Item-wise cost by Deep patching without ACBC (20% surface cracked area) 

Item 
Lane 

(m) 

Thickness 

(m) 

Lane 

Width 

(m) 

Quantities Unit 
Rate* 

(Rs.) 

Cost (Rs.) 

(Million) 

Deep 

Patching 
164000 - 3.65 119720 m2 44 5.283 

Tack Coat 164000 - 3.65 598600 m2 15 8.979 

Asphalt 

Concrete 

Wearing 

Course 

164000 0.05 3.65 29930 m3 7338.8 219.650 

Prime Coat 164000 - 3.65 119720 m2 36 4.309 

For 164 Lane km 223.960 

For One Lane km 1.365 

Item-wise Cost by Deep Patching without ACBC (40% Surface Cracked Area) 

Item 
Lane 

(m) 

Thickness 

(m) 

Lane 

Width 

(m) 

Quantities Unit 
Rate* 

(Rs.) 

Cost (Rs.) 

(Million) 

Deep 

Patching 
164000 - 3.65 239440 m2 44 105.664 

Tack Coat 164000 - 3.65 598600 m2 15 8.979 

Asphalt 

Concrete 

Wearing 

Course 

164000 0.05 3.65 29930 m3 7338.8 219.650 

Prime Coat 164000 - 3.65 239440 m3 36 8.619 

For 164 Lane km 228.270 

For One Lane km 1.391 

Item-wise Cost by Deep Patching without ACBC (60% Surface Cracked Area) 

Item 
Lane 

(m) 

Thickness 

(m) 

Lane 

Width 

(m) 

Quantities Unit 
Rate* 

(Rs.) 

Cost (Rs.) 

(Million) 

Deep 

Patching 
164000 - 3.65 359160 m2 44 15.849 

Tack Coat 164000 - 3.65 598600 m2 15 8.979 

Asphalt 

Concrete 

Wearing 

Course 

164000 0.05 3.65 29930 m3 7338.8 219.650 

Prime Coat 164000 - 3.65 359160 m3 36 12.929 

For 164 Lane km 232.580 

For One Lane km 1.418 

*NHA CSR (2005) Rates of Gujrat City have been used. 
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Table 6.5: Item-Wise Summary for Lane km and Overall Cost 

Type of Rehabilitation 
Per Lane km Cost (Rs.) 

(Million) 

Over All Cost for 164 km 

(Rs.) 

(Million) 

Cold Recycling 2.529 414.837 

Major Rehabilitation 4.563 748.395 

Deep Patching (20% 

Surface Cracked Area) 
3.048 499.923 

Deep Patching (40% 

Surface Cracked Area) 
3.074 504.233 

Deep Patching (60% 

Surface Cracked Area) 
3.100 508.543 

Deep Patching (20% 

Surface Cracked Area) 

without ACBC 

1.365 223.960 

Deep Patching (40% 

Surface Cracked Area) 

without ACBC 

1.391 228.270 

Deep Patching (60% 

Surface Cracked Area) 

without ACBC 

1.418 232.580 

 

6.3.1 Per Lane km Cost Comparison CIR Vs Major Rehabilitation 

Based on the cost analysis, cost comparison of CIR vs major rehabilitation had been 

carried out and is shown in Figure 6.3. 

Fig 6.3: CIR vs Major Rehabilitation (Per lane km) 
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6.3.2 164 km Lane km Cost Comparison CIR vs Major Rehabilitation 

164 Lane km Item-wise cost of CIR is plotted against 164km cost of 164 Lane km of 

major rehabilitation in graph in Figure 6.4 below. 

Fig 6.4: CIR Vs Major Rehabilitation (164 lane km) 

6.3.3 Per Lane km Cost Comparison CIR Vs Deep Patching ACWC and ACBC 

Per lane km cost of CIR is plotted against cost of per lane km of deep patching (20%, 

40%, 60% surface crack area) Rehabilitation in graph in Figure 6.5 below. 

Fig 6.5: CIR vs Deep Patching (Per lane km) 
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6.3.4 164 km Cost Comparison CIR Vs Deep Patching ACWC and ACBC 

164 lane km item-wise cost of CIR is plotted against 164km cost of deep patching (20%, 

40%, 60% surface crack area) rehabilitation in graph in Figure 6.6 below. 

Fig 6.6: CIR vs Deep Patching (164 lane km) 

 

6.3.5 Per Lane km Cost Comparison CIR Vs Deep Patching (Without ACBC) 

Per lane km cost of CIR is plotted against per lane km cost of deep patching without 

ACBC (20%, 40%, 60% surface crack area) rehabilitation in graph in Figure 6.7 below. 

