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Abstract 

This paper presents the engineering characteristics of reclaimed asphalt pavement, 

blended with virgin aggregate for unbound base/subbase layers. The proportions of 

RAP were 0%, 20%, 60%, 80% and 100% by total mass of the blend. The 

experimental laboratory testing included index properties such as gradation, modified 

Proctor compaction, California Bearing Ratio, and hydraulic conductivity. Repeated 

load resilient modulus testing was conducted on the blends. The impact of load 

duration on resilient modulus was also investigated. A strong inverse trend was found 

between resilient modulus and California Bearing Ratio. An accurate model was 

proposed for the prediction of the resilient modulus as a function of stress state and 

reclaimed asphalt pavement percentage with coefficient of determination of 0.94. 

Finally, multilayer elastic analysis of typical pavement sections with the base layer 

constructed of virgin aggregate- reclaimed asphalt pavement blends showed good 

performance. 

Keywords: reclaimed asphalt pavement, resilient modulus, load duration, 

permeability, California Bearing Ratio.  

Introduction  

Massive quantities of waste materials are accumulating in stockpiles and landfills 

throughout the world. These materials result in financial and environmental problems. 

Recycling of demolition debris into new construction projects offers a mean for 

reduction of waste disposal loads accumulating in landfills and preservation of the 

natural resources. Numerous recycled materials such as reclaimed asphalt pavement 

(RAP), crushed waste rock, crushed glass, recycled concrete aggregate (RCA) and 

recycled clay masonry (RCM) may be used as pavement materials (Dong and Huang 
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2014; Azam and Cameron 2013; Wu et al. 2012; Ayan 2011; Gupta et al. 2009; 

McGarrah 2007; Kim et al. 2007; Mokwa et al. 2005; Bennert et al. 2000; Taha et al. 

1999).  

In Egypt, large quantities of waste materials are generated especially with the rapid 

population growth, economy growth, and continuously increasing consumption. The 

Egyptian market produces approximately 4 million tons of RAP per year due to 

continuous pavement milling or scraping processes (Behiry et al. 2015). The fees 

allocated to waste handling vary considerably from project to another. In Egypt, it is 

estimated to be about 0.5% to 7.5% of the overall project cost (Kamel 2007). RAP is a 

potential substitute for natural aggregate. Although the application of RAP as a 

pavement material was well investigated internationally, it is a new practice in Egypt. 

Only few studies addressed it and these studies were only based on simple index 

properties of the materials such as the CBR (Alotaibi et al. 2010; Behiry et al. 2015). 

Most of the empirical equations that correlated the CBR values of unbound granular 

materials with the resilient modulus were based on testing results of virgin aggregates. 

It is believed that no equations are available, so far, for the recycled products, 

especially RAP. In general, with the increase of the CBR values, the resilient modulus 

of unbound granular materials increases. However, the opposite is true for the RAP 

materials, i.e., Mr increases while the CBR decreases (Bennert and Maher 2005).   

Furthermore, limited literature studies investigated the impact of load cycle duration 

on the resilient behavior of the unbound granular materials and reported a little effect 

(Seed et al. 1965; Hicks 1970; Thom and Brown 1987). None of these studies 

investigated the impact of load duration on the recycled materials specially RAP 

which contains asphalt. Asphalt is a viscous material which is expected to be affected 

by the load duration.  
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The main objective of this study is to conduct a comprehensive laboratory 

characterization including the investigation of the resilient behavior of different RAP 

percentages blended with virgin aggregate under repeated load tests. The specific 

objectives of the study are to: 1) evaluate the feasibility of RAP/virgin aggregate 

blends as a base/subbase material in pavement construction in Egypt; 2) develop a 

universal model for resilient modulus prediction of the blends; 3) investigate the 

effect of loading time cycle and bitumen content on Mr of the blends, and finally 4) 

propose a simple relationship between CBR and resilient modulus for the RAP 

blends. 

Literature Review 

Over years, numerous studies have been performed to evaluate the mechanical and 

physical properties of the RAP for pavement construction. (Sayed et al. 1993; Garg 

and Thompson 1996; Mokwa and Peebles 2005; Alam et al. 2010; Sayed et al. 2011 

and Dong and Huang 2014) evaluated the use of RAP as a base material. The 

evaluation was based on field sections constructed with different types of aggregate 

and RAP as base layers. The authors reported equivalent performance of the RAP, 

lime-rock base, and a conventional crushed stone.  

