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Abstract: The use of reclaimed asphalt pavement (RAP) represents a recycling method 

with environmental benefits along with cost savings. RAP in new combinations of 

asphalt mixtures has benefits such as lowering the amount of virgin material, 

reducing cost and natural resources, and causing less environmental harm. In order 

to improve the physical and rheological characteristics of aged asphalt binders found 

in RAP, rejuvenators have been used. There are many types of rejuvenators for RAP 

binders, such as bio-oil, waste engine oil, and waste cooking oil. Foamed and 

emulsified asphalt have been widely used for their energy-saving and emission-

reducing properties for cold mix-in-place (CIR) production. Hot in-place (HIR) 

recycling does not necessitate the transportation of significant amounts of new 

materials to the working site, there are fewer traffic noise and delays caused by cars 

coming and going from the work area. Finally utilizing cement to recycle the surface, 

base, and subgrade (full-depth reclamation (FDR)) to enhance the structural strength 

and durability of pavements. 

Keywords: Reclaimed asphalt pavement (RAP), rejuvenators, hot mix in place (HIR), cold 

mix in place (CIR), full-depth reclamation (FDR). 

 

Introduction 

Reclaimed asphalt pavement (RAP) is built from old asphalt pavement that has been milled 

or scraped off, and it is frequently used in new asphalt mixtures. A sustainable approach to 

asphalt pavement engineering should focus on materials, design methods, and technologies 

that can contribute to reducing environmental impacts by reducing energy consumption and 

natural resources, while ensuring that all performance standards and requirements are met 

[1]. During resurfacing, rehabilitation, or reconstruction projects, existing asphalt pavement 

components are frequently removed. The pavement material is removed and transformed 

into RAP, which contains the main aggregate and asphalt binder as shown in Figure 1. 

Sustainable pavement materials include economy, environmental, and engineering as 

shown in Figure 2 [2]. 

RAP is most frequently utilized in asphalt pavement as an alternative to virgin asphalt binder 

and aggregate, but it can also be used as an embankment or fill material, granular base, or 

subbase. RAP is a useful, high-quality material that can take the place of more expensive 

virgin binders and aggregates [3]. In an asphalt mixture, the asphalt binder is the most 

expensive and economically variable component. Materials are the most expensive 

component of production costs, making up 70% of the production cost as shown in Figure 3. 
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In particular, some of the required mix design parameters (such as voids in a total mixture 

(VTM), voids in the mineral aggregate (VMA), dust to effective binder ratio, etc.) limit the use 

of RAP due to the high fines content typically found in many RAP stockpiles. 

 

 
Fig. 1: RAP milled [4]. 

 

 
Fig. 2: Sustainability of pavement materials [2,5].  

A lot of research has been conducted to investigate the effect of RAP inclusion in hot mix 

asphalt (HMA) on the mechanical and volumetric properties of such mixtures [6–10]. 

Because there was no need for further testing or adjustments to binder grades for these 

lower percentages, even while many HMA producers continued to employ RAP, the amount 

was often less than 15%.  

The mechanical performance of the asphalt mixture is slightly affected when RAP is added 

at a lower rate, i.e., less than 20% [11]. The volumetric properties (VMA and voids filled with 

asphalt (VFA))) of the RAP asphalt mixtures were increased, according to Daniel and 

Lachance [6]. Marshall's stability and flow of the recycled hot mix asphalt were not 
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considerably impacted by the addition of RAP materials to asphalt mixtures, according to 

Izaksa et al. [12]. According to Mogawer et al., Valdés et al., and Enieb et al. [4,5,13,14], the 

performance of asphalt mixtures with low RAP contents (less than 30%) were comparable to 

that of asphalt mixtures made from virgin materials.  

 

 
Fig. 3: Types of projected costs for asphalt construction [4].  

 

However, when higher amounts of RAP are utilized (i.e., more than 30%), the asphalt 

mixture may be more sensitive to moisture damage and cracking [15]. Colbert and You [16] 

investigated the effect of RAP fractionated materials on the behavior of asphalt mixtures with 

different RAP content levels (50%, 70%, and 100% RAP). The reviews showed that 

increasing the concentration of RAP increases the viscosity of the RAP asphalt binders, 

which makes the mixture stiffer. 