Fig 6.7: CIR vs Deep Patching without ACBC (per lane km) 
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6.3.6 164 Lane km Cost Comparison CIR Vs Deep Patching without ACBC 

164 lane km item-wise of CIR is plotted against 164 km cost of deep patching without 

ACBC (20%, 40%, 60% surface crack area) rehabilitation in graph in Figure 6.8 below. 

Fig 6.8: CIR vs Deep Patching ACBC (164 lane km) 
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6.4 Economic Analysis (NPV, B/C RATIO & IRR) 

Economic Analysis had been carried out based on NPV, B/C ratio and IRR. The results 

of the Economic Analysis have been presented in Table 6.6 and Table 6.7.  

Table 6.6: Economic Analysis of CIR 

CIR on Rawalpindi-Kharian Section (N-5) (NHA-RAMD) 

Economic Analysis 

S. 

No 
Year 

Capital 

Cost 

(Rs. 

Million) 

Maint. 

Cost 

(Rs. 

Million) 

Benefits 

(Rs. 

Million) 

Cash 

Flow 

(Rs. 

Million) 

Ten 

(10%) 

Increased 

Cost 

(Rs. 

Million) 

Ten 

(10%) 

Reduced 

Benefits 

(Rs. 

Million) 

Cash 

Flow 

with 10% 

Increased 

Cost (Rs. 

Million) 

Cash 

Flow 

with 

10% 

Reduced 

Benefits 

(Rs. 

Million) 

1 2006 200* 0 0 -200 220 0 -220 -200 

2 2007 150* 0 0 -150 165 0 -165 -150 

3 2008 150* 0 0 -150 165 0 -165 -150 

4 2009 200* 0 0 -200 220 0 -220 -200 

5 2010 300* 0 0 -300 330 0 -330 -300 

6 2011 0 10 267 255 13 240 254 228 

7 2012 0 10 281 271 11 253 270 243 

8 2013 0 10 295 285 11 265 284 255 

9 2014 0 10 309 299 11 278 298 268 

10 2015 0 10 325 315 11 292 314 282 

11 2016 0 10 341 331 11 307 330 297 

12 2017 0 10 358 348 11 322 347 312 

13 2018 0 10 376 366 11 338 365 328 

14 2019 0 10 395 385 11 355 384 345 

15 2020 0 100 415 315 110 373 305 273 

Total 1000 192 3361 2169 1311 3025 2050 1833 

NPV 787 55 1154 312 926 1038 227 196 

From the data mentioned above, the following results were obtained. 

Results of Economic Analysis 

Benefit/Cost Ratio @ 12% Discount Rate:    1.370 

Net Present Value @12%    Rs. 311.64 Million 

Internal Rate of Return     18% 

Ten (10%) Increased Costs 

Benefit/Cost Ratio:      1.246 

Net Present Value:     Rs. 227.44 Million 
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Internal Rate of Return     16% 

Ten (10%) Reduction in Benefits 

Benefit/Cost Ratio:      1.233 

Net Present Value:     Rs. 196.28 Million 

Internal Rate of Return     16% 

*The revised cost of the project is Rs. 837,144,548/-, however, after assuming escalation 

cost it has become Rs. 1200 Million. 
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Table 6.7: Economic Analysis for Conventional Rehabilitation 

Conventional (Major) Rehabilitation on Rawalpindi-Kharian Section (N-5) 

Economic Analysis 

S. 

No 
Year 

Capital 

Cost 

(Rs. 

Million) 

Maint. 

Cost 

(Rs. 

Million) 

Benefits 

(Rs. 

Million) 

Cash 

Flow 

(Rs. 

Million) 

Ten 

(10%) 

Increased 

Cost 

(Rs. 

Million) 

Ten 

(10%) 

Reduced 

Benefits 

(Rs. 

Million) 

Cash 

Flow 

with 10% 

Increased 

Cost (Rs. 

Million) 

Cash 

Flow 

with 

10% 

Reduced 

Benefits 

(Rs. 