(Taha et al. 1999) evaluated RAP and virgin aggregate blends as road base and 

subbase layers. Gradation, compaction, and California Bearing Ratio (CBR) tests 

were performed on RAP/aggregate blends of 0%, 20%, 40%, 60%, 80% and 100%. 

The results showed that the 100% RAP had the lowest strength, with a CBR value of 

11.0%.   Based on CBR evaluation, they recommended that blends containing 60% or 

less RAP are suitable as subbase layers. However, blends with only 10% RAP can be 

used as base material. 
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Several studies reported that the CBR of RAP and virgin aggregate blends, decreased 

with the increase of RAP percentage in the blend (Ayan 2011; McGarrah 2007; 

Bennert and Maher 2005; Taha et al. 1999; Sayed et al. 1993).  

(Wu 2011; Alam et al. 2010); Gupta et al. 2009; Kim et al. 2007; Bennert et al. 2000) 

investigated the effect of RAP percentage on the resilient modulus (Mr) of blends of 

RAP with virgin aggregate. In general, the RAP percentage in the blends varied from 

0% to 100% by total mass of the blend. The main finding of these studies is that the 

increase of RAP replacement level in the blend, yielded an increase in resilient 

modulus.  

Permeability is an important property of the base material. (Trzebiatowski et al. 2005) 

investigated the hydraulic conductivity of RAP as a base material. They found that the 

RAP hydraulic conductivity ranged from 4.5×10
-8

 to 1.7×10
-6

 m/s. These permeability 

values are similar to the permeability of traditional granular base materials. In similar 

studies, (Macgregor et al. 1999; Gupta et al. 2009) evaluated the hydraulic 

conductivity of blends of RAP and crushed-stone aggregate. The authors found that 

the RAP percentage in the blend did not significantly affect the hydraulic 

conductivity. Conversely, (Wu et al. 2012; Bennert and Maher 2005) noted that the 

permeability of a base material decreased as the RAP percentage in the blend 

increased. These studies reveal significantly different permeability values of the 

RAP/aggregate blends.  

Materials  

RAP was sourced from a major road in Port Said governorate, Egypt which was under 

rehabilitation. A cold milling machine was used to produce the RAP. The asphalt 

content in the RAP material was determined by the centrifuge extraction according to 

Page 5 of 37

https://mc06.manuscriptcentral.com/cjce-pubs

Canadian Journal of Civil Engineering



Draft

6 

 

(AASHTO T 164-97 2002), (Method A). The results indicated that the average 

bitumen content was 5.2 % by weight of the mix.  

The virgin aggregate was crushed dolomite supplied from Ataqa quarry in Suez 

governorate, Egypt. The RAP was blended with the virgin aggregate in the laboratory 

with percentages of 0%, 20%, 40%, 60%, 80% and 100% by total mass of the blend.  

Experimental Testing Program 

The laboratory testing program included the basic engineering properties and 

performance tests. The basic properties are the particle size distribution, specific 

gravity, water absorption, Los Angeles Abrasion (LAA), Atterberg limits (Liquid 

Limit, LL – Plasticity Index, PI), modified Proctor compaction, CBR, Potential of 

Hydrogen (pH) and hydraulic conductivity. The performance test is the Repeated 

Load Triaxial Test (RLTT) which was performed to evaluate the resilient modulus of 

the blends. 

Basic Engineering Properties  

The particle size distribution was conducted on the RAP and virgin aggregate 

materials in accordance with (AASHTO T 27-99 2012). Figure 1 presents the 

gradation curves of the RAP and virgin materials along with the upper and lower 

limits of the Egyptian specifications for the base material (ECP-104. 2008). It can be 

seen from the figure that the gradation curve of the virgin aggregate is within the 

limits. However, as expected, the gradation of the RAP was outside the specification 

limits.  

