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ABSTRACT: Reclaimed asphalt pavement (RAP) materials in pavement base courses has proven to be a viable alternative 

not only to conserve the natural resources but also to reduce the environmental pollution and landfilling. Since RAP is 

ineffective to be used as a pavement base material, they are often blended with virgin aggregates (VA) or stabilized with 

cementitious materials. 

This study, an attempt has been made to develop a fly ash stabilized recycled base material (FRB) by utilizing RAP and 

class F fly ash. To develop a potential design base mix, RAP:VA mixes stabilized with alkali activated fly ash was 

considered. The alkali activation is proposed to increase the reactivity of the fly ash to further enhance the strength of the 

mixes as the presence of aged bitumen coat over the RAP aggregates may affect the long term strength and durability of the 

design mixes. Hence, the present study also verifies the durability of the mixes by subjecting the specimens to aggressive 

wet-dry cycles to quantify the weight loss. The permanency of the stabilizer/activator is also verified through leachate 

studies. The comprehensive experimental test results indicated that the RAP: VA mixes are durable and found suitable for 

the base course applications. Based on the experimental data, design charts were proposed to design a pavement system 

with recycled materials. 

  
1 INTRODUCTION AND BACKGROUND 

   Recycling is one of the key components for 

sustainable development of infrastructure. However, 

recycled materials such as construction and demolition 

waste from pavements and byproduct from thermal 

power plants are highly produced, which are either 

stockpiled or landfilled across the world if not utilized 

in large quantities. Reuse of these secondary materials 

in civil engineering applications in large quantities is 

always a challenge due to their inferior properties. Safe 

disposal of recycled construction materials and 

industrial by products such as RAP, fly ash, waste tires, 

quarry waste, construction and demolition waste etc. has 

become a real environmental challenge. RAP is a 

reclaimed material obtained when a portion of distressed 

asphalt pavement is milled. RAP has been a resource 

material, when properly stabilized, for a new surface or 

a base course layer of flexible pavements (Taha et al. 

2007). The strength and stiffness properties of RAP can 

be enhanced by stabilizing them with cement/lime/fly 

ash (Mohammadinia et al. 2014). Fly ash being another 

industrial byproduct, if adopted as a stabilizer, can 

address the land filling concerns. However, the strength, 

stiffness and durability of these mixes are questionable 

due to the presence of the thin asphalt coat present over 

the RAP aggregates (Saride et al. 2016, Avineni et al 

2016). To enhance the strength and stiffness properties 

of fly ash stabilized RAP bases, alkali activators are 

adopted (Saride et al. 2016). 

Durability in this context may be defined as the ability 

of the mix to resist severe moisture and temperature 

fluctuations, chemical attack, and abrasion while 

sustaining its desired engineering properties. The 

durability of cement treated VA:RAP mixes was studied 

by Ganne (2009) by subjecting the mixes to alternate 

wet/dry cycles to  measure the resistance to weight loss 

after 14 cycles. Ganne (2009) found that the percentage 

strength loss was around 10 – 15% on an average for all 

the mixes studied. It is also important to study the 

permanency of the design mixes as few researchers have 

reported the loss of stabilizers from the base layers after 

certain service period. These problems are due to the 

detrimental secondary chemical changes in the 

stabilization process.  

In the current study, to develop a sustainable fly ash 

stabilized recycled base (FRB) material, initially, the 

influence of alkali activated fly ash stabilization on the 

strength development of the RAP:VA mixes is 

evaluated in terms of the unconfined compressive 

strength. Then the strength of the design mixes after 

performing the durability and permanency studies on 28 

day cured specimens are evaluated. The interaction of 

activated fly ash with RAP:VA mixes in the strength 
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gain is presented through Fourier transform infrared 

spectroscopic analysis and X-ray diffraction studies.  

2 MATERIALS USED 

   The RAP was collected from an ongoing cold-

milling operations at the National Highway No. 5 at 

Nellore, Andhra Pradesh.  The grain size distribution of 

the RAP was determined according to ASTM C 311 

(2014) and the gradation curve is presented in Figure 1. 

As the present gradation of RAP is deviating from the 

cement stabilized base course material according to the 

Ministry of Road Transportation and Highways 

(MoRTH, 2000), the material was segregated and 

maintained an average grade proposed by the agency. 

The average grade Virgin aggregates (VA) collected 

from nearby quarry. The specific gravity of the RAP and 

VA are found to be 2.7 and 2.6 respectively. 

Fly ash was collected from Neyveli Lignite Corporation 

Limited (NLC), Tamil Nadu. Chemical composition of 

the fly ash was obtained from X-Ray Florescence (XRF) 

method. The calcium oxide (CaO) content is about 12% 

and according to ASTM C 618 (2012), the fly ash can 

be classified as class “F” as CaO is less than 20%. The 

gradation curve of the fly ash is presented in Figure 1. 