Million) 

1 2006 250.00 0.00 0.00 -250.00 275.00 0.00 -275.00 -250.00 

2 2007 250.00 0.00 0.00 -250.00 275.00 0.00 -275.00 -250.00 

3 2008 300.00 0.00 0.00 -300.00 330.00 0.00 -330.00 -300.00 

4 2009 300.00 0.00 0.00 -300.00 330.00 0.00 -330.00 -300.00 

5 2010 300.00 0.00 0.00 -300.00 330.00 0.00 -330.00 -300.00 

6 2011 0.00 14.00 267.21 253.21 15.40 240.48 251.81 226.48 

7 2012 0.00 14.00 280.57 266.57 15.40 252.51 265.17 238.51 

8 2013 0.00 14.00 294.59 280.60 15.40 265.13 279.19 251.13 

9 2014 0.00 14.00 309.32 295.32 15.40 278.39 293.92 264.39 

10 2015 0.00 14.00 324.79 310.79 15.40 292.31 309.39 278.31 

11 2016 0.00 14.00 341.03 327.03 15.40 306.927 325.630 292.93 

12 2017 0.00 14.00 358.08 344.08 15.40 322.273 342.681 308.27 

13 2018 0.00 14.00 375.98 361.98 15.40 338.387 360.585 324.39 

14 2019 0.00 14.00 394.78 380.78 15.40 355.306 379.385 341.31 

15 2020 0.00 140.00 414.52 274.52 154.00 373.071 260.524 233.07 

Total 1400.00 266.00 3360.88 1694.88 1832.60 3024.79 1528.28 1358.79 

NPV 1,116.56 76.05 1,153.62 -39.00 1,311.88 1,038.26 -158.26 -154.36 

 

Results of Economic Analysis 

Benefit/Cost Ratio @ 12% Discount Rate:    -0.967 

Net Present Value @12%    Rs. -39.00 Million 

Internal Rate of Return     11% 

Ten (10%) Increased Costs 

Benefit/Cost Ratio:      0.879 

Net Present Value:     Rs. -158.26 Million 

Internal Rate of Return     10% 

Ten (10%) Reduction in Benefits 

Benefit/Cost Ratio:      0.871 
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Net Present Value:     Rs. -154.36 Million 

Internal Rate of Return     10% 

*The Conventional Rehabilitation cost is taken as double cost of Major Rehabilitation. 

 

6.4.1 Summary of Economic Analysis (NPV, B/C Ratio, IRR) 

The economic analysis data of both CIR and conventional rehabilitation is summarized 

below in Table 6.8.Whereas the graphical representation of NPV, B/C ratio and IRR for 

CIR vs conventional rehabilitation is shown in Figure 6.9, 6.10 and 6.11 respectively. 

Table 6.8: Summary of Economic Analysis 

(CIR Vs Conventional Rehabilitation) 

Description 
Cold 

Recycling 
Cost (Rs.) 

Conventional 

Rehabilitation 
Cost (Rs.) 

Results of the Economic Analysis 

Benefit/Cost 

Ratio @12% 
1.370 - 0.967 - 

Net Present 

Value @ 12% 
311.64 Million -39 Million 

Internal Rate 

of Return 
18% - 11% - 

Economic Analysis with Ten (10%) Increased Costs 

Benefit/Cost 

Ratio 
1.246 - 0.879 - 

Net Present 

Value 
227.44 Million -158.26 Million 

Internal Rate 

of Return 
16% - 10% - 

Economic Analysis with Ten (10%) Reduction in Benefits 

Benefit/Cost 

Ratio 
1.233 - 0.871 - 

Net Present 

Value 
196.28 Million -154.36 Million 

Internal Rate 

of Return 
16% - 10% - 
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Fig 6.9: NPV (CIR vs Conventional Rehabilitation) 

 

Fig 6.10: Benefit Cost Ratio (CIR vs Conventional Rehabilitation) 



 

141 

 

Fig 6.11: IRR (CIR vs Conventional Rehabilitation) 

 

As per results obtained, after economic analysis of Rawalpindi – Kharian section of N-5, 

it reveals that CIR is economically feasible against conventional rehabilitation. The B/C 

ratio obtained for CIR was greater than one. Therefore, it represents that CIR implies 

more benefits over cost. On the other hand, economic analysis of conventional 

rehabilitation resulted B/C ratio less than one, which depicts that more cost would incur 

as compared to the benefits. Likewise, NPV thus obtained was positive for CIR while 

negative value obtained for conventional rehabilitation. Therefore, positive NPV is a 

indication of economic feasibility of CIR against conventional rehabilitation. In addition, 

the IRR for CIR was greater as compared to the IRR for conventional rehabilitation. 
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CHAPTER NO. 7 

Environmental Impacts of Cold Recycling 

 

7.1 Energy Conservation in Recycling Technique 

7.1.1 Introduction 

Recycling of pavement is an efficient mitigation technique against the GHG emission that 

is generated during new construction. It has come to know that recycling emits up to 52% 

less CO2 than conventional method (Chan et al, 2009). In order to achieve sustainable 

road construction we should keep in mind the following factors as mentioned below. 