Utilizing a rejuvenator becomes important when using a higher RAP percentage. The 

pavement, on the other hand, becomes susceptible to rutting as a result of the unfavorable 

softening influence of the rejuvenator [10].  Researchers have studied the possibility of using 

rejuvenators in the past to make RAP binders less stiff [17,18]. Due to its similar 

physicochemical properties and molecular structure to the petroleum asphalt binder, light 

hydrocarbon oil such as waste engine oil (WEO) has been used to improve the properties of 

old asphalt [19]. WEO-rejuvenated binder has been found to enhance fatigue resistance and 

low-temperature healing performance. When compared to the control mixture, it was 

discovered that the WEO- crumb rubber rejuvenator enhanced the mechanical performance 

of HMA and enhanced the physical and chemical properties of the RAP-asphalt binder [9]. 

Waste cooking oil (WCO) is a viable waste material for the rejuvenation of asphalt binders, 

and many studies on its reuse have been conducted all over the world [20–22]. According to 

Zargar [23], adding 3-4% WCO to the binder's weight can enhance the penetration value, 

making the material more resemblant to virgin asphalt. Likewise, Asli [24] investigated the 

physical characteristics of WCO as a rejuvenator with RAP materials and recommends using 

up to 5% WCO without harming the performance of pavement mixtures while utilizing a 

rejuvenating agent in the mixture. In contrast, Ji [25] increased the WCO proportion to 8% to 

restore the aged binder's high-temperature resistance to rutting. Wen [26] did another trial in 
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the USA and discovered that the use of a WCO-based binder increased moisture 

susceptibility and low-temperature resistance. However, the study found that as WCO-based 

binder was added to the mixture, the mixture's resistance to fatigue cracking, rutting, and 

stiffness was reduced. The majority of previous study on this subject only included physical 

and rheological tests, such as penetration [27], softening point [28], dynamic shear 

rheometer [29], and bending beam rheometer (BBR) [30] and they suggested that WCO may 

be used in the construction of asphalt pavement [22–24,26]. Numerous types of research 

have shown that various materials, including vegetable oils, waste-engine oils, and refining 

oils, can be used for rejuvenation [31]. 

The physical, rheological [32][29], and chemical characteristics of the RAP-containing binder 

were improved by the addition of a hybrid rejuvenator (HR) [33]. Styrene butadiene styrene 

(SBS) copolymer and aromatic oil (AO) were investigated as a rejuvenator. 25% SBS and 

75% AO are combined to make up HR.  

Effect of a mixture of 30% SBS copolymer and 70% wasted engine oil (WEO) as a 

composite rejuvenator (WS-rejuvenator) on the performance of mixtures comprising 30% 

and 50% RAP binders [10]. The results showed that at 5% and 10%, respectively, WS-

rejuvenator regained the physical properties of asphalt binders containing 30% and 50% 

RAP. 

Hashim et al. [34] used in their research noncommercial (WEO, WCO, date seed oil (DSO) ) 

and commercial (SonneWarmix RT) rejuvenators in asphalt mixtures incorporating RAP at 

three levels (20%, 40%, and 60%). According to the rutting performances, the best 

percentages for each type of additive utilized are found to be 10%, 12.5%, and 17.5% of 

WCO, 10%, 12.5-17.5%, and 17.5% of WEO, 10%, 12.5%, and 17.5% of DSO, as well as 

0.5-0.9%, 1.0%, and 1.5-2.0% of the commercial rejuvenator, which correspond to the three 

selected RAP percentages.  

Recycling road construction materials for reuse on new pavements is an important 

component of achieving the goal of “sustainable pavements” [35,36]. Reusing recycled 

asphalt pavement (RAP) has become a standard practice, especially when re-paving and re-

establishing pavements [37].  

As an introduction to the extensive use of nanomaterials in the pavement, we examine the 

possibility of using nano-silica fumes as an economical and practical alternative to expensive 

nanomaterials. A 6% Nano silica (NS)-modified binder is compared to employing high Nano 

silica fume (NSF) levels to improve the characteristics of basic asphalt from an economic 

viewpoint. It is possible to compute the pricing ratio (PR) and performance improvement ratio 

(PIR) as shown in Table 1. 

 

Table 1: Fume nano silica-modified binders' economic advantages study [38]. 
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There are different types of RAP such as cold in-place reclamation (CIR), hot in-place 

reclamation (HIR), and full-depth reclamation (FDR). Short details about each of them are 

below. 

Cold in place of reclaimed pavement (CIR)  

As the most used material in the pavement industry, the asphalt mixture of various distress, 

such as rutting and cracking, suffers throughout the service period. Removal of old asphalt 

pavement results in a large amount of RAP materials. The use of RAP in new asphalt 

mixtures has become a mainstream practice with many advantages, including reduced 

energy and emissions, saving on non-renewable materials, conserving landfill space, and 

lowering production costs [39]. In CIR foam asphalt and emulsion-based mixtures have been 

widely used for their energy-saving and emissions-reducing features. 