Table 1 presents the basic engineering properties of the blends. It can be noted that the 

specific gravity values decreased with the increase in the percentage of the RAP 
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replacement in the blend. This is due to the presence of the asphalt which has a 

specific gravity less than that of the aggregate.  

Data in Table 1 also show that the water absorption, LL, PI and LAA results for the 

RAP and virgin aggregates comply with the Egyptian standards for the base materials 

(ECP-104. 2008). The RAP was found to be non-plastic and seems to have abrasion 

resistance less than the virgin aggregate. 

The pH values for RAP and virgin aggregate were 9.5 and 7.8, respectively which 

indicated that the RAP is more alkaline than the neutral level of deionized water of pH 

equals 7. This also indicated that corrosion of samples was moderate. 

As indicated in Table 1 the maximum dry density (MDD) tends to decrease as the 

level of RAP replacement in the blend increases however, the optimum moisture 

content (OMC) in general was found to decrease with increase in the RAP percentage. 

This may be attributed to the very low moisture holding capability of RAP due to the 

asphalt coated aggregate in the RAP. Thus, the addition of virgin aggregate would 

make it much easier to compact RAP as a base material (Taha et al. 1999). 

In general, the soaked CBR values dramatically decreased with the increase of RAP 

content in the blend. This may be owing to the reduction in the angle of internal 

friction of the mixture due to the asphalt-coated particles of the RAP (Alotaibi et al. 

2010). Furthermore, the RAP-Aggregate blends have lower fines content compared to 

the virgin aggregate. This may lead to further decrease in the shear strength of the 

blend. 

The Egyptian specifications require a minimum soaked CBR value of 80% for the 

base layer of major roads, whereas a CBR value of 60% is the minimum acceptable 
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value for minor and local roads (ECP-104. 2008). Consequently, the blend containing 

20% RAP can be used as a base material for minor roads and the blends containing up 

to 60% RAP can be used as a subbase material (the required value ranges from 25% 

to 40% depending on the functional class of the road(ECP-104. 2008). 

Table 1 also presents the hydraulic conductivity values for all blends. In general, the 

permeability of the blends increased with the decrease of RAP content. The results 

indicate that adding RAP yields lower porosity (interconnected voids) in the 

specimen.  

Resilient Modulus Testing 

The resilient modulus is an important input parameter for the flexible pavement 

thickness design according to the Mechanistic Empirical Pavement Design Guide 

(MEPDG), and the American Association of State Highway and Transportation 

Officials (AASHTO 1993) design method. Resilient modulus testing was conducted 

according to the (AASHTO T 307-99 2012). The test protocol for base and subbase 

materials consists of a pre-conditioning sequence and 15 loading sequences. The 

number of load repetitions is 500 cycles for the conditioning stage and 100 cycles for 

each loading sequence. Different combinations of confining pressure and cyclic stress 

are applied. The confining pressure ranges from 20.7 to 137.9 kPa, while the cyclic 

stress varies from to 18.6 to 248.2 kPa. The loading shape is a haversine of 0.1-second 

load pulse followed by a 0.9-second rest period (one cycle duration = 1 second). 

All specimens were prepared using a split mold of 150 mm diameter and 300 mm 

height and compacted in 6 layers, with 114 blows to each layer according to the 

modified compaction effort. Duplicate samples were prepared for each blend at the 

MDD and OMC. 
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The specimen was placed on the bottom plate of the load cell and the rubber 

membrane was stretched around the specimen by the membrane expander and then 

the membrane was sealed to the end caps by means of O-rings. Two external linear 

variable differential transducers (LVDTs) were mounted of the triaxial cell.  

The resilient modulus was performed using the Universal Testing Machine (UTM-25) 

at the Highway and Airport Engineering Laboratory (H&AE-LAB), Faculty of 

Engineering, Mansoura University, Egypt. The resilient modulus was calculated as the 

average of the last five cycles of each sequence. 

Results and Discussion 

As expected, the resilient modulus increased with the increase of bulk stress. Mr also 

increased with the increase in the amount of RAP in the blend. This indicates that the 

addition of RAP resulted in a stiffer mixture due to the presence of the asphalt in the 

RAP. With the addition of more RAP to the blend, the amount of binder increases, 

resulting in an increase in the modulus. This observation complies with the findings of 

(MacGregor et al. 1999); Bennert et al. 2000; Wu 2011). 