 

 Engineering performance 

 Cost 

 Environment 

 Society 

 

The use of recycled material in pavement construction can possibly reduce the GHG 

emissions in two ways.  

 

1. The energy consumption for virgin material is relatively higher than recycled 

material. Therefore, use of recycled material requires less energy demand and 

ultimately less emissions of GHG takes place. Sometimes residue or waste 

products from the industries like marble waste, steel slag etc. are used which 

requires less energy consumption as compared to the virgin material. Whereas 
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minimum process like crushing is needed for other recycled materials to make 

them fit for use in pavement recycling.  

 

2. The material for recycling like RAP is recovered from the existing pavement. 

Thus there is no need to transport material from sources that locate at farther 

places from the work zone. The recycling also reduces the energy consumption 

due to transportation of construction material and ultimately reduces the GHG 

emission due to haulage.  

 

7.1.2 Common Materials for Cold in Place Recycling 

Some common types of recycled materials recovered from existing pavement or 

alternative materials and their energy consumption demand are explained below. 

 

 Recycled Concrete Material (RCM) 

Decommissioned concrete panels or some other concrete structures can be 

crushed and reused as aggregates. Some quantity of energy is needed in crushing 

of concrete for reuse. 

 

 Recycled/Reclaimed Asphalt Pavement (RAP) 

Recycled or Reclaimed Asphalt Pavement (RAP) is the material recovered from 

existing asphalt pavement. Moreover, the bitumen inherent in the RAP can be 

partially substituted for virgin bitumen when RAP is used in asphalt surfaces. 

Some energy is utilized to crush the decommissioned asphalt pavement to reuse. 
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 Foundry Sand 

The waste sand taken from foundries shown in Figure 7.1 can be used as fine 

aggregates in pavement recycling. As the foundry sand is a waste product, there is 

no need to utilize any energy for making it fit for use in roadway. 

 

Fig 7.1: Foundry sand 

 

 Blast Furnace Slag 

The steel slag from blast furnace as shown in Figure 7.2 is used as coarse 

aggregates in recycling of road pavement. There is no additional emissions of 

CO2 from production attributed to its use in roadways. 

 

 Coal Bottom Ash 

It is the waste product that yields from the coal combustion process. The coal 

bottom ash can be used in place of aggregates in roadway. There is no 

supplementary energy demand in its production to use in road recycling. A dump 

of coal bottom ash is shown in Figure 7.3 
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Fig 7.2: Blast furnace slag (Australian Slag Association) 

Fig 7.3: Coal bottom ash 

 

 

 Glass Culets 

The glass can be broken into culets to use in recycling of road. Some quantity of 

energy is needed to break the glass into culets. A sample of culets is shown in 

Figure 7.4. 

 

 Recycled Tires/Crumb Rubber 

The discarded or waste tires or other rubber products may be used in place of 

bitumen as well as substitute for aggregate in pavement recycling. Some energy is 

required in shredding and granulating of tires or other rubber product. A sample 

crumb rubber is shown in Figure 7.5. 
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 Coal Fly Ash 

A coal fly ash taken from coal combustion can be partially used in place of 

cement in the production of asphalt concrete. As it is a waste product, there is no 

additional energy is required for making it fit for recycling of roadway. A dump 

of coal fly ash is shown in Figure 7.6 

 

 Ground Limestone 

Lime stone is ground to make a powder as shown in Figure 7.7. It can be 

effectively used partially in place of cement in asphalt concrete. Grinding the 

limestone into powder requires relatively less energy than cement. 

 

 Ground Granulated Blast Furnace Slag (GGBFS) 

The slag from blast furnace is ground into powder as shown in Figure 7.8 and can 

be used partially in place of cement in asphalt concrete. Some energy is required 

to ground the slag into powder. 

 

 

Fig 7.4: Glass culets  Fig 7.5: Crumb rubber/Recycled 

    tyres  (Bruckman Rubber Co.) 
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    Fig 7.6: Coal fly ash                       Fig 7.7: Ground limestone  

 

Fig 7.8: Ground Granulated Blast Furnace Slag (GGBFS) 

 

Generally no any energy emission takes place for those waste products that can be used 

in roadway without additional processing like coal ash, foundry sand, coal bottom ash 

and steel slag. In addition to above, the cold recycling of road is more efficient as 

compared to HMA and hot recycling. Because, the cold recycling implies the recycling 

process without the application of heat. 

 

7.2 Impacts of CIR on CO2 Emission 

CIR is rehabilitation technique that employs less fuel resulting in low emission of CO2.  