In the CIR method, specialized equipment or processing trains are used to mill the existing 

pavement surface to a depth of up to 150 mm (6.0 inch), process it, combine it with asphalt 

emulsion or foamed asphalt, and then lay it down and compact it all in one motion. Before 

the recycling process, no processing is necessary [40]. There are different estimates of 

optimum asphalt content, optimum water content, and processing conditions because 

different countries have not formulated clear requirements for CIR design [41,42]. 

The Marshall approach [43], and the Superpave method [44], are some of the most widely 

used design methodologies for CIR in the US. The Marshall approach and Superpave 

method [45] do not balance volume properties and performance properties, and they are not 

completely dependent on pavement performance. The unavailability of recognized standards 

is the lack of a mixture design approach that balances the properties of size and 

performance characteristics the most important challenges in the progress of CIR 

technology. By reviewing and discussing raw materials related to and mixing the mixture, 

this review hopes to help continue the progress and popularization of CIR technology. 

The properties of each component of the final cold place asphalt mixture, including RAP, 

asphalt, aggregate, regenerator, and stabilizer, affect how well your pavement performs 

overall. Therefore, it is necessary to evaluate the materials composing a CIR mixture 

separately during construction [46]. Since the RAP aggregate is considered black rock, the 

aged asphalt it contains was not considered when designing the CIR process. The overall 

performance of the recycled pavement will be impacted by the presence of old asphalt on its 

surface. Usually, the total binder consists of virgin asphalt in mixtures and aged asphalt in 

RAP. To reduce the viscosity [47] of all types of asphalt, an emulsifier or foaming agent is 

required. According to AASHTO specifications, there are two main techniques for 

determining the amount of asphalt in RAP: solvent extraction [48] and ignition [49]. 

Rheological properties such as penetration value [27], a viscosity [47], etc. can be used to 

evaluate the performance of aged asphalt. In terms of thermal cracking performance, 

combinations with a 40% RAP component outperform pure RAP [50].  

RAP particle agglomeration is one of the most important factors affecting CIR performance. 

When the RAP particles agglomerate together, the moisture stability of the cold recycled 

asphalt mixture and the fatigue resistance will become poor [51]. The bond between the 

RAP and the binder was enhanced by properly crushing the RAP, adding virgin aggregates, 

and using a fine-grading design. This led to a decrease in the agglomeration of the RAP [52]. 

In order to increase the coarseness of the gradation, the recycled materials should be 

supplemented by fresh aggregates at an appropriate point of the process [53]. 

The Marshall design method [43] is now the most comprehensive and popular method for 

asphalt technology. This technique, which essentially uses volume, places restrictions on the 
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mixture density [54], total void ratio, and mineral void ratio. Water content is a key 

component of an improved Marshall process. The approach requires that the proposed 

aggregate has 3% of its total weight in water (water as an emulsion and water in RAP plus 

additional mixing water) [55]. Pi et al. (2017) created cold-recycled asphalt mixtures using 

the improved Marshall method and evaluated the technical performance values of the 

mixtures, such as elevated temperature stability, moisture sensitivity, and fatigue 

performance [56]. Cold recycled emulsified asphalt mixes meet the needs of the lower layer 

and the road base layer and have good high-temperature stability and moisture sensitivity. 

The distribution of design methods is shown in Figure 4 from the studies of the many 

reviews. 

 

 
 

Fig. 4: The percentage of design methods in the study under consideration [39]. 

Asphalt stabilizers come in two main types: foam asphalt and emulsified Asphalt. A variety of 

flooring materials can be supported by any of these stabilizers [57,58]. Figure 5 displays the 

corresponding ratios of the various stabilizing agents. 

 
Fig. 5: Percentage of different types of stabilizers used in several related articles [39]. 

CIR-foam mixes 

Recent developments have focused attention on the use of foam asphalt in CIR projects due 

to the advantages of high strength, adaptability to stable bitumen material, faster 

construction, less maintenance, and quick resumption of regular traffic flow [59]. 

The most common chemicals used as stabilizer agents are cement and lime because of their 

inexpensive cost and wide availability [60]. Based on the information obtained limestone is 

highly recommended as an active filler [61].  
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The mix design was carried out with RAP materials in addition to assessing the consistency 

of a new CIR-foam mix design process. Instead of utilizing a Marshall hammer to create the 

test specimens, a gyratory compactor [62] was used because it created more uniform 

mixtures for a range of foamed asphalt contents and curing circumstances. The vacuum-

saturated specimens made from each of the seven RAP material sources were tested for 

their indirect tensile strength at five different foamed asphalt contents (1.0, 1.5, 2.0, 2.5, and 

3.0%), with a fixed moisture level of 4.0%. Air voids in the CIR-foam mixes gradually 

reduced as the foamed asphalt concentration increased from 1.0 to 3.0% at 0.5% intervals. 