The dataset from testing results was fitted with the universal model shown by 

Equation 1 (ARA, 2004).  

�� = ���� � 	

��


� �����
� + 1�
�        (1) 

where: 

Mr= Resilient modulus, MPa  

θ = Bulk stress = σ1+σ2+σ3, kPa 
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σ1 = Major principal stress, kPa 

σ2 = Intermediate principal stress, kPa 

σ3 = Minor principal stress, kPa  

τoct= Octahedral shear stress =
���������������������������

� , kPa  

pa=Atmospheric pressure = 101 kPa  

K1, k2, k3= Material constants 

The data yielded adjusted coefficient of determination (Radj
2
) that ranged from 0.90 to 

0.97 for the different blends indicating “excellent” goodness of fit. The regression 

parameters of the universal model for all tested blends are shown in Table 2 along 

with the standard error of estimate/standard deviation of the laboratory measured 

values (Se/Sy), Radj
2
, and root mean square error (RMSE) which were determined 

using Equations 2, 3 and 4.  

�� ��⁄ = !∑�#$%&'�#(&�)��×�+���
∑�#(&�)�#�,-��×�+�
�                                                  (2) 

.�/0� = 1 − 2�+��+�
� × 34&456
�7                                                  (3) 

.��8 = 100!∑��#$%&'�#(&�)�/#$%&'��
+        (4) 

where:  

xpred = Predicted Mr  

xmeas = Measured Mr  

xavg = Average of xpred  
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n = Number of data sets (Mr measurements) 

p = Number of regression parameters    

The application of the universal model for the whole dataset for all blends yielded a 

low Radj
2
 of 0.369, high Se/Sy of 0.790 and high RMSE of 38.92 (refer to Table 2). 

The resilient moduli were calculated at the anticipated field stresses for a base layer 

using the universal resilient modulus model (Equation 1) and the regression 

parameters in Table 2. The reported anticipated field deviator stress for the unbound 

granular materials is in the range of 89.7 to 110.4 kPa while the anticipated confining 

pressure ranges from 27.6 to 55.2 kPa (Ji et al. 2014).  

The effect of RAP percentage in the blend on the resilient modulus was studied. The 

calculated resilient modulus at the anticipated field stresses (σd = 110.4 kPa and σ3= 

55.2 kPa) for each blend is depicted in Figure 2. A strong linear trend was found 

between the RAP percentage and the resilient modulus confirming that the RAP level 

in the blend has a significant effect on the resilient modulus. This is also indicated by 

the values of the term k1 of the universal model (Equation 1) which is found to 

increase with the increase of RAP percentage in the blend as shown in Table 2.  

The values of the resilient modulus for different blends were compared with the South 

Australian Department for Transport, Energy and Infrastructure standards for the 

recycled material (DPTI 2011) as currently there are no Egyptian standards for the 

resilient modulus. All the blends meet the requirements for base material which is 300 

MPa as a minimum.  

Resilient Modulus Model Development 

Significance of RAP percentage  
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A model is proposed for resilient modulus prediction based on the universal model 

with a single set of constants for all blends. As discussed before, the effect of the RAP 

percentage on the resilient modulus is obvious. Consequently, the proposed model 

considers this effect. The proposed model is shown in Equation 5. 

�� = ;��� � 	

��


� �����
� + 1�
< + ;=.>?                    (5) 

Where: 

RAP = RAP percentage in the blend (%) 

k1, k2, k3, k4 = regression parameters =1.44, 0.60, 0.192, 4.10, respectively (See Table 

2). 

Figure 3 presents the dataset fitted with the proposed model (Equation 5) which 

indicates excellent goodness of fit with R
2
adj of 0.94, Se/Sy of 0.236, and RMSE of 

12.24%. It is interesting that the value of the regression parameter (k4) in Equation 5 

has the same value of the slope of the Mr-RAP relationship shown in Figure 2. 