The impact of using RAP in HMA on CO2 emission is back calculated from energy 
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analysis. The difference in energy between RAP and virgin aggregates was used to 

determine the quantity of fuels used to provide these energies, excluding calorific energy 

(released when fuel or other product is completely burned). It has come to know that 

about one gallon of fuel yields about 22.3 Ibs of CO2 (EPA, 2005). The result of CO2 

emission between one ton of RAP and virgin aggregates are shown below in Table 7.1, 

7.2 and 7.3. Whereas their graphical relationship is shown below in Figure 7.9, 7.10 and 

7.11. 

 

Table: 7.1: Difference in CO2 Emission (Ibs) Between RAP and Virgin Aggregates at 

different moisture contents, RAP contents and discharge temperature of 280oF, per ton of 

HMA (NYSERDA, 2009) 

Moisture 

Content (%) 

RAP Content (%) 

10 20 30 40 50 

1 -0.7 1.5 3.8 6.4 9.5 

2 -0.6 1.7 4.1 6.8 10.1 

3 -0.5 2.0 4.5 7.2 10.7 

4 -0.5 2.2 4.8 7.7 11.3 

5 -0.4 2.5 5.2 8.1 11.8 
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Fig 7.9: CO2 emission reduction vs RAP contents and moisture contents at the 

temperature of 280oF, per ton of HMA 

 

 

Table 7.2: Difference in CO2 Emission (lbs) Between RAP and Virgin Aggregates at 

moisture contents, RAP contents and discharge temperature of 300oF, Per ton of 

HMA (NYSERDA, 2009) 

Moisture 

Content (%) 

RAP Content (%) 

10 20 30 40 50 

1 -2.0 0.5 2.9 5.6 9.0 

2 -1.9 0.7 3.2 6.1 9.5 

3 -1.8 1.0 3.6 6.5 10.1 

4 -1.7 1.2 3.9 7.0 10.7 

5 -1.6 1.5 4.3 7.4 11.3 
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Fig 7.10: CO2 emission reduction vs RAP contents and moisture contents at 300oF, per 

ton of HMA 

 

Table: 7.3: Difference in CO2 Emission (Ibs) between RAP and Virgin Aggregates at 

moisture contents, RAP contents and discharge Temperature of 320oF, per ton of HMA 

(NYSERDA, 2009) 

Moisture 

Content (%) 

RAP Content (%) 

10 20 30 40 50 

1 -3.2 -0.6 2.0 4.9 8.4 

2 -3.1 -0.3 2.4 5.3 9.0 

3 -3.0 -0.1 2.7 5.8 9.6 

4 -2.9 0.2 3.1 6.3 10.2 

5 -2.8 0.5 3.4 6.7 11.8 
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Fig 7.11: CO2 emission reduction vs RAP contents and moisture contents at 320oF, per 

ton of HMA 

 

It can be reveal from the above results that the CO2 emission varies inversely with the 

RAP contents in HMA and vice versa. Whereas higher the moisture contents in RAP 

higher would be the CO2 emissions. Also, CO2 emission varies directly with the 

discharging temperature.  

 

7.3 Environmental Advantages of Cold Recycling 

1. Energy Saving and Reduction in GHG Emissions 

The greenhouse gases emission is relatively lower in cold recycling technique as 

compared to rest of others. The cold recycling emits about 52% CO2 than 

conventional hot mix method. A study done by Dr. Arpad Horvath of the 
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University of California, Berkeley for the ministry of Ontario found that GHG 

emissions using CIR was one half to one third of the traditional rehabilitation 

techniques. 

 

2. Preservation of Materials and Reduction in Landfilling 

The cold recycling implies the use of RAP that is recovered from the existing 

pavement. The RAP extracted from the existing pavement is mixed with some 

strengthening agents that can be effectively provide stronger base. By doing so, 

not only the material is preserved but also land filling is also reduce which is 

otherwise objectionable. In Figure 7.12, it has been shown that about 2.2 million 

tons of aggregates dumped on landfill site each year yielded from 1000km and 

13cm thick asphalt concrete. Likewise Figure 7.13 is another example of wasted 

aggregates on a landfill site in Pakistan. According to (NHA, 2015), 1 lane/km 

and 5cm thick asphalt concrete yields about 430 tons of aggregates and this adds 

up to 860 tons for 2 lane/km as shown in Figure 7.14. As such 1 1ane/km and 

13cm thick asphalt concrete yields about 1100 tons of aggregates and this adds up 

to 2200 tons for 2 lane/km as shown in Figure 7.15 (NHA, 2015). 