CIR-foam specimens that were treated for two days at 60°C had an indirect tensile strength 

that was considerably higher than specimens that were treated for three days at 40°C. 

Based on the new mix design process, the ideal foamed asphalt contents for each of the 

seven RAP materials were consistently found to be between 1.5 and 2.5% [63]. The design 

procedure of CIR is shown in Figure 6.  

It is advised that the foamed asphalt content be adjusted using RAP materials that have 

been conditioned at the field temperature following the laboratory mix design. The paver 

operator should keep an eye on the CIR-foam mixtures in the field as the temperature 

changes from a cool morning to a hot afternoon, especially in the early spring and late fall. It 

is recommended that RAP materials heated to a temperature that will approximate the 

temperature of the field's existing asphalt pavement be used to produce the CIR-foam mix 

design [64]. The following graphic shows the production of the CIR-foam mix. 

 

 
Fig. 6: The CIR's common procedures  [64] 

As shown in Figure 7(a), a 6.7m-wide asphalt pavement with a 76mm-thick HMA layer and a 

74mm-thick asphalt-treated base layer was milled and mixed with foamed asphalt to produce 

a 150mm-thick CIR foam layer (Figure 7(b). A 40 mm thick HMA intermediate layer and a 75 

mm thick HMA surface layer were then overlaid on top of the CIR foam layer. 

 
(a) Existing pavement                               (b) Cross section after CIR-foam layer. 

Figure 7: Existing and repaired pavement cross sections [64]. 
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The foamed asphalt can be manufactured at the site or in a central factory and Lab as 

shown in Figure 8. The contents of the binder depend on the mixture design and are 

determined as a percentage (weight) required for the mixture to have perfect properties [65]. 

Bitumen and water are combined to produce foamed bitumen. It is produced by injecting 

water into air-supported, heated bitumen (160–180°C). Water volumes between 2 and 5 

percent of the volume of bitumen. 

 

 

 
Fig. 8: Laboratory-Scale Foaming Device (WLB 10 S): Foaming Nozzle and Foaming Device 

[66], [67]. 

CIR- emulsion mixes 

HFMS-2 (High-Flow Medium-Setting with a Solvent), HFMS-2p (High-Float Medium-Setting 

modified with a Polymer), CSS-1 (Cationic Slow Setting), and other emulsions are frequently 

used as recycling agents. Table 1 displays the properties of the three types of emulsified 

asphalt described. 

 

Table 1: Types of emulsions that are used in CIR [39]. 

Emulsion Definition Properties References 

HFMS-2s High-flow medium-

setting with solvent 

Stability, faster setting, and better 

workability in summer; High float; 

Require additional solvents in 

process. 

[68] 

HFMS-2p High flow  

medium setting  

emulsion  

modified with a  

polymer 

Like HFMS-2S; Modified with a 

polymer; Recycled mixes have 

better stability and are more 

stable. 

[69,70] 

CSS-1 Cationic slow  

setting 

Do not require  

the solvent in process, Sufficient 

workable duration, Sufficient 

workable duration, Be sensitivity 

to rain 

[71–74] 

CMS Cationic medium  

setting 

Faster set emulsion. [75] 
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Recycled asphalt pavement (RAP) was still 4:1 in weight to virgin aggregate and mineral 

powder. Aggregate gradation [76,77] for CIR design specifications, such as ASTM C136, 

117 [76,77]. The criteria for emulsions were based on the results of the coating test [78]. The 

amount of asphalt emulsion is kept at 4.0% by weight of cement, aggregates, and mineral 

powder, and the tested water contents are 3.0%, 4.0%, 5.0%, 6.0%, and 7.0% by weight of 

cement, aggregates, and mineral powder [79]. The optimum water content is the amount of 

water that is present when the bulk density reaches its highest value. 

The indirect tensile strength (ITS) test was carried out after molding the Marshall sample and 

sensitivity testing to moisture according to ASTM D1075 [80]. ITS was obtained following 

ASTM D6931 [81]. The wheel tracking test was performed to evaluate the stability at high 

temperatures [82]. 

To examine the reclaimed asphalt's complex modulus, a dynamic shear rheological test was 

conducted [29]. The temperature range was between 10 and 25 oC, and the temperature 

sweep mode was used. Separately, the control frequency and strain were set at 1% and 10 

rad/s [79]. 