Significance of load duration and Bitumen Content   

The blends of 20% and 60% RAP were chosen to investigate the load duration impact 

on the modulus. The cycle duration was changed from 1 second to 2 seconds and 3 

seconds. These load durations represent the slow speeds at the highway intersections 

and during traffic jams. The cycle duration of 2 seconds was divided into 0.5 second 

loading and 1.5 second dwell, whereas the 3 seconds cycle duration was divided into 

1 second loading time and 2 seconds dwell.  

The significance of the cycle duration (1, 2, and 3 seconds) on the resilient modulus 

was studied for the 20% and 60% RAP blends. Figure 4 exemplifies the effect of load 
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duration on the 60% RAP blend over the 15 load sequences. This figure shows that 

the resilient modulus decreases with the increase in loading time. This indicates that 

with an increase in loading time, RAP/aggregate blends will deform rapidly.  

Figure 5 presents the average calculated resilient modulus at the anticipated field 

stresses and different cycle durations for the 20% and 60% RAP blends. The results 

show that as the percentage of RAP in the blend increases from 20% (i.e., 1.04% 

asphalt content by total weight of the blend) to 60% (i.e., 3.12% asphalt content), the 

effect of load duration increases. This is clear from the slopes of the regression lines 

shown in Figure 5. The reason for that is the viscoelastic behavior of the asphalt 

material; i.e., RAP behaves as elastic material at the fast moving loads while it 

behaves as a viscous material at slow moving loads (Khan et al. 2015).  

Further validation of the proposed model (Equation 5) was made using the testing 

results at different cycle durations. The data was divided into two parts (2 seconds and 

3 seconds cycle duration). By the optimization of the model for each case, the 

proposed model gave an excellent goodness of fit. The regression parameters and 

goodness of fit statistics are summarized in Table 2.  

It should be noted that the proposed model is limited to one moisture state and 

density, therefore, further validation of the model over a range of moisture states and 

densities should be considered in the future. 

Another model is proposed for resilient modulus prediction based on the universal 

model with a single set of constants for all blends taking into account the load 

duration. The proposed model is given by Equation 6. 

�� = �@A + B��� � 	

��


� �����
� + 1�
< + ;=.>?                   (6) 
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Where: 

t = load cycle duration (sec) 

a, b, k2, k3, k4 = regression parameters = -0.35, 1.84, 0.62, 0.34, 2.42, respectively. 

Figure 6 presents the dataset fitted with the proposed model (Equation 6). The model 

yielded excellent goodness of fit statistics with R2
adj of 0.917, Se/Sy of 0.285, and 

RMSE of 19.87%. 

Mr and CBR Relationship 

Table 3 presents some of the previous models that have been reported to estimate the 

resilient modulus from CBR/bulk and or octahedral shear stress. The estimated Mr 

values for the investigated RAP blends from these models are also presented. A 

comparison was made between the estimated CBR and the calculated Mr based on the 

anticipated field stresses. This comparison indicated a significant difference between 

the estimated and calculated Mr values. The difference between the values increases 

as the RAP percentage in the blend increases, because these empirical equations were 

developed for virgin aggregates not RAP. It should be noted that Equation (7) in the 

table is used in the MEPDG software to estimate the resilient modulus from CBR in 

level 2 unbound materials inputs (ARA, 2004). (Abd El-hakiem et al. 2016) reported 

that the application of Equation (7) in the MEPDG for recycled materials was not 

reasonable. Thus a new equation should be developed and calibrated for recycled 

materials. 

Figure 7 demonstrates the relationships between Mr and CBR for all blends. It can be 

seen that the resilient modulus is inversely proportional with the CBR. A strong power 

trend was found between the Mr and CBR in this study with R
2
 equals 0.93. The first 
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model (Equation 10) is based on Mr values calculated at the anticipated field stresses 

using the k-θ model (Equation 9) while Equation 11 is based on Mr values calculated 

at the anticipated field stresses using the universal model (Equation 1). In both 

equations, Mr is expressed in MPa while the CBR is expressed in percentage. 

MR = 1400 (CBR)
-0.32

                                                       (10) 

MR = 1392.36 (CBR)
-0.31

                                                       (11) 

Only very few literature studies tested RAP blends for both CBR and Mr. (Bennert 

and Maher 2005; Kolay and Singh 2016) conducted the CBR and Mr testing on 

different RAP/virgin aggregate blends prepared at OMC and MDD. In this paper, the 

results of these two studies were used to develop Mr – CBR relationships. A 

comparison between these relationships and the proposed Mr – CBR relationship of 

this study (Equation 11) is shown in Figure 7. It is clear from this comparison that the 

Mr – CBR relationship depends on the source material properties. In order to develop 

a universal Mr – CBR relationship, more RAP/aggregate blends from different sources 

need to be tested.  

Evaluation of Pavement Life using KENLAYER  

The pavement service life was predicted using the KENLAYER software (Huang, 

2004). A typical flexible pavement section with 5 in. (12.7 cm) asphalt layer on top of 

10 in. (25.4 cm) base layer resting on a subgrade as demonstrated in Figure 8 was 

used in the simulation runs. The RAP blends (0% and 20%, and 100%) were used as 

base layer. The main properties of the base materials are summarized in Table 4. The 

properties of the asphalt and subgrade layers are the same for all sections as shown in 

Figure 8.  
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Traffic repetitions of 50,000 18-kips (80-kN) equivalent single axle loads (ESALs) 

per year, with 120 psi (0.827 MPa) tire pressure and 13 in. (33 cm) spacing between 

the dual tires were applied to the studied pavement sections. The nonlinear analysis 

module for the base layer was used in the analysis. This module uses the k-θ model 

(Equation 9) to express the nonlinear properties of the base layer. The parameters 

were input into KENLAYER program for damage analysis based on the three-layered 

pavement systems under the standard axle load with dual tires presented previously. 

The damage analysis was based on the horizontal tensile strain at the bottom of the 

asphalt layer for fatigue failure and the vertical compressive strain at the top of the 

subgrade layer for rutting failure. The service lives of the analyzed pavements were 

found to be 18.6, 23.6 and 93.7 years for 0%, 20% and 100%RAP, respectively.  This 

analysis confirms the validity of RAP as a base material. It shows that RAP is a 

superior material compared to virgin aggregate in base layers. However, for the higher 

percentage of RAP i.e. 100% RAP, permanent deformation testing is recommended to 

be performed on these materials. The use of a CBR as the main criterion for the 

selection of the unbound materials for base and subbase layers, which is being 

practiced by many countries, should be further investigated for the RAP.   

Conclusions 

Based on the testing results and analyses, it was indicated that the CBR and the 

hydraulic conductivity decreased with the increase of the RAP percentage. However, 

a dramatic increase in resilient modulus values was noted with the increase of the 

RAP replacement in the blend for samples compacted at OMC and MDD. Based on 

CBR results, RAP up to 60% can be used in road subbase construction in Egypt. 

However, only up to 20% RAP could be used in road base construction.  This is based 

Page 16 of 37

https://mc06.manuscriptcentral.com/cjce-pubs

Canadian Journal of Civil Engineering



Draft

17 

 

only on the CBR as the sole criterion for the RAP strength. However, this criterion is 

questionable for the RAP and should be further investigated. A model was proposed 

for the prediction of resilient modulus as a function of the stress state and RAP 

amount. The model provides excellent prediction of resilient modulus with R
2
 of 0.94. 

It was also indicated that the resilient modulus decreases with increase in load cycle 

duration, which indicates that with increase in time of loading, the deformation will be 

rapid. Another model was proposed for resilient modulus prediction based on the 

universal model with a single set of constants (R
2
 = 0.92) for all blends taking into 

account the load duration. A strong inverse trend was found between Mr and CBR. 

Finally, an Mr-CBR relationship was proposed for the investigated RAP materials. 

This relationship depends on the properties of the source materials. The nonlinear 

multilayer elastic analysis using KENLAYER showed superior performance of 

pavement sections with base layers of 100% RAP compared to only virgin aggregate 

base layers. However, permanent deformation testing is important to justify the results 

of the 100% RAP materials. Finally, more investigation should be conducted on 

different recycled materials for more clarification on the impact of the load duration 

on resilient modulus.   
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Table 1 Basic Engineering Properties of the Blends  