 

3. Preservation of Reserves of Minerals 

By disposing of pavement waste results in reduction of some precious mineral 

reserves. An illustration is given below in Figure 7.16.  
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4. Transportation of Materials 

In case of cold recycling haulage of material can be minimized as major part 

percentage of material is recovered at the site of work. This results in energy 

saving up to certain extent and reduction in CO2 emission which results from 

transportation of materials. A typical two axle truck for haulage of material is 

shown in Figure 7.17. It is estimated that about 88x2 trucks hauls with excessive 

axle load to pave 1 km road (NHA, 2015). 

Fig 7.12: 2.2 million tons aggregates dumped on landfill site from 1000 km long road 

each year (NHA, 2015) 

 

Fig 7.13: Landfill sites are scarce in both cities and rural areas (NHA, 2015) 
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Fig 7.14: About 430 tons of aggregates produces from 1 lane/km and 5cm of Asphalt 

Concrete (NHA, 2015) 

 

Fig 7.15: About 1100 tons aggregate is yielded from 1 lane/km and 13cm of asphalt 

concrete (NHA, 2015) 
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Fig 7.16: A limestone mountain would disappear in 15 years (NHA, 2015) 

 

Fig 7.17: Haulage of road construction material by trucks in Pakistan (NHA, 2015) 
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7.4 Summary 

The use of recycled materials in pavement construction can possibly reduce the GHG 

emissions in two ways.  

 

1. The recycling techniques imply the use of recycled material or waste material 

that requires less energy consumption than virgin material. 

2. The recycling also reduces the energy consumption due to transportation of 

material and ultimately reduces the GHG emission due to transportation. 

 

It can be revealed from the results (Table 7.1, 7.2 and 7.3) that the CO2 emission varies 

inversely with the RAP contents in HMA and vice versa. Whereas higher the moisture 

contents in RAP higher would be the CO2 emissions. Also, CO2 emission varies directly 

with the discharging temperature. 

 

In addition, CIR has many benefits like preservation of virgin material, landfill sites, 

mineral reserves and reduction of haulage of material as material is recovered at the site.  
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CHAPTER NO. 8 

Summary, Conclusions and Recommendations 

 

8.1 Summary 

8.1.1 Cold Recycling 

Cold recycling is a rehabilitation process being used successfully for asphalt pavements 

round the globe. In this process, material from the existing pavement is recovered up to 

the depth of about 300mm without the application of heat and is termed as Reclaimed 

Asphalt Pavement (RAP). This RAP is further mixed with some binding agents like 

bitumen or cement and is laid up to a specified depth to get a rehabilitated pavement. The 

cold recycling performed at site is called Cold in Place Recycling (CIR), at plant for 

mixing with binding agents is called Cold in Plant Recycling (CIPR). The cold in place 

recycling has been performed at some important sections of N-5 Pakistan, like Kharian-

Rawalpindi Section and Sahiwal-Okara section in 2011-2012. 

 

8.1.2 Materials 

The materials required for cold recycling comprised of RAP, stabilizing agents and 

additives. The aggregate portion of the cold recycled mix, partially consists of RAP and 

partially virgin aggregates or sometimes 100% RAP is used. RAP for this research work 

has been recovered from Okara to Sahiwal section of N-5. While the stabilizing agents 

used were foamed bitumen, bitumen emulsion and cement. In addition to these, some 

additives also be used in asphalt mix immediately before or during mixing to get some 

supplementary properties or to modify the properties of asphalt mix or to reduce the cost 
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of construction. As far as the additives are concerned, steel slag and marble waste were 

used for this purpose in this research. 

 

8.1.3 Methodology 

The methodology of this research comprised of three parts, as mentioned below; 

 

1. Mechanical testing and evaluation. 

2. Economic Analysis of CIR recycling in Pakistan. 

3. Environmental impacts of CIR 

 

The mechanical testing comprised of three different types of tests which were carried out 

in the laboratory as mentioned below. 

 

1. Repeated load indirect tensile strength test, to determine the modulus of resilience of 

the mix to find out the load carrying capacity of cold recycled mixes. 

2. Repeated load uniaxial strain test, to determine the creep stiffness modulus which 

indicates the rutting resistance of cold recycled mixes. 

3. Static load indirect tensile strength test, to determine the tensile strength of the mix at 

dry condition and wet condition to know the variation in tensile strength in case of 

moisture susceptibility. 

 

These tests were used to determine the mechanical properties of five cold recycled 

asphalt mixes by using UTM-5P at 40oC and 55oC under varying pulse widths of 150ms 

and 450ms. Among five mixes, the mix having 100% RAP only (E) was used as control 

mix to compare with four other mixes. 
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The second part of research methodology comprised of Economic Analysis of CIR. In 

order to determine its economic feasibility, a detailed cost analysis of Rawalpindi-

Kharian section of N-5 was carried out, considering three economic indicators i.e. net 

present value (NPV), Benefit cost ratio and internal rate of interest. 