The specific gravity of the fly ash was found to be 2.21. 

 

Figure 1 Grain size distribution of RAP and FA  

The laboratory grade sodium hydroxide pellets with 

98.9% purity was used as an activator. Since, the 

reaction between NaOH and water is exothermic, utmost 

care should be taken during the preparation of the 

solution. The solution shall be prepared at least 8 hours 

prior to the mixing. 

3 METHODOLOGY 

According to the Indian Roads Congress (IRC: 37-

2012), cement stabilized bases after 28 day curing 

period should exhibit a minimum unconfined 

compressive strength (UCS) of 4.5 MPa to qualify as 

base/subbase material. To meet this requirement, UCS 

tests were conducted on the specimens prepared and 

cured in moist chamber at a constant temperature (25C) 

and humidity (75% relative humidity) for 28 days. The 

RAP:VA mix proportions of 80:20 and 60:40 stabilized 

with 20% and 30 % fly ash were considered in the 

present study with and without 2% and 4% NaOH 

activation. The fly ash dosages were adopted based on 

the prior performance of the fly ash stabilized RAP:VA 

mixes reported by the authors (Saride et al., 2015). The 

mix proportions and their nomenclature followed 

throughout the paper are shown in Table 1. Prior to the 

UC strength tests, modified Proctor compaction tests 

were carried out in accordance with ASTM D 1557-12 

(2012) for different mixes to determine optimum 

moisture content (OMC) and maximum dry density 

(MDD). Table 1 presents the compaction characteristics 

of the mixes. With an increase in the dosage of fly ash, 

as expected, the compaction curves have shifted towards 

the right hand side, reflecting an increase in the OMC.  

Table 1 Mix proportions and their nomenclature 

RAP:VA FA N Nomenclature OMC 

(%) 

MDD 

(g/cc) 

80:20 20 0 80R:20A+20F

+0N 
7.05 2.16 

80:20 30 0 80R:20A+30F

+0N 

7.25 2.14 

80:20 20 2 80R:20A+20F

+2N 

7.00 2.17 

80:20 30 2 80R:20A+30F

+2N 

7.20 2.15 

80:20 20 4 80R:20A+20F

+4N 

6.90 2.17 

80:20 30 4 80R:20A+30F

+4N 

7.15 2.18 

The UC strength tests were also conducted after a 

repeated wet/dry cycles (durability) on compacted 

specimens of size 100 x 200 mm. The procedure 

outlined in ASTM D 559 (1996) was followed to 

simulate the moisture fluctuations due to seasonal 

variation in the field. According to ASTM D 559 (1996), 

at the end of 28 day curing, the specimens were 

immersed in potable water for a duration of 5 hours at 

room temperature. The samples were then removed and 

oven dried at 700C for 42 hours. This exposure of 

specimens for 47 hours to both wetting and drying 

activities constitutes a single cycle. Then, the specimens 

were weighed. The procedure is repeated for 12 such 
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cycles and each specimen is weighed after each cycle to 

calculate the weight loss. 

     Apart from the seasonal variations, water infiltration 

during rainfall may also alter the performance of these 

mixes. Hence, leachate or permanency studies were 

performed to verify the loss of stabilizer due to the rain 

water infiltration and its impact on the UC strength. Any 

loss in the reactants can be observed by testing the 

leachate for the respective ion concentrations and pH 

variation. In these tests, 28-day cured specimens were 

subjected to water percolation under a controlled 

pressure of 50kPa, such that, the packing of the sample 

is not disturbed. The pore volume of the compacted 

specimens were calculated and the collection of in-

filtered water equivalent to each pore volume constitutes 

one cycles. Leachate tests were continued until such 14 

pore volumes of in-filtered water are collected.  

To verify and quantify the formation of pozzolanic 

compounds, mineralogical studies such as X-ray 

diffraction (XRD) studies and Fourier transform 

infrared spectroscopic analysis (FT-IR) were conducted.  

4 RESULTS AND DISCUSSION 

4.1 UC Strength and Durability  

The results from UCS tests conducted on fly ash treated 

80R:20VA and 60R:40VA  mixes with and without 2% 

and 4% NaOH activation after the performance of 

durability studies are presented in Figure 2. The results 

indicate that, at all fly ash dosages, the mixes without 

alkali activation (mixes 1 - 4) do not satisfy the 

minimum UCS requirement of 4.5 MPa as per the IRC: 

37-2012 at 28 day curing. At 2% and 4% NaOH, except 

80R:20V+20F with 2% NaOH specimens (mix 5), all 

the other mixes (mixes 6-9) have satisfied the specified 

strength requirement. The increase in UC strength is 

observed to be about 1.7 – 1.8 times when activated with 

2% NaOH. This increase in strength clearly indicates the 

enhanced reactivity of the fly ash due to alkali 

activation. In addition, with the increase in NaOH 

dosage from 2% to 4%, all the mixes have gained about 

10% of additional strength.  