Niazi and Jalili demonstrated that Portland cement and lime can both enhance the Marshall 

stability [83], resilient modulus [84], tensile strength, resilience to moisture damage, and 

resistance to permanent deformation of CIR mixtures. Portland cement and lime slurry 

produced greater results than hydrated lime, although it is advised to use Portland cement 

instead because it is simpler to manufacture [85]. 

Since previous research [86] has shown that Portland cement and lime can shorten the time 

it takes for bituminous emulsions to crack, the decrease in curing time may be the cause of 

the mixtures' increased stability. The maximum resilient modulus value was obtained by 

using 2% Portland cement because Portland cement stiffens the binder [85]. 

Dong et al. demonstrated how adding a rejuvenation agent, and styrene–butadiene rubber 

latex can enhance the overall performance of the modified CIR-emulsion mix. These results 

support the choice of modifiers to raise the reliability and performance of CIR-emulsion 

asphalt in practical engineering applications [87]. In comparison to conventional materials, 

the modified materials showed a higher overall performance.  

 

Benefits of CIR: 

Environmental advantages: Due to the reduced need for material delivery, CIR diffusion 

reduces noise pollution from heavy vehicles [88]. In addition, a decrease in motor vehicle 

transportation leads to a reduction in greenhouse gas emissions. Furthermore, since CIR 

technology is based on the cold asphalt, the temperature of the mixing system is usually 

kept at ambient levels during the construction process. CIR also reduces fossil fuel use and 

associated greenhouse gas emissions by removing the additional fuel consumption needed 

for heating in HIR [89].  

Operational advantages: road recycling uses framing, mixing, paving and compaction 

systems that improve comfort and safety for both construction and transportation [90]. 

Sustainable advantages: To produce new RAP aggregates, the recycled asphalt pavement 

can be recycled once again, eliminating the requirement to test recently obtained RAP 

before construction [89]. Equipment advantages: The technology employed in CIR is quite 

advanced [35]. 

CIR limits: 

Adjustments must be made in line with the environmental conditions of the construction site 

due to the need for a curing period and covering layers. It is difficult to control pavement 

quality. There are no defined and widely recognized design approaches, and on-site 
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environmental conditions differ from laboratory-based design scenarios. Only the bottom 

layer's high-grade or lower-grade pavement layers can be used with CIR in the conventional 

sense. 

 

Environmental and economic assessments 

Rehabilitation methods are created for a similar service life. As a result, an economic study 

compared initial expenses. The AASHTO Practical Guide Handbook of Cost Estimation of 

Road Engineering Projects was used for cost estimation [91]. Based on technical, 

environmental, and economic considerations, selected paving systems were determined 

after evaluating the initial expenditures. Energy and carbon dioxide emissions of the various 

materials and construction processes studied are shown in Tale 3 [92]. Accordingly, the 

amount of energy use and pollutants generated will be calculated for each type of 

construction. 

Table 3: Carbon dioxide emissions and energy of various materials construction [93]. 

Type of materials or methods of construction CO2 (kg/t) Energy usage 

[Mega Joule (MJ/t)] 

Processed aggregates for HMA 10 40 

Production of cement  980 5000 

Bitumen production 285 4900 

Bitumen emulsion production 221 3490 

Lime 1500 5500 

Production of HMA 22 275 

Surface milling of asphalt for CIR 0.8 12 

Deteriorated asphalt removal 0.4 8 

CIR and stabilization 1.1 15 

Laying and compaction of HMA 1.1 14 

Laying of cold mix 0.4 6 

Coating with bitumen emulsion 27 310 

Lorry transport (km/t) 0.06 0.9 

 

Hot in-place (HIR) recycling 

Because of its sustainability and high construction standards, hot in-place recycling (HIR) is 

one of the alternative technologies that agencies can use to rehabilitate pavements. The 

method starts by heating the old HMA pavement to a temperature that enables scarifying or 

milling machinery to quickly remove the top layer of the existing HMA pavement from the 

road surface [94]. Some HIR processes add aggregate, asphalt, and rejuvenator to the hot 

millings after they have been removed from the road to enhance the qualities of HIR 

pavement. As part of the hot HIR process, a train of machinery heats asphalt to 121 oC, 

grinds it, adds aggregate and rejuvenating oils, and then mix the asphalt. By comparing 

performance parameters such as binder grade, volumetrics properties, and performance 

tests to the qualities of the original Superpave combination and the mixture following hot in-

place recycling [95]. The recovered material is then distributed and compacted using 

standard paving machinery. Three HIR procedures are identified by the Asphalt Recycling 

and Reclaiming Association (ARRA): surface recycling, remixing, and repaving. The 

researchers investigated how the incorporation of RAP materials affects some asphalt 

mixture properties such as resilient modulus, moisture resistance, permanent deformation, 
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and fatigue. The resilient modulus has improved in up to 30% of the RAP and is less 

affected by moisture damage than the virgin mixture [14]. 

To the guidelines in the Basic Asphalt Recycling Guide [3] for HIR Pavements, laboratory 

tests were performed as follows [95]:  

 Binder performance grade (PG). 

 Penetration/ viscosity of the binder. 

 Mixture gradient. 

 Asphalt content (AC). 

 The Superpave system's most crucial design element is a mixture of air voids. 

 Hamburg test results for mixture rutting resistance. 

 The Hamburg test and the Indirect Tension test are used to measure a mixture's 

resistance to cracking and moisture damage. 

The following procedures are listed by the American Recovery and Reinvestment Act 

(ARRA) for the construction of HIR. 

Analyzing the current HMA pavement. 

Determining the needs for recycling agents. 

Determining the necessary additives. 

Making and evaluating sample mixtures. 

Choosing the best mixture. 

The gradation and binder characteristics of the existing HMA pavement must be known to 

create an HIR mix, just as it is necessary to know the qualities of the asphalt binder and the 

aggregate stockpiles in order to construct a conventional HMA mix. Testing of samples from 

the road is necessary to determine the gradation and binder properties of the current HMA 

pavement. The recycling component helps make the mixture more compressible so that 

sufficient compaction can occur at temperatures lower than those of standard HMA. HIR's 

compaction temperature range is 90 oC to 115 oC. 

Hot-in-place recycling is reported to result in significant cost savings, with HIR costs 

expected to be 30% lower than those associated with the traditional method of milling and 

repaving [96]. With an in-place mixing procedure that uses less energy by heating only to 

121 oC, HIR can decrease the energy used at the asphalt plant to heat the aggregate and 

asphalt mix at 177 oC. The fuel used to heat the asphalt in HIR is propane, a waste product 

of the processing of natural gas and the refining of crude oil. Propane produces less 

pollution than gasoline and diesel used to construct new pavements. The volumetric 

properties of the final mixture are tested after the base binder and Job Mix Formulae (JMF) 

are ready. Figure 9 shows the step-by-step method for forming mixtures. 

Table 2 shows the effect of the RAP ratio on the binder performance grade (PG) used to 

obtain the base binder PG. 

Table 2: Effect of RAP percent on binder grade [97]. 

RAP percentage  Binder grade used with HIR 

0 to 15% No change in the base binder grade 

15 to 25% Reduce one grade 

>25% Binder evaluation (recovery, blending, etc.) [98] 

 

From the point of view of economy, RAP components still have value, especially for asphalt 

binder, it can reduce the amount of new asphalt binder in mixture, 20% RAP with 5% asphalt 

content. 1% savings in new asphalt binder. 
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Fig. 9: RAP-HMA mixture design process [1,96]. 

 

 

The following are the advantages of HIR: 

By recycling all the existing pavement, HIR eliminates the need for additional aggregate 

and asphalt [99]. 

Energy efficiency compared to other rehabilitation techniques. 

Compared to the cold method, heating and softening the existing HMA pavement before 

planning minimizes the quantity of aggregate fracture. 

There are fewer traffic disruptions caused by vehicles entering and exiting the work area 

because HIR does not require transporting large quantities of new materials to the 

job site. 
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Traffic can move through the work area more quickly because the shorter lanes are 

closed, which reduces delays. 

Compared to conventional HMA, HIR pavement is less expensive initially. 

 

Full-depth reclamation, FDR 

FDR, or full-depth reclamation of asphalt pavement, is a rehabilitation technique that 

involves recycling existing asphalt pavement and any underlying layers into a new base 

layer. Figure 10 shows how the first step in the FDR process is to use a road reclaimer to 

grind up some of the existing asphalt pavement and the base, subbase, and/or subgrade. 

The crushed material is usually uniformly mixed with an added stabilizer, such as Portland 

cement, to produce a more homogeneous composition.  The stabilized material is then 

crushed into place by rollers. Since the base is now rigid and stable, a new rigid or flexible 

surface course can be applied. Table 3 presents the types of pavement treatment 

procedures. 

 

 

 

 

 

 

 

 

Figure 10: The FDR of the asphalt road is performed by the road reclaimer. 

 

Table 3: Evaluation of Pavement Rehabilitation Techniques [100]. 

Method Advantage Disadvantage 

Thick 

structural 

overlay 

New pavement structure. Quick construction.  

Little traffic disruption 

Importing a large amount of 

material is necessary; 

upgrading an old base or 

subgrade may still be 

necessary; and the more 

expensive alternative. 

An elevation change may 

cause issues with the curb, 

gutter, and overhead 

clearance that are already in 

place. 

Removal and 

replacement 

provides new pavement construction; 

removes failed base and subgrade; You can 

keep the current road's height and profile. 

Long construction cycle 

requiring alternative routes 

and causing confusion to 

nearby residents and 

businesses, Increased traffic 

congestion due to diversions, 

construction traffic, Rain or 

snow can significantly delay 

completion, a large quantity 

of materials must be 
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imported, Old materials must 

be safely removed of, 

Highest cost alternative, May 

require additional work to fix 

subgrade problems, and 

Large carbon footprint 

Utilizing 

cement to 

recycle the 

surface, 

base, and 

subgrade 

(full-depth 

reclamation) 

Newly constructed paving structure,  Minimal 

elevation change, which eliminates curb and 

gutter and overhead clearance issues; Short 

construction cycle; Moderate traffic 

disturbance; Local traffic quickly resumes; 

rain has little impact on construction 

schedule; provides moisture- and frost-

resistant base; is a least expensive 

alternative; requires thinner surface course 

than conventional construction methods; 

requires minimal material to be transported 

in or out; conserves resources by recycling 

existing materials. 

Fixing issues with the 

subgrade might require 

further work. 

A bituminous surface may 

reflect some shrinkage 

cracks. 

 

The new road's structural capacity is enhanced by full-depth cement reclamation because it 

creates a more solid and stable base. FDR is frequently used to repair old or structurally 

damaged flexible pavements as a result of base and subbase problems. Typically, FDR 

treatments are between 25.0 cm and 30.0 cm thick. Pavements with a thick layer of asphalt 

concrete (AC) should be milled to the necessary depth, then FDR should be applied. Four 

processes make up the FDR construction process: pulverizing the old pavement, stabilizing, 

shaping, and compacting [17]. The FDR mix design determines the amount of water and 

cement needed to achieve the required unconfined compressive strength (UCS) using 

typical field samples. As adequate moisture is one of the most vital factors in FDR building, 

the pulverized mix with cement is frequently compressed to slightly on the wet side of the 

optimal moisture content. A compaction test, gradation test, finished surface profile, 

thickness, and UCS on cores taken from the FDR base after a 7-day cure time are often 

used to evaluate the quality of FDR with cement. The recommended UCS is in the range of 

1.4 MPa (200 psi) (Ohio for thin asphalt concrete pavement) and 3.8 MPa (550 psi) 

(California) [101,102]. The stiffness of the FDR base layer is increased by adding more 

Portland cement, however, too much cement can cause problems that are not connected to 

loads, like transverse shrinkage cracking. RAP content, RAP type, and base type were all 

factors that Guthrie et al. investigated about the mechanical qualities of cement-treated base 

materials in northern Utah [103]. The use of materials with a high RAP content also reduces 

their sensitivity to moisture. According to the researchers, adding 25% of RAP reduced 

strength by 29% compared to the neat base material, and strength decreased by 13% to 

15% for every additional 25% of RAP [104]. 

The process of creating the mix should be systematic and scientific, balancing required and 

actual engineering features, buildability, durability, and economy. Figure 11 shows the 

general steps in selecting a mixing design for the FDR layer and the proportion of cement 

required to the volume of different types of soils presented in Table 4. 
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Table 4: Cement Requirements for AASHTO Soil Group  

AASHTO 

soil 

group 

The usual range 

of cement 

requirements 

Estimated 

cement 

content 

and that 

used in 

moisture- 

density 

test, 

percent 

by weight 

Cement 

content 

for wet 

dry and 

freeze-

thaw 

tests, 

percent 

by 

weight 

The 

Percent 

by vol. 

The 

Percent 

by wt. 

A-1-a 

A-1-b 

A-2 

A-3 

5-7 

7-9 

7-10 

8-12 

3-5 

5-8 

5-9 

7-11 

5 

6 

7 

9 

3-4-5-7 

4-6-8 

5-7-9 

7-9-11 

 

FDR advantages: 

There are many advantages to full-depth reclamation, including those listed below: 

 Cost-effectiveness. 

 Enhanced structural strength and durability (compared to granular base materials). 

 Possibility of enhancing road geometry. 

 Expedited construction schedule and improved staging early start of traffic. 

 Reduced effects of construction on the environment. 

 Decrease in carbon footprint. 

Economic study for the case study: 

Below is a case study from Mina Road, Egypt according to the Roads and Bridge Works 

Consideration List for the 2022 edition. 

FDR Normal maintenance 

(NM) 

Unit Item price (EGP) 

FDR NM 

FDR 25 cm -------- M2 55 - 

Cement ------- 25 kg/ M2 25 75 

------ Base 25 cm  M2  75 

MCO MCO M2 25 25 

--------- Bonding layer M2  145 

------- RC M2  8.35 

Surface layer Surface layer M2 125 125 

Total 230 378.35 

 

It is clear from the previous table that 39.1% is saved per square meter when 

using FDR technology in road maintenance works. 
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Fig. 11: General procedures for calculating mix design for FDR layer [105]. 

 

Conclusion    

The following is a summary of the most important conclusions from this review: 

 RAP is a useful, high-quality material that can take the place of more costly virgin 

binders and aggregates. 

 The same mix design requirements that apply to virgin mixtures must also be met by 

RAP mixtures. The Marshall and Superpave method are the most widely used design 

mixing method for RAP mixtures, including high RAP. 

Obtain field samples 

 

Determine gradation of sample 

Will part of the subgrade/base  
be incorporated into the FDR? 

Consider blending well graded  
aggregate with the FDR sample 

Create a mix design report with the established  

cement content and moisture/density information 

Select  
cement contents for testing 

If necessary*, determine chemical  

compatibility of existing material  
   

If more than 20% of material passes  

the #200 sieve run Atterberg Limits Test 
to determine Plasticity Index (PI) 

Determine optimum moisture content  
and maximum dry density for each  

estimated cement content 

For cold weather determine  
freeze/thaw durability of each specimen  

at the estimated cement contents 

Plot the unconfined compressive strength  

and freeze/thaw durability test results on a graph  
to determine the desired cement content 

For each cement content mold specimens  

at maximum density and optimum moisture  
content for determination of unconfined  

compressive strength (UCS) 

 No 
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 The performance and durability of pavements containing up to 30% RAP are similar 

to that of virgin pavements free of RAP. 

 Specification limitations, lack of processing, lack of availability of RAP, and previous 

experiences are some of the most common challenges to scaling up RAP 

implementation. 

 The Superpave design approach should be given the primary priority in the design of 

CIR asphalt mixtures, according to our comparison of Marshall and Superpave 

methodologies from the corresponding points of view. 

 Emulsified asphalt is likely to be used by researchers while designing cold-in-place 

reclaimed asphalt mixes. 

 The stiffness and thickness of the FDR base layer have a significant influence on the 

predicted pavement performances. 

 If the subgrade material under the FDR layer is soft and will not support the FDR 

layer enough, the repair must be found first 

 

Recommendations    

 The author believes that construction test sections of recycled and conventional 

mixes will confirm the adaptability of asphalt mixes incorporating RAP to loads and 

climatic conditions in Egypt. 

 For mixture design purposes, the RAP material must be accurately classified. The 

RAP component should be used to create the laboratory mixture design.  

 The planned asphalt mixture containing RAP, especially high RAP, should have its 

mixture performance evaluated. For assessing the performance of compacted 

asphalt mixtures in terms of potential permanent deformation, fatigue, and thermal 

cracking, several performance tests are available. 

 A pavement management system should be taken into account with documentation 

of the use of the RAP which includes information on types, sources, and placement 

of the RAP. 

 To study the impact of various RAP with various qualities on combinations with 

various rejuvenators, it is important to take into account more than one source of 

RAP. 

 It is important to conduct more research on the short- and long-term aging behavior 

of RAP mixes containing various rejuvenator types. 

 Investigating the impact of rejuvenator ratio, and RAP% on mixture parameters for 

long-term performance. 

 Utilization of various grades of pentation (Pen), particularly high penetration with RAP 

combinations, to decrease brittle stiffness. 

 Study the effect of bio-oil, waste vegetable oil, and anti-stripping agents on the 

performance characteristics of RAP mixtures modified with crumb rubber. 

 The future design methodology will advance in the direction of CIR asphalt mixtures, 

which includes the performance index and volume index. 

 In field operations, the paver operator should monitor the condition of CIR foam 

mixtures as the temperature changes from cool mornings to hot afternoons, 

especially in early spring and late fall. 

 Study the effect of different types of cement on the properties of FDR. 
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 In order to undertake FDR pavement design using AASHTOWare Pavement ME 

Design (PMED) software, additional study is required to produce design input values, 

such as modulus of elasticity and modulus of rupture for the FDR foundation. 

 Stricter control over the cement distribution rate and treatment depth will be required 

to minimize the strength variations. Additionally, a variance will be decreased by 

taking sufficient field sampling of the current pavement materials for mix design. 

 Continue to evaluate the rutting performance of the trial sections in FDR and 

compare it to the usual rutting distress limits. 
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