 

The third part was its environmental impacts for which a detailed study was carried out 

on greenhouse gases, which emits during CIR operation. The energy conservation is 

directly proportional to greenhouse gases emission, whereas, CO2 is the major 

greenhouse gas which emits during road construction. The CIR is considered to be an 

effective mean of rehabilitation which implies less CO2 emission than conventional 

techniques. Therefore, the study was made on impacts of CO2 emission during CIR.  

 

8.2 Conclusions 

After a thorough study of performance evaluation of cold recycled mixes, many 

conclusions were drawn on the basis of observations, test results and calculations. These 

conclusions are listed below. 

8.2.1 Mechanical Testing 

 Mixes (A, B and E) having higher contents of RAP showed higher resilient 

modulus but resilient modulus decreases with the increase of waste material like 

steel slag, marble waste etc. This may be due to less effective bonding between 

the emulsion, marble and steel slag. Also it is due to incompatibility of the 

chemical properties between emulsifier and fillers. 

 Mix (A) comprised of foam bitumen has higher resilient modulus as compared to 

control mix (100% RAP only) and bitumen emulsified mixes (B, C and D) at 
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constant temperature and pulse width. Thus foam bitumen is best suitable for 

resilient behavior because it is capable of providing more stiffness than rest of 

others (Refer table 5.2). 

 The resilient modulus decreases with the increase of temperature at constant pulse 

width and vice versa which is according to general phenomenon. Thus the 

recycled pavements would have higher stiffness without cracking in winters as 

compared to that in summers at constant vehicle speed. 

 Resilient modulus decreases with the increase in pulse width at constant 

temperature. Hence it can be revealed that resilient modulus decreases with the 

decrease in vehicle speed at constant temperature. 

 Creep stiffness modulus decreases with the increase of both pulse width and 

temperature for all mixes. It means that there would be more resistance against 

rutting in winters as compared to the summers. Likewise, there would be more 

resistance against rutting for high speed traffic as compared to the low speed 

traffic. 

 The mix (C) stabilized with bitumen emulsion and provided with 10% steel slag 

must be avoided as it yields low rutting resistance as compared to the control mix 

(E) and rest of other mixes. It may be due to improper bonding between emulsion 

and steel slag aggregates and incompatibility of chemical properties between 

emulsifier and fillers. 

 Foamed bitumen stabilized mix (A) is more suitable for low temperature and 

pulse width i.e. where the traffic speed is low and for cold areas. The foam 
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bitumen yields about 35% more rutting resistance as compared to the control mix 

(E) at 40oC and 150ms pulse width. 

 The mix (D) stabilized with emulsion and provided with marble waste serves 

good rutting resistance for low speed traffic because marble waste is lime bearing 

and possess good cementing properties. 

 Providing bitumen emulsion with 100% RAP (Mix B) depicts high tensile 

strength in soaked condition as compared to the foam bitumen with 100% RAP 

(Mix A) but this tensile strength reduces due to increase of waste additive 

especially use of marble waste. 

8.2.2 Economic Analysis of CIR N-5 (Rawalpindi to Kharian Section) 

 Cold Recycling technique is considered as most cost effective as per economic 

analysis of Rawalpindi-Kharian section of N-5. This study revealed that cold 

recycling is 40% less costly than other major rehabilitation techniques. 

 As per economic analysis of CIR on N-5 (Rawalpindi to Kharian section), it was 

determined that B/C ratio is greater than 1.0 indicates that benefits exceed cost. 

 As per economic analysis of CIR on above mentioned section of N-5, the positive 

value of NPV was found which indicates that CIR is preferable. 

 According to the economic analysis carried out in this research, it was found that 

IRR has greater value for CIR as compared to the conventional rehabilitation, 

which indicates that CIR is feasible against conventional rehabilitation. 
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8.2.3 Environmental Impacts of CIR 

 Cold recycling emits less CO2 because of using waste material in recycling that 

certainly demands less energy consumption and due to less transportation of 

material as mostly materials are available in situ. 

 CO2 emission varies inversely with the RAP contents in HMA and vice versa. 

Whereas higher the moisture contents in RAP higher would be the CO2 emissions. 

Also, CO2 emission varies directly with the discharging temperature.  

 It was concluded that CIR has many supplementary benefits, like preservation of 

land fill sites, Haulage of construction material can be reduced, preservation of 

mineral reserves and reduction in cost due to the use of recycled material. 

 

8.3 Recommendations 

The performance of cold recycling is very intricate study and requires thorough 

investigation. To completely understand the behavior of cold recycled mix is quite 

challenging and there are many aspects that can be investigated.  

 

 CIR using emulsified bitumen and OPC is easy to use and modern road 

rehabilitation technique, as well as cost effective. So it should be used in Pakistan. 

 The asphalt wearing course of 2.5 – 5 inches should be laid over stabilized base 

for the better riding quality and to enhance the pavement life. 

 The cold recycled mixes containing fillers, marble waste and steel slag can be 

optionally used in the roads having light traffic intensity. 

 For the pavement susceptible to fatigue cracking the cold recycling should consist 

of 100% RAP. 
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 The use of emulsified bitumen and filler in cold recycling is recommended for the 

areas of low and moderate temperature. 

 Further research on other stabilizing agents such as emulsifying bitumen and 

foam bitumen should be carried out. 

 The performance of CIR subjected to low and freezing temperatures should also 

be evaluated. 
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AADT: Annual Average Daily Traffic 

AASHTO: American Association of State Highway and Transportation Officials 

ACBC: Aspahlt Concrete Base Course 

ACWC: Asphalt Concrete Wearing Course 

AMP: Annual Maintenance Plan 

APA: Asphalt Pavement Analysis 

ARRA: American Recovery and Reinvestment Act 

ASA: Australian Slag Association 

ASTM: American Standards for Testing Materials 

B/C Ratio: Benefit Cost Ratio 

BSM: Bitumen Stabilized Material 

Ca(OH)2: Calcium Hydroxide 

CAEM: Cold Asphalt Emulsion Mixture 

CBEM: Cold Bituminous Emulsion Mixtures 

CBR: California Bearing Ratio 

CED: Cumulative Energy Demand 

CIPR: Cold in Plant Recycling 

CIR: Cold in Place Recycling 

CO2: Carbon Dioxide 

CSR: Composite Schedule of Rates 

DBST: Double Bituminous Surface Treatment 

EPA: Environmental Protection Agency 
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ESAL: Equivalent Single Axle Load 

FB: Foamed Bitumen 

FHWA: Federal Highway Administration 

FWD: Falling Weight Deflectometer 

GCS: Graded Crushed Stone 

GDP: Gross Domestic Product 

GGBFS: Ground Granulated Blast Furnace Slag 

GHG: Greenhouse Gases 

GWP: Global Warming Potential 

HCL:  M/s Husnain Cotex Ltd 

HIR: Hot in Place Recycling 

HMA: Hot Mix Asphalt 

IA-44: Iowa Highway 44 

ICC: Initial Consumption of Cement 

ICL: Initial Consumption of Lime 

IEA: International Energy Agency 

INO: National Optics Institute 

IPCC: Intergovernmental Panel on Climate Change 

IRR: Internal Rate of Return 

ITS: Indirect Tensile Strength 

ITSDRY: Average ITS of all Dry Specimens in the Set 

ITSEQUIL: ITS value after Curing 20 hours (unsealed) and 48 hours (sealed bag) 

ITSSOAK: ITS value after soaking for 24 hours at 25oC (150mm specimen) 
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ITSWET: Average ITS of all Wet Specimens in the Set 

LCCA: Life Cycle Cost Analysis 

LTTP: Long Term Pavement Performance 

LVDT: Linear Variable Differential Transformer 

LWD: Light Weight Deflectometer 

MDD: Maximum Dry Density 

MR: Resilient Modulus 

MS-21: Asphalt Institute Manual Series No. 21 

MtCO2: Million Tons of Carbon Dioxide 

N-5: National Highway 5 

NAPA: National Asphalt Pavement Association 

NHA: National Highway Authority 

NHIP: Natioanl Highway Improvement Program 

NMSHD: New Mexico State Highway and Transportation Department 

NPV: Net Present Value 

NYSERDA: New York State Energy Research and Development Authority 
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RA: Recycled Asphalt 

RAMD: Road Asset Management Directorate 

RAP: Reclaimed Asphalt Pavement 

RCM: Recycled Concrete Material 

RDPM: Rut Depth Prediction Model 

RMA: Recycled Marble Aggregates 

t CO2 eq. / km= Tons of Carbon Dioxide Equivalent per One km of Road Length 

TLPA: Two Layer Porous Asphalt 

TST: Tensile Strength Retained 

UCS: Unconfined Compression Strength 

USD: US Dollar 

UTM-5P: Universal Testing Machine Five Pulse 

VDOT: Virginia Department of Transportation 

 

 

 

 

 

 

 

   

 