Specification 

Limits for the 

Base Layer
a
 

Percentage of RAP 

Test Specification 
Experimental 

Test 

100 80 60 40 20 0 

5 – 15 0.90 --- --- --- --- 6.40 AASHTO T 27-99 P200, % 

--- 
2.245 

 
2.300 

 
2.350 

 
2.413 

 
2.478 

 
2.541 

 
AASHTO T 85-91 

Bulk Specific 
Gravity 

10 Max. 1.1 --- --- --- --- 1.5` AASHTO T 85-91 
Water 

Absorption, % 

50 Max. 31.6 --- --- --- --- 25.5 AASHTO T 96-99  LAA, % 

25 Max. --- --- --- --- --- 24.4 AASHTO T 89-96 LL, % 

6 Max. NPb --- --- --- --- 5.3 AASHTO T 90-00 PI, % 

--- A-l-a --- --- --- --- A-l-a AASHTO M 145-91 
Material 

Classification 

--- 9.5 --- --- --- --- 7.8 AASHTO T 289-91  pH 

--- 1.990 2.095 2.150 2.195 2.200 2.245 AASHTO T 180-97 
MDD, 

gm/cm
3
 

--- 6.0 6.1 6.4 6.6 7.0 7.5 AASHTO T 180-97 OMC, % 

60 Min. for 

minor and 

local roads 

6 17 27 44 62 84 AASHTO T 193-99 
CBR 4 days 
soaked, % 

--- 5.57 15.11 49.22 80.43 100.99 191.70 ASTM D 5856-95 
Permeability, 

cm/sec (10
-3

) 
a According to ECP-104, 2008 

b Non Plastic 
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Table 2 Regression Parameters of the Universal Model for the Investigated Blends  

RAP (%) 

Load 

duration 

k1 k2 k3 k4 R
2
 R

2
adj Se/ Sy %RMSE 

0 

1 second 

1.82 0.35 0.45 --- 0.986 0.983 0.120 4.33 

20 2.25 0.46 0.12 --- 0.995 0.994 0.070 2.25 

40 2.87 0.43 0.01 --- 0.985 0.983 0.122 3.56 

60 3.21 0.34 0.235 --- 0.993 0.992 0.083 2.23 

80 4.70 0.25 0.148 --- 0.962 0.957 0.194 3.29 

100 5.31 0.30 0.027 --- 0.991 0.990 0.094 1.80 

All Blends 

(Equation 1) 

3.34 0.33 0.174 --- 0.376 0.369 0.790 37.92 

All Blends 

(Equation 5) 

1.72 0.54 0.20 2.75 0.943 0.940 0.239 12.33 

All Blends 

(Equation 5) 

2 seconds 0.95 0.77 0.30 2.61 0.937 0.933 0.252 12.92 

All Blends 

(Equation 5) 

3 seconds 0.47 0.83 0.77 2.39 0.905 0.900 0.309 20.28 
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Table 3 Literature Models for Mr Prediction as a Function of CBR/ bulk and/or octahedral 

shear stress 

Reference Model, (MPa) 

Equation  

No. 

Percentage of RAP 

0  20  40  60  80  100  

Ayres (1997) MR = 21 (CBR)
0.65

       (7) 375 307 247 179 134 67 

Powell et al (1984) MR = 17.58 (CBR)
0.64

  (8) 300 246 199 145 109 55 

Hicks & Monismith (1971)  MR = ;��C�
�            (9) 306 375 446 491 635 726 

NCHRP (2004) Universal Model        (1) 314 378 446 497 644 727 
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Table 4 Materials Properties used for KENLAYER Analysis 

%RAP in Base 

Layer 

Mr*, psi (MPa) Unit Weight  

(pcf) 

K1, psi (MPa) k2  Angle of Internal 

Friction (φ), 

degrees 

0 44465.2 (306.76) 140 7651.0 (567.0) 0.48 56 

20 54551.6 (376.34) 137 8734.7 (713.3) 0.50 51 

100 105356.8 (726.88) 124 33965.3 (1079.2) 0.31 39 

* 
Mr values at the anticipated field conditions (σ1 = 24 psi (0.1655 MPa), σ3 = 8 psi (0.0552 MPa)). 
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Fig. 2.  
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Fig. 3.  
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Fig. 5.  
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Fig. 6.  
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Fig. 7.  
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Fig. 8.  
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