During the durability studies, the weight loss of all the 

mixes is observed to be well within the permissible limit 

of 14% as specified in the IRC: 37-2012 for a cemented 

base material. It was observed that for a given RAP 

proportion (80%), the weight loss is higher for low fly 

ash (20%) and NaOH (2%) contents. This may be 

attributed to the hindered pozzolanic activity due to the 

presence of high amount of aged bitumen in the mix and 

relatively low cementation. In addition, during the 

permanency or leachate studies, the leaching of the 

stabilizer and activator were recorded as shown in the 

Table 2. It is found that about 50 ppm of CaO leached 

out of the specimens during the first cycle, thought in 

the permissible limits, becomes less than 15 ppm in 

fourth cycle, indicating that the excess lime present in 

the mix has leached out. On an average, the pH 

concentration of the leachate was observed to be 

reduced from 12.5 to 9.5 in 14 cycles.  The initial high 

pH concentration of the leachate cab be attributed to the 

amount of free CaO liberated from the mixes. Moreover, 

the percentage of leached calcium and sodium ion 

concentration is about 0.07% and 5.9% respectively, 

which indicates the permanency of the stabilizers in the 

treated sections.   

 

Figure 2. Variation of UCS after 12 wet-dry durability 

cycles for different design mixes 

Table 2 Percentage of Ca and Na leached out with respect 

to the initial concentrations mixed 

Ion Initial 

concentration, 

Molarity 

(ppm) 

Cumulative 

concentration 

after 14 

leachate cycles 

(ppm) 

Percentage 

leached (%) 

Ca 240,000 98 0.04 

300,000 214 0.07 

Na 23,000 1350 5.86 

46,000 1592 3.46 

4.2 Resilient Modulus 

In addition to the UCS tests, resilient modulus (Mr) of 

RAP:VA mixes with 20% and 30% fly ash specimens 

were determined in accordance with the American 

Association of State Highway and Transportation 

Officials, AASHTO T-307 (AASHTO, 2003). The Mr is 

defined as the ratio of cyclic deviatoric stress to the 

recoverable strain. The resilient modulus tests were also 

performed on 100 percent RAP specimens along with 10 

and 40% fly ash dosages. The entire data is necessary to 

develop design charts. It can be noticed that an increase 

in the VA content in the mix decreased the resilient 
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modulus by about 5% and 15%, respectively for 

80R:20VA+40F mix and 60R:40VA+40F mix (Figure 

3). It is due to the superior resilient behavior of the RAP 

material to VA as RAP has already undergone certain 

number of load repetitions in the form of wheel loads in 

its life span. This observation is in conjunction with the 

observations made by King (2001). 

 

Figure 3. Resilient modulus of RAP:VA mixes with 

different dosages of fly ash 

4.3 Mineralogical studies 

The x-ray diffraction studies are used to identify the 

crystalline phase of the materials. As the products of the 

pozzolanic reactions are of crystalline in nature, in the 

present study, the influence of the alkali activation on 

fly ash treated RAP mixes was analyzed using XRD. 

The influence of RAP dosage on the hydration and 

cementation in the mix is presented in Figure 4. It is 

observed that the mix with high RAP content exhibited 

lower cementation because of its inert nature. It is to be 

noted that Ca(OH)2 is still available for further reactions 

even at 28 days curing. Hence, further reactions are 

expected with the increase in curing period which will 

eventually improve the strength of the mix.  

The FT-IR spectra corresponding to 100%, 80% and 

60% RAP stabilized with 30% fly ash and activated with 

2% NaOH at 28 days curing is presented in Figure 5. It 

can be observed that the intensity of O-H band is high 

for the mix containing 100% RAP. This is because RAP 

is less prone to water absorption and reactivity. Figure 5 

also shows the area of peak heights of Si-O-Si band. The 

peak area and peak height ratio were highest for the mix 

containing 60% RAP, indicating best degree of 

hydration which can also be supported with UC strength 

results. The bands appearing between 1100 and 900 cm-

1 are due to the asymmetric stretching vibrations of Si-

O-Si or Al-O-Si. This is referred to the formation of 

amorphous to semi crystalline alumino-silicate 

materials. 

 

Figure 4. XRD profiles of different mixes with 2% NaOH 

at 28 day curing  

Interesting observation is that this band shifted from 

1050 to 950 with the addition of NaOH, which can be 

attributed to the formation of hydration products. It is 

reported that the peak areas and peak heights at Si-O-Si 

stretching vibrations cab be used for the quantitative 

assessment of the reactions (Lodeiro et al. 2009). The 

peak areas are calculated using SCION, an image 

processing software which gives area of the selected 

boundary in pixels. The ratios of peak area of Si–O–Si 

stretching vibration of the mixes are also presented in 

Figures 5 and 6. The values correspond to the 

normalization with respect to the mix without activation. 

For the mix without activation, peak area ratio is 

relatively low. The peak area ratio of the mix increases 

with an increase in the activator content from 0 to 4 % 

suggesting that a relatively high degree of hydration has 

occurred. These results are also in accordance with the 

trends observed in UC strengths which are presented in 

Figure 6. 

 

Figure 5. Typical FT-IR spectra of 80R:20VA+ 30F with 

and without activation at 28 day curing 
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Figure 6.  Variation of UCS and peak areas with curing 

periods for 60R:40VA mixes 

5 DESIGN CHARTS 

An attempt has been made in the present study to 

develop a design chart for the traffic in terms of standard 

axels varied from 2 to 150 msa (million standard axles) 

which covers a wide range of traffic options. A weak 

subgrade material (with CBR 3%) is considered. The 

elastic modulus of the subgrade is calculated as per the 

Equation 1. 

𝐸(𝑀𝑃𝑎) = 10 × 𝐶𝐵𝑅  for CBR < 5  ………………1  

The resilient modulus of base/subbase material is varied 

between 100 to 600 MPa, which is a practical range for 

low grade recycled materials. If the cementitious 

materials are used in the base/subbase layers, an 

aggregate interlayer of 100 mm thick unbound granular 

layer with a modulus value of 450 MPa should be 

provided which acts as a crack relief layer as per IRC 

(2012). 

The elastic modulus of bituminous mix is highly 

temperature dependent and also depends on the grade of 

the bitumen used. Hence, the design is performed for a 

modulus value of 2500 MPa. A modulus of 2500 MPa 

can be achieved for a penetration binder grade of 60-70 

at 300C. Poisson’s ratio of bituminous and base layers 

are considered as 0.35 and for the weak subgrade as 0.4. 

The typical design chart for various traffic conditions is 

presented in Figure 7.  

 

Figure 7. Design chart for surface layer Mr of 2500  

A reduction in base layer thickness can be obtained if 

the modulus of the surface layer is increased from 2500 

MPa to 3000 MPa. If the CBR of the subgrade soil is 

increased, a considerable reduction in base layer 

thickness can be obtained. For a heavy traffic of 150 

msa, the resilient modulus of base material should be at 

least 300 MPa is preferred.   

The advantages of the proposed design chart are 

summarised as follows. 

 It is a very simple method: Once the Mr value of the 

base/subbase material is known, the design takes 

only few minutes to arrive at the design thickness. 

 It is resilient modulus based design, and hence it is 

more accurate.  

 It considers a range of Mr values which will be more 

realistic for recycled and locally available low 

grade materials (with Mr < 600 MPa). 

 These design charts can be further extended to 

stabilized base course materials viz. cemented RAP, 

cemented VA and any other suitable stabilized 

materials, whose resilient modulus values are 

expected to range from 450 to 3000 MPa. 

 

6 CONCLUSIONS 

The following conclusions can be drawn from this 

paper: 

In spite of the presence of excess calcium, fly ash 

stabilization could not impart sufficient UC strength to 

the RAP: VA mixes. Hence, fly ash activation is 

necessitated. 
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Around three fold increase in strength for all the mixes 

was observed with NaOH activation. Mixes activated 

with 4% NaOH showed 15% higher improvement in 

strength compared to the mixes with 2% NaOH 

activation.  

The fly ash was successfully activated with 2% and 4% 

NaOH to further the strength gain to meet the design 

strength 4.5 MPa.  

The durability and permanency studies in terms of 

aggressive wet/dry cycles indicated that the activated fly 

ash stabilized RAP:VA mixes performed satisfactorily. 

The weight loss after the durability cycles was found to 

be less than 14% as specified by IRC: 37-2012.  

Reduction in intensity of bands formed due to free –OH 

groups (1) of water molecules with curing period 

indicates that the hydration is proceeding. The 

asymmetric stretching vibrations of Si-O-Si increased 

with activator content and curing period thereby 

implying the formation of hydration products which is 

also confirmed by the increased UC strength. 

A design chart is proposed to adopt the FRB as a 

potential baes course mix for sustainable Indian 

highways. 

Overall, it is observed that the geopolymer fly ash 

treated RAP:VA base course mixes can be successfully 

employed in new pavement construction. 
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