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EXECUTIVE SUMMARY 

The objectives of this study were to determine the resilient modulus for 

recycled materials using Large-Scale Model Experiments (LSME) to replicate field 

conditions.  Tests were conducted on two recycled materials; recycled asphalt 

pavement (RAP) and recycled concrete aggregate (RCA), as well as on one blended 

material consisting of 50% RCA and 50% conventional base material (Class 5).  The 

results of LSME testing were compared to the resilient modulus determined using 

laboratory methods in accordance with NCHRP 1-28a and field scale methods using 

falling weight deflectometer (FWD).  The scalability of the laboratory results to field 

conditions was addressed by adjusting the resilient modulus to reflect a comparable 

stress-state and strain level.  The plastic deformation of materials tested in the 

LSME was also assessed.  A conventional base course meeting the gradation 

standard of a Minnesota Department of Transportation Class 5 aggregate was used 

as a reference material in this study. 

The plastic deformation of RAP was 211% and 102% greater than that 

experienced by Class 5 for layer thicknesses of 0.3 m and 0.2 m, respectively, 

whereas the plastic deformation of RCA was 69% smaller than the plastic 

deformation experienced by the Class 5 for both layer thicknesses.  The amount of 

deformation experienced by the blended RCA/Class 5 was 39% and 19% smaller for 

the 0.2-m and 0.3-m thick layers, respectively, indicating that the amount of 

deformation experienced in the base decreases with an increase in RCA.  The 

amount of plastic deformation experienced by the RAP, RCA and Class 5 decreased 

with an increase in layer thickness.  The plastic deformation of RAP and RCA 
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decreased 44% and 10%, respectively, for an increase in layer thickness from 0.2 m 

to 0.3 m.  Class 5 experienced a reduction in plastic deformation of about 14% for an 

increase in layer thickness from 0.2 m to 0.3 m, which was slightly larger than the 

plastic deformation experienced by RCA, but significantly smaller than the plastic 

deformation experienced by RAP. 

The summary resilient modulus (SRM) of RCA was 24% to 77% greater than 

that of Class 5, while the SRM of RAP was 18 to 33% greater.  The SRM of the 

blended RCA/Class 5 was 17% to 29% greater than that of Class 5, which was 

comparable in magnitude to the SRM of RAP.  The SRM of specimens increased 

with an increase in RCA content, although not in a linear manner.  The cause of this 

non-linear behavior may be that the blended material is not a perfect 50%/50% 

blend.  The SRM of all materials increased with an increase in layer thickness.  The 

magnitude of this increase was common between the materials, and was between 

130 MPa and 176 MPa. 

The recycled granular material tested in the LSME is sensitive to layer 

thickness, indicating that the resilient modulus of the material is sensitive to varying 

strain levels.  The resilient modulus was normalized to the low-strain (maximum) 

modulus, and plotted as a function of shear strain.  The resulting plot suggests a 

backbone curve which describes the stress-strain dependency of resilient modulus 

for a given material.  After applying corrections for stress-state and strain level, the 

resulting low-strain moduli for FWD, LSME and bench-scale tests were determined 

and found to be of the same magnitude within a reasonable amount of variance thus 

indicating the scalability of laboratory modulus to operating field modulus.  
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1. Introduction 

 The production of crushed stone aggregate in the United States was 

estimated at 2.2 billion metric tons in 1996, of which the U.S. highway system 

accounts for over 40 percent of the total demand (Grogan 1996).  However, rapidly 

decreasing sources of virgin aggregate, along with limits placed upon aggregate 

production by environmental regulation and land use policies, has caused the price 

of these materials to increase dramatically (ACPA 2009).  Conversely, the 

production of demolition and construction waste has increased as the amount of 

landfill available to contain this material has decreased (Poon et al. 2006, Chini et al. 

2001).  The need to find appropriate disposal locations for this material has been of 

increasing concern (Kuo et al. 2002).  Recycling programs offer a viable solution to 

both problems. 

The use of recycled materials as recycled base course in new or rehabilitated 

roadway construction has become more common in the last twenty years, with some 

municipalities reporting as much as 400,000 tons of recycled materials used in this 

manner (Bennert et al. 2000, Nataatmadja and Tan 2001).  Recycled roadway 

materials are typically generated and used at the same construction site, providing 

increased savings in both money and time (Bennert et al. 2000).  It has been 

speculated that in some municipalities recycled materials cost less to use than 

conventional crushed-stone base material by as much as 30% (Blankenagel and 

Guthrie 2006). 

 Recycled asphalt pavement (RAP) and recycled concrete aggregate (RCA) 

are materials commonly used as unbound base course in the construction of 
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roadway pavement.  RAP is produced by removing and reprocessing existing 

asphalt pavement, and RCA is the product of the demolition of concrete structures 

such as buildings, roads and runways (Kuo et al. 2002, Guthrie et al. 2007, FHWA 

2008).  The production of RAP and RCA results in an aggregate that is well graded 

and of high quality, and the costs of recycled materials have been estimated to be 

25% to 50% cheaper than traditional aggregates (Guthrie et al. 2007, FHWA 2008).  

Despite the increased acceptance of recycled base materials in construction, 

research concerning the mechanical properties and durability of such materials has 

been lacking (Bennert et al. 2000, Nataatmadja and Tan 2001, Guthrie et al. 2007). 

The objectives of this study were to determine the resilient modulus and 

permanent deformations of RAP and RCA in the laboratory using Large-Scale Model 

Experiments (LSME) to simulate field conditions, and to determine the effect of 

varying RCA content and layer thickness on material stiffness.  Scaling between 

LSME, typical bench-scale laboratory, and falling weight deflectometer (FWD) 

testing in a road section constructed of these materials is also discussed.  This 

thesis describes the findings of the study. 
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2. Background 

2.1. Production of Recycled Materials 

Recycled asphalt pavement (RAP) and recycled concrete aggregate (RCA) 

are two materials commonly used as an alternative to virgin aggregate in roadway 

construction and rehabilitation.   There is some ambiguity regarding the 

nomenclature involved in the production of RAP.  RAP refers to the removal and 

reuse of the hot mix asphalt (HMA) layer of an existing roadway. Recycled pavement 

material (RPM) is a term used by some investigators to describe pavement materials 

reclaimed through a less precise process in which the HMA with either part of the 

base course layer or the entire base course layer with part of the underlying 

subgrade is reclaimed for use (Li et al. 2007, Wen and Edil 2009).  Unless specified, 

these two distinct recycled asphalt materials will be collectively referred to as RAP. 

RAP is typically produced through milling operations, which involve the 

grinding and collection of the existing HMA.  RPM is typically excavated using full-

size reclaimers or portable asphalt recycling machines (Guthrie et al. 2007, FWHA 

2008).  RAP can be stockpiled, but is most frequently processed immediately and 

reused on-site.  Grading of RAP is typically achieved through pulverization with a 

rubber tired grinder (Bejarano et al. 2003).  Typical RAP gradations resemble a 

crushed natural aggregate, with a higher content of fines resulting from degradation 

of the material during milling and crushing operations.  The inclusion of subgrade 

materials in RPM can also contribute to higher fines content.  Milling produces a 

finer gradation of RAP when compared to crushing (FHWA 2008). 
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 RCA production involves crushing to achieve gradations comparable to 

typical roadway aggregate.  Fresh RCA contains a high amount of debris and 

reinforcing steel that must be removed prior to placement.  A jaw crusher breaks any 

debris from the RCA and provides an initial crushing.  Debris is removed along a 

picking belt, and the remaining concrete is further crushed and screened to a 

specified gradation (Kuo et al. 2002).  RCA is very angular in shape with a lower 

particle density and greater angularity than would normally be found in traditional 

virgin base course aggregates.  Residual mortar and cement paste found on the 

surface of RCA contributes to a rougher surface texture, lower specific gravity, and 

higher water absorption compared to typical roadway aggregates (Kuo et al 2002, 

FHWA 2008).  

 

2.2. Recycled Materials Used as Unbound Base Course 

Several studies have been conducted comparing the mechanical properties of 

pure RAP and RCA with those of typical roadway base course aggregates.  

Bejarano et al. (2003) investigated the strength and stiffness of pure RAP compared 

to typical base course aggregate.  Testing was performed on one RAP and two 

virgin base course aggregates.  Individual specimens for each material were 

compacted at optimum moisture content (OMC) and at 95% and 100% of maximum 

wet density (MWD) according to CalTRANS specification CTM 216.  Static triaxial 

tests were performed at confining pressures of 0, 35, 70 and 105 kPa.  Stiffness 

tests were conducted according to AASHTO TP-46.  Regardless of compaction 

effort, the shear strength of RAP and virgin aggregate were of comparable 
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magnitude, and the stiffness of RAP was greater than that of virgin aggregate.  An 

increase in compaction effort increased the stiffness of RAP and one of the 

aggregate specimens, but had no effect on the second aggregate specimen.  

Guthrie et al. (2007) evaluated the effects of RAP content on the shear 

strength and stiffness of roadway base course aggregate.  Two RAP and two 

aggregates were chosen for the investigation.  Specimens were prepared at RAP 

percentages of 100%, 75%, 50%, 25% and 0% (100% aggregate) for each of the 

possible RAP/aggregate permutations using modified compaction effort (ASTM D 

1557).  Specimen strength was determined by the California Bearing Ratio test 

(ASTM D 1883).  Specimen stiffness was determined by free-free resonant column 

after compaction, after 72 hours of heating at 60°C to simulate summer conditions, 

and after an 11-day soaking/submerging period to simulate field saturation.  

Specimen strength decreased with an increase in RAP content.  The stiffness 

of specimens tested immediately after compaction decreased with the addition of 

25% RAP, and then increased for RAP contents of 50%, 75%, and 100%.  This 

trend reversed after 72 hours of heating: the stiffness of the material increased with 

the addition of 25% RAP, and then decreased for increased RAP content.  Guthrie 

attributes this decrease in stiffness to the softening of asphalt during the heating 

process.  After 11 days of soaking, the material maintained the same decrease-

increase behavior as the heated specimen.  However, the soaked materials 

displayed a 40% to 90% decrease in stiffness when compared to the heated 

material. 
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Kim et al. (2007) studied the effect of RAP content on the stiffness of blended 

aggregate base course.  Stiffness tests were performed on pure RAP and aggregate 

samples and an in-situ blend of full-depth reclamation (FDR) material in accordance 

with National Highway Research Program testing protocol 1-28A (NCHRP 1-28a).  

Specimens were prepared at RAP percentages of 75%, 50%, 25% and 0% (i.e., 

100% aggregate) and at moisture contents corresponding to 65% and 100% of OMC 

under standard compaction effort (AASHTO T 99).  Stiffness increased for both an 

increase in RAP content and an increase in confining pressure.  At higher confining 

pressures, the stiffness increased faster for specimens with higher RAP content.  

Specimens tested at 65% OMC had higher stiffness when compared to specimens 

prepared at 100% OMC at all confining pressures.  

Bennert et al. (2000) investigated the shear strength of pure RAP and RCA 

compared to typical aggregate, and evaluated the effect of RAP and RCA content on 

the stiffness of blended aggregate base course.  Strength tests were performed on 

one RAP, one RCA, and one aggregate sample.  Specimens were compacted at 

maximum dry density (MDD) and OMC using standard compaction effort in 

accordance with methods described in AASHTO TP46-94, and loaded under drained 

static triaxial conditions at a common confining load of 103.42 kPa.  Shear strength 

was higher for RCA than RAP; however shear strength was higher for pure 

aggregate than either RAP or RCA.  

Stiffness tests were conducted according to AASHTO TP46-94.  Specimens 

were prepared with RAP and RCA percentages of 100%, 75%, 50%, 25% and 0% 

(100% aggregate).  Stiffness was higher for RAP and RCA than pure aggregate, and 
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increased with an increase in RAP or RCA content.  RCA experienced lower 

permanent strain than pure aggregate; however RAP experienced higher permanent 

strain than RCA or pure aggregate.  Bennert et al. (2000( suggest that the high 

permanent strains experienced by RAP may be due to either the breakdown of 

asphalt binder under loading or deficiencies inherent in the testing sequence itself. 

Nataatmadja and Tan (2001) evaluated the relationship between the pre-

crushing compressive strength and post-crushing stiffness of RCA.  Four RCA with 

pre-crushing compressive strengths of 15, 18.5, 49 and 75 MPA were tested for 

stiffness according to methods proposed by Nataatmadja (1992).  Each material was 

crushed and mixed to a particle size distribution comparable to typical roadway 

aggregate.  Specimens were compacted at 89% of OMC using modified compaction 

effort (AS 1289.5.2.1).  The stiffness of RCA increased with an increase in 

compressive strength from 15 MPa to 18.5 MPA, and again from 18.5 MPa to 49 

MPa.  However an increase in compressive strength from 49 MPa to 75 MPa 

resulted in a decrease in stiffness.  Nataatmadja and Tan suggest that RCA with 

very high compressive strengths are more prone to break into elongated particles 

during crushing.  Elongated particles were more prone to degradation after extensive 

loading, resulting in a lower stiffness than would otherwise be expected.  

Camargo et al. (2009) compared the strength and stiffness of two recycled 

materials, RPM and recycled road surface gravel (RSG), to the strength and 

stiffness of an aggregate graded to the specifications for the Minnesota Department 

of Transportation (MnDOT) Class 5 base course.  Specimen strength was 

determined by the California Bearing Ratio (CBR) test according to ASTM D 183, 
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and stiffness was determined by NCHRP 1-28a.  The RPM and RSG each had a 

higher CBR than the typical base course aggregate, although all three materials had 

CBR values that were lower than the typically desired base course CBR value of 50.  

The RPM and RSG had a higher and lower stiffness, respectively, when compared 

to the Class 5 aggregate.  The plastic strain experienced by the specimens during 

stiffness testing was lowest for RPM and highest for RSG and Class 5, which shared 

a plastic strain that was similar in magnitude. 

Burrego et al. (2009) tested four RAP materials to quantify the variability of 

stockpiles in terms of gradation, asphalt content, and sand equivalency.  An evident 

variation in gradation was noted for the RAP taken directly from stockpiles, although 

the variation was small after the material was subjected to ignition oven testing.  The 

content of gravel, coarse sand, and fine sand were similar for each of the RAP 

samples.  Burrego found that the asphalt content of RAP, which varied from 4.5% to 

8.5%, had a significant effect on the gradation of the material.  The sand 

equivalencies of the RAP samples were between 50 and 91. 

 

2.3. Resilient Modulus 

2.3.1. Definition of Resilient Modulus 

Resilient modulus is a measure of a material’s ability to deform elastically 

under cyclic compressive loading, and relates material stiffness to the mechanistic-

empirical design method of pavements (NCHRP 1-37a).  The performance of flexible 

pavement is dependent on the stiffness of the associated base course.  Base course 

layers with higher resilient moduli are stiffer, incur less elastic deformation, and 
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transfer less stress to the overlying asphalt concrete and underlying subgrade.  The 

reduction in fatigue cracking and rutting associated with this decrease in stress can 

have a positive effect on pavement life (Bejarano et al. 2003).  

Resilient modulus testing involves cyclic loading of a specimen to simulate a 

moving wheel load.  The elastic response of the specimen is recorded for various 

deviator and confining stresses.  Elastic response is initially non-linear and the 

specimen experiences both plastic and elastic strains.  When the applied deviator 

stress is small compared to the strength of the specimen, the plastic strain gradually 

dissipates and the remaining strain becomes almost entirely elastic and recoverable 

(Huang 2004).  The linear-elastic modulus based on the recoverable strain is defined 

as resilient modulus, and is defined mathematically by Eqn. 2.1: 

 Mr=
σd
εr

          (2.1) 

in which εr is the recoverable elastic strain and σd is the applied deviator stress. 

    

2.3.2. Factors that affect the Resilient Modulus of Unbound Aggregate 

 Several factors can influence the resilient behavior of a granular base course 

material, with stress-state having the greatest overall effect (Lekarp et al. 2000).  

Resilient modulus increases significantly with an increase in confining stress and 

decreases with an increase in deviator stress (Monismith et al. 1967, Hicks 1970).  

The effects of deviator stress are minimal to negligible for purely granular materials, 

depending on the amount of plastic deformation (Morgan 1966, Hicks and Monismith 

1971).  Moisture content can affect the stiffness of a granular material, but the extent 

to which this occurs depends on the degree of saturation.  The stiffness of typical 
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granular specimens will stay nearly constant at lower saturation levels, but will 

decrease significantly as the saturation level rises (Hicks and Monismith 1971, 

Barksdale and Itani 1989).  Lekarp et al. (2000) suggests that excess pore water 

pressures develop during cyclical loading for high degree of saturation, which 

decrease the strength and stiffness of the material. 

Density, gradation and particle shape have been shown to have a small effect 

on the resilient modulus of granular material.  Increased density contributes to an 

increased stiffness for granular material; however, increased fines content and 

increased crushing efforts appear to diminish these effects (Hicks and Monismith, 

1971 Kolisojah 1997).  Uniformly-graded specimens are stiffer than well-graded 

materials (Thom and Brown 1988); however the effects of moisture, fines content 

and particle angularity can increase the stiffness of well-graded aggregate to a 

degree equal-to or greater-than uniformly-graded aggregate (Plaistow 1994, Van 

Niekerk et al. 1998).  Granular materials with angular to sub-angular particles have 

been found to have a higher resilient modulus than materials with rounded to sub-

rounded particles (Hicks 1970, Thom and Brown 1989).  

Research suggests that these influence factors also affect the resilient 

modulus of recycled aggregates.  The resilient modulus of RAP and RCA has been 

shown to increase under the influence of increasing confining stress (Bennert et al. 

2000, Molenaar and Van Niekerk 2002, Bejarano et al. 2003, Kim et al. 2007).  Kim 

further found that increasing deviator stress decreased the resilient modulus of RAP, 

but had less of an effect than the confining stress.  Tanyu et al. (2003) noted that 
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state of stress and strain amplitude had a significant effect on resilient moduli of 

various granular materials determined in both small and large-scale tests.  

Kim et al. (2007) noted that RAP compacted at moisture contents less than 

optimum showed an increase in stiffness.  Guthrie et al. (2007) found that RAP 

specimen stiffness decreased after extensive periods of saturation.  Molenaar and 

Van Niekerk (2002) and Bejarano et al. (2003) found that increasing density 

increased the stiffness of RAP and RCA specimens, respectively.  Molenaar and 

Van Niekerk (2002) also note that the gradation of RCA has limited influence on 

resilient modulus.  Guthrie et al. (2007) found that the strength in RAP increased 

with particle angularity, although a correlation between angularity and stiffness could 

not be made. 

 

2.3.3. Small-Scale Determination of Resilient Modulus of Unbound Aggregate 

The linear-elastic response of unbound aggregate vary with different stress-

states, with an increase in confining stress contributing to an increase in resilient 

modulus.  Bench-scale laboratory tests subject a specimen to a sequence of 

deviator stresses and confining pressures and the resilient modulus of the specimen 

is determined by the elastic response.  These sequences reflect typical field loading 

situations, and are defined by standards published by AASHTO or NCHRP guides. 

One common power-function relating resilient modulus to bulk stress in 

granular materials is known as the K-θ model, and was proposed by Seed el al 

(1967), Brown and Pell (1967), and Hicks (1970).  The K- θ model is presented in 

Eqn. 2.2: 
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Mr=k1 ൬ θ
po

൰
k2

         (2.2) 

in which θ is the bulk stress, po is a reference stress (1 kPa), and k1 and k2 are 

empirically fitted constants for a given material.  The bulk stress is expressed as the 

sum of the three principle stresses as defined in Eqn. 2.3: 

ߠ ൌ ଵߪ ൅ ଶߪ ൅  ଷ        (2.3)ߪ

The reference stress is an atmospheric constant used to eliminate the influence of 

pressure units on the calculated resilient modulus. 

 

2.3.4. Large-Scale Model Experiments for Determination of Resilient Modulus 

of Unbound Aggregate 

The Large-Scale Modeling Experiment (LSME) is a large prototype-scale test 

developed for simulating the performance of pavement sections in a laboratory 

setting.  The advantage of the LSME testing is that it allows field conditions to be 

more accurately modeled than typical bench-scale testing methods.  The pavement 

sections, or parts of them, are loaded cyclically to simulate field traffic loads and the 

resilient modulus is back calculated from the recorded response. 

Falling weight deflectometer (FWD) is a non-destructive test used to 

determine the elastic modulus of pavement sections in the field.  A weight of known 

mass is dropped from a designated height, and the deflection of the pavement at 

radial distances from the load location is recorded.  The elastic modulus is back 

calculated from these measurements.  
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Tanyu et al. (2003) used LSME testing to determine the resilient modulus of 

typical base course material and two granular industrial by-products used as 

subbase materials.  LSME test results were compared to resilient moduli determined 

from FWD and bench-scale tests.  The summary resilient modulus is based on a 

bulk stress of 208 kPa as suggested for base course materials by NCHRP 1-28a sec 

10.3.3.9, and calculated according to Eq. 2.2.  The summary resilient modulus 

determined from the LSME and FWD tests were found to be similar in magnitude; 

however the summary resilient modulus determined from the bench-scale tests were 

found to be lower than those determined from LSME and FWD.  Tanyu suggests 

that the LSME is a good indicator of the resilient modulus of field pavement sections, 

but that use of laboratory resilient modulus tests should be considered conservative 

at best.  The resilient modulus measured in the LSME was also shown to be 

sensitive to thickness, with thicker layers having a higher stiffness.  The modulus is 

dependent on strain amplitude: thicker layers contribute to wider stress distributions 

which lead to lower vertical strains (Seed 1970). 

Kootstra et al. (2010) and Ebrahimi et al. (2010) used LSME testing to 

determine the deflection behavior and resilient modulus of a typical base course 

material and two recycled road materials, RPM and road surface gravel (RSG), used 

as base course material.  The typical base course material was graded to MnDOT 

Class 5 aggregate specifications.  Plastic strain and resilient modulus for each 

material were found to increase monotonically with the number of loading cycles.  

The plastic strain experienced by the Class 5 exhibited plastic shakedown, in which 

the plastic deformation ceased after an initial deformation period, and the plastic 
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strain experienced by the RPM and RSG experienced creep shakedown, in which 

the plastic deformation continued constantly during cyclic loading.  Kootstra et al. 

(2010) suggest that the reason for the continuous plastic deformation was 

respectively due to the viscous deformation of the asphalt in RPM and the amount of 

plastic fines present in RSG.  RPM and RSG were found to have a greater overall 

susceptibility to plastic deformation than Class 5.  Summary resilient moduli 

determined by LSME testing was compared to bench-scale tests on the same 

materials conducted by Camargo et al. (2009); however, no clear correlation 

between the two methods could be made.  Ebrahimi suggests that the difference 

between the summary resilient moduli determined by these two methods could be 

due to either a scale effect related to the volume of material involved, or to a 

difference in the strain amplitude experienced by each specimen. 

Bejarano et al. (2003) used FWD testing to investigate the performance of 

RAP used in roadway rehabilitation.  Tests were performed prior to rehabilitation on 

pavement consisting of asphalt concrete over typical unbound aggregate base 

course.  The asphalt concrete was then pulverized and used as unbound base 

course for new roadway construction.  Additional testing on the rehabilitated 

roadway indicated that the new pulverized RAP base course had a higher resilient 

modulus and resistance to shear strength compared to the original base course. 
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3. Materials and Methods 

3.1. Materials 

Two recycled materials, one conventional base material, and one blended 

recycled/conventional material were used in this investigation.  The two recycled 

materials were a recycled asphalt pavement (RAP) and a recycled concrete 

aggregate (RCA), the conventional base material was a gravel meeting the MnDOT 

Class-5 specifications, and the blended material was a mix of approximately equal 

parts RCA and Class-5.  The Class-5 material was used as the control material in 

this study.  These materials are the same materials used in the roadway cells 

previously constructed at the MnROAD test facility in Maplewood, Minnesota and 

were obtained during construction.  The Class-5 was salvaged from the base course 

of a previously constructed roadway cell.  The RAP was milled from the surface of 

roadway cells also previously constructed at the MnROAD test facility.  The RCA 

was obtained from a stockpile maintained by the Knife River Corporation at their pit 

located at 7979 State Highway 25 NE in Monticello, Minnesota.  The blended 

material was mixed on site with the blade of a bulldozer prior to placement in the 

roadway cell.  

A summary of the index properties, compaction test data and soil 

classifications for the four recycled materials is presented in Table 3.1.  The RAP 

and Class-5 are classified as SP and A-1-b in the Unified Soil Classification System 

(USCS) (ASTM D 2487) and AASHTO Soil Classification System (AASHTO M 145), 

respectively.  The blended RCA/Class 5 and RCA are classified as A-1-a according, 

and respectively as SP and GP according to USCS.  Each of the materials used in  
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Table 3.1.  Index properties for RAP, Class 5, RCA, and Blended RCA/Class 5. 

Sample 
D50    

(mm) Cu Cc 
wopt   
(%) 

γd max 
(kN/m3)

Asphalt 
Content 

(%) 

LL   
(%) 

PL   
(%) 

Gravel 
Content 

(%) 

Sand 
Content 

(%) 

Fine 
Content 

(%) 

USCS 
Symbol 

AASHTO 
Symbol 

RAP 1.51 6.9 0.7 6.7 20.8 4.8 NP NP 26.3 71.2 2.5 SP A-1-b 

Class-5 1.63 9.9 0.6 8.0 20.7 - NP NP 32.8 65.4 1.8 SP A-1-b 

RCA 5.90 20.6 0.9 11.2 19.5 - NP NP 54.9 43.5 1.6 GP A-1-a 

Blend 3.35 18.8 0.4 8.9 20.1 - NP NP 44.6 53.4 2.0 SP A-1-a 

D50 = median particle size, Cu = coefficient of uniformity, Cc = coefficient of curvature, wopt = optimum water content, γd 

max = maximum dry density, LL = liquid limit, PL = plastic limit, NP = nonplastic. 
Note: Particle size analysis conducted following ASTM D 422, γd max and wopt determined by ASTM D 1557 (AASHTO 
T-180), USCS classification determined by ASTM D 2487, AASHTO classification determined by AASHTO M 145 
(ASTM D 3282), asphalt content determined by ASTM D 6307 (AASHTO TP-53), and Atterberg limits determined by 
AASHTO T-89 and T-90 (ASTM D 4318).
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this study are classified as non-plastic.  The particle size distribution curves for the 

four investigated materials as determined according to ASTM D 422 are shown in 

Fig. 3.1, along with the MnDOT specification for Class-5 used as a base course.  

Compaction tests were performed on each material using the modified compaction 

effort according to ASTM D 1557.  Optimum water contents and maximum dry unit 

weights are summarized in Table 3.1, with associated compaction curves presented 

in Fig 3.2. 

 
3.2. Small Specimen-Scale Testing 

 Small laboratory bench-scale resilient modulus tests were performed on 

compacted specimens according to NCHRP test protocol 1-28a (NCHRP 1-28a).  

Cylindrical specimens measuring 152 millimeters in diameter by 305 millimeters in 

length were prepared from each material.  Specimens were prepared at optimum 

moisture content and compacted to 95% maximum dry density under modified 

compaction effort.  Compaction of specimens was performed in six lifts of equal 

mass and stiffness to ensure uniform compaction.  

 Resilient modulus testing was carried out according to NCHRP 1-28a 

Procedure 1a, which applies to base and subbase materials.  Deflections were 

measured via LVDTs positioned both internally and externally, with each LVDT 

having an accuracy of +0.005 mm.  The specimens were loaded with an MTS 

Systems Model 244.12 servo-hydraulic machine.  Loading sequences, confining 

pressures and data acquisition were controlled from a computer running LabView 

8.5 software.  
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Fig. 3.1. Particle size distributions for RAP, RCA, Blended RCA/Class 5 and Class 5 
with MnDOT specifications. 
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Fig. 3.2. Modified compaction curves for RAP, RCA, Blended RCA/Class 5 base, 
and Class 5. 
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The resilient modulus for each load sequence was obtained by averaging the 

resilient modulus from the last 5 cycles of each test sequence.  The resilient 

modulus data were fit to the power function described by Eqn. 2.2.  A summary 

resilient modulus was computed for each test at a bulk stress of 208 kPa, as 

suggested by Section 10.3.3.9 of NCHRP 1-28a.  Further details of the specimen-

scale laboratory testing methods are described by Son (2010) who performed the 

tests for unstabilized recycled materials. 

 

3.3. Large-Scale Model Experiment 

3.3.1. Apparatus and Loading Methodology 

 LSME is a modeling method used to determine the deflection of a pavement 

structure at prototype scale in a manner that replicates field conditions as closely as 

practical (Tanyu et al. 2003).  A schematic of the LSME is shown in Fig. 3.3.  

Pavement profiles are constructed in a test pit with dimensions 3 m x 3 m x 3 m, and 

are subjected to 10,000 cycles of simulated traffic loading.  The simulated loading is 

representative of a 4-axle truck applying a tire pressure of 700 kPa to a contact area 

of 0.05 m2.  Loads are generated by a MTS 280-L/m hydraulic actuator with a 100 

kN force rating and 168 mm of stroke.  Loads are applied to the pavement surface 

using a 25 mm thick circular steel plate with a radius of 125 mm.  The pulse of the 

loading varies as a haversine function consisting of a 0.1 second load period 

followed by a 0.9 second rest period (Benson et al. 2009, Ebrahimi et al. 2010, 

Kootstra et al. 2010). 
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Fig. 3.3. Schematic of LSME testing setup.
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The equivalent stress to be applied to the surface of the base course material 

in the absence of an asphalt layer was determined by non-linear finite-element 

analysis using the MICHPAVE program to model the performance of the proposed 

pavement profile (Benson et al. 2009, Kootstra et al. 2009).  The base course was 

assumed to behave as non-linear elastic, and the asphalt surface and subgrade 

were assumed to behave as linear elastic.  Loading and material properties used as 

inputs into the MICHPAVE program (Harichandran 1989) were determined from 

typical values (Huang 2004), and are presented in Table 3.2.  The vertical stress 

distribution predicted by MICHPAVE is shown in Fig. 3.4.  The vertical stress on the 

surface of the base layer is maximized directly below the center of loading, and 

decreases with an increase in radial distance.  Based on a maximum stress of 133 

kPa, a force of 6.7 kN was applied to base layer in the LSME with the loading plate. 

Previous LSME testing used the entire 3.0 m x 3.0 m test area to evaluate pavement 

performance (Tanyu et al. 2003, Benson et al. 2009, Kootstra et al. 2010).  However, 

limited amounts of available base course materials made it necessary to reduce the 

evaluated test area to 1.0 m x 1.0 m.  The remainder of the 3.0 m x 3.0 m test area 

was made up of recycled pavement material (RPM) to maintain the boundary stress 

that would otherwise be lost by a reduction in test area.  The equivalency of this 

abbreviated test area and method of preparation are described in Appendix A.  

Pavement profiles consisted of 0.2 m to 0.3 m-thick of base course material over 2.5 

m of dense, uniform sand subgrade.  The performance of an asphalt layer was not 

central to the research, and therefore was not included in the LSME analysis.  
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Table 3.2. Inputs used for MICHPAVE for determining stress on base layer.  
(Adapted from Kootstra 2009) 
Material Property of Load 

Condition Asphalt Base Subgrade

Applied Load (kN) 35.0 6.7 NA* 

Loading Radius (cm) 12.7 12.7 NA* 

Thickness (cm) 12.7 20.3 NA* 

Modulus (kPa) 3,300,000 398,000 48,000 

k1, k2 (Eqn. 2.2) NA* 
27,600 

kPa 
0.5 

NA* 

Poisson’s Ratio 0.35 0.35 0.45 

Unit Weight (kN/m3) 22.8 20.4 18.8 
 *NA = non-applicable 
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Fig. 3.4. Vertical stress on surface of base course vs. radial distance from center of 
traffic loading predicted by MICHPAVE. 
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3.3.2. Deflection Measurements 

Vertical deflections at the surface of the base course and subgrade were 

measured during each loading cycle.  Linear variable differential transducers (LVDT) 

were used to measure the deflections to a precision of +0.005 mm.  Deflection of the 

base course was measured from the top of the loading plate, which was assumed 

rigid and able to translate the base course deflection.  Subgrade deflections were 

measured by attaching small plates to either end of a thin rod extending through a 

tube extending through the loading plate and base course.  One plate was laid flush 

with the subgrade surface while the other plate supported the LVDT located above 

the base course.  Deflection of the subgrade was translated by the thin rod and 

measured by the LVDT.  Deflections measured by the LVDTs were recorded using 

LabView 8.5 software. 

 

3.3.3. Data Inversion 

 The resilient modulus of the base courses tested in the LSME was 

determined by performing a data inversion approach using MICHPAVE 

(Harichandran 1989).  The elastic deflection of the base course was determined by 

subtracting the elastic deflection of the subgrade from the total elastic deflection of 

the profile as measured at the top of the base course.  The LSME pavement profile 

was modeled as a two layer system in MICHPAVE.  The elastic behavior of the base 

course and subgrade layers were modeled as non-linear and linear, respectively.  

The base course k2 was determined from small-scale laboratory experiments in 

accordance with NCHRP 1-28a.  The base course k1 and subgrade elastic modulus 
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were varied until the elastic deflections predicted by MICHPAVE were within +0.005 

of those measured in the LSME.  This method assumes that k2 varies within a 

narrow range for a given material (Huang 2004) and follows the methods described 

by Tanyu et al. (2003) and Kootstra et al. (2009). 

 

3.3.4. Base Course Compaction 

 Base course was compacted in lifts of approximately 0.10 m to efficiently and 

evenly distribute the modified compaction effort.  Base course materials were 

prepared at optimum moisture content, and compacted to 95% of the modified 

maximum dry unit weight using a jumping-jack style compactor.  A nuclear density 

gauge was employed to measure the in-situ dry unit weight and moisture content of 

each lift. 

 

3.3.5. Field-Scale Falling Weight Deflectometer Testing 

 Field-scale in situ modulus of the materials was obtained from the Falling 

Weight Deflectometer (FWD) tests that were performed at the MnROAD testing 

facility in the roadway cells with the same materials tested in the small laboratory 

specimen tests and the LSME.  Testing was performed using a trailer-mounted 

Dynatest model 1000 FWD.  The FWD was controlled by an on-site computer which 

also recorded and stored load and deflection data.  Three loads of 26.7, 40.0 and 

53.4 kN were applied by the FWD to a 300-mm-diameter plate in contact with the 

pavement surface.  Surface deflections were measured by nine load transducers 



 
 

 

27

located at distances of 0, 0.30, 0.61, 0.91, 1.22, 1.52, and 1.83 meters from the 

center of the load. 

The measured deflections were used to back-calculate the elastic modulus of 

the pavement layers using the MODULUS program developed at the Texas 

Transportation Institute.  MODULUS uses linear-elastic theory to back-calculate 

elastic moduli from FWD data.  The back-calculation was based on a three-layer 

model consisting of asphalt concrete, base course, and subgrade layers.  Pavement 

profile and deflection data were provided by the MnDOT.  The pavement profiles for 

the four test cells are presented in Fig. 3.5  The asphalt surface and base course 

layers were assigned a Poisson’s ratio of 0.35, and the subgrade layer was assigned 

a Poisson’s ratio of 0.40 (Huang 2004).  The depth to the rigid layer was assumed to 

be at least 6 m and have little effect on the elastic moduli (Bush and Alexander 

1985).  The range of bulk stresses and vertical strains in the field was estimated 

using MICHPAVE.  Surface loads taken from the FWD data and moduli from the 

MODULUS back-calculation were used as inputs.  Structural layer coefficients were 

determined from the back-calculated moduli for use in pavement thickness design, 

as presented in Appendix B.   
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Fig. 3.5. Pavement profiles of cells tested using FWD at MnROAD testing facility.  

(Adapted from Johnson et al. 2009) 
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4. Results 

4.1.  Deflections in LSME 

The total and plastic deflections at the surface of the base course and 

subgrade in the LSME as a function of loading cycle for RAP, RCA, blended 

RCA/Class 5, and Class 5 are presented in Figs. 4.1 thru 4.4.  Deflections measured 

on the surface of the base course with thicknesses of 0.2 m and 0.3 m and subgrade 

are based on the haversine loading pulse.  The total deflection is the peak deflection 

experienced during the 0.1-sec loading pulse, and the plastic deformation of each 

layer is the unrecovered deflection remaining during the 0.9-sec “at-rest” period.  

The amount of plastic deformation increases monotonically as the test progresses, 

with the greatest accumulation occurring during the first 50 loading cycles in all 

cases.  The elastic deflection is the difference between the total and plastic 

deflections for each loading cycle.  The net deflection represents the elastic 

deflection of the given base course layer and is the difference between the total 

elastic deflection measured at the surface and the elastic deflection of the subgrade.  

The elastic deflections at the surface and subgrade are presented as a function of 

loading cycle in Figs. 4.5 thru 4.8.   

The net base elastic deflection for each of the materials slightly decreases as 

the cyclic loading progresses, which is caused by the gradual compaction of the 

particles into a denser matrix.  The magnitude of the net elastic deflection for RAP 

and RCA were approximately equal for both layer thicknesses.  The magnitude of 

the net elastic deflection for blended RCA/Class 5 and Class 5 is higher for the 0.2 

m layer thickness than for the 0.3 m layer thickness.  The thicker layer distributes the 
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Fig. 4.1. Total and plastic deflection of surface and subgrade layers vs. number of 
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Fig. 4.2. Total and plastic deflection of surface and subgrade layers vs. number of 

loading cycles for RCA. 
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Fig. 4.3. Total and plastic deflection of surface and subgrade layers vs. number of 

loading cycles for blended RCA/Class 5. 
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Fig. 4.4. Total and plastic deflection of surface and subgrade layers vs. number of 

loading cycles for Class 5. 
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Fig. 4.5. Surface (total), subgrade, and net elastic deflection vs. number of loading 
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Fig. 4.6. Surface (total), subgrade, and net elastic deflection vs. number of loading 

cycles for RCA. 
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Fig. 4.7. Surface (total), subgrade, and net elastic deflection vs. number of loading 

cycles for blended RCA/Class 5. 
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Fig. 4.8. Surface (total), subgrade, and net elastic deflection vs. number of loading 

cycles for Class 5. 
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stress within the layer more thoroughly, and therefore the amount of strain 

experienced in the material can be expected to be reduced.  The subgrade elastic 

deflection was nearly constant during the loading of both layer thicknesses for each 

base course material. 

A comparison of the surface and subgrade deflections after 10,000 loading 

cycles for 0.2-m and 0.3-m thick layers of RAP, RCA, blended RCA/Class 5 and 

Class 5 is presented in Fig. 4.9.  The net plastic deflection is the difference between 

the total plastic deflection measured at the surface and the plastic deflection 

measured at the subgrade.  The sum of the deflections represented in Fig. 4.9 is 

equal to the total deflection measured at the surface of the LSME at the end of 

loading.  RAP and RCA had the largest and smallest amount of both total and net 

base plastic deflection, respectively, with Class 5 and blended RCA/Class 5 having 

the second and third largest amounts of both total and net base plastic deflections, 

respectively.  The plastic deflection experienced by the RAP was approximately 

211% and 402% greater than that of Class 5 for 0.2 m and 0.3 m layer thicknesses, 

respectively, whereas the plastic deflection experienced by the RCA was 

approximately 69% smaller than the plastic deflection experienced by the Class 5 for 

both layer thicknesses.  The blended RCA/Class 5 material experienced plastic 

deflections that were 39% and 20% smaller than Class 5 for layer thicknesses of 0.2 

m and 0.3 m, respectively.  The net elastic and plastic deflections for 0.2 m and 0.3-

m layer thicknesses of RAP, RCA, blended RCA/Class 5, and Class 5 can be 

compared in Fig. 4.10.   
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Fig. 4.10. Comparison of (a) net elastic and (b) net plastic deflections for RAP, RCA, 
blended RCA/Class 5, and Class 5. 
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The base plastic deflection of RCA and Class 5 was larger for the 0.2 m layer 

thickness compared to the 0.3 m layer thickness.  Stress is better distributed within a 

layer of larger thickness, and the corresponding reduction in strain correlates to a 

reduction in plastic deflection.  The plastic deflection of RCA and Class 5 decreased 

10% and 13%, respectively, for an increase in layer thickness from 0.2 m to 0.3 m.  

 The plastic deflection experienced by the 0.3-m layer thickness of blended 

RCA/Class 5 is 13% larger than the plastic deflection experienced by the 0.2 m layer 

thickness, which contradicts the deflection that would be expected considering the 

deflections experienced by RCA and Class 5 alone.  The most likely cause for this 

seemingly contradictory behavior is experimental error.  Although LSME compaction 

was checked with a nuclear density gauge prior to testing, there is a possibility that 

the material directly under the loading plate was undercompacted.  Undercompacted 

material would experience excess plastic deflection during the 10,000 cycles of 

loading, which would contribute to the total overall deflection.  The effect of this 

undercompaction would be minimal for elastic deflection, however, as the 

compaction level required for the material to perform as linear-elastic would remain 

the same and would be achieved before the termination of loading. 

The plastic deflection of RAP is 40% larger for the 0.3-m layer thickness 

compared to the 0.2-m layer thickness.  This is attributed to the viscous nature of the 

asphalt coating on the RAP particles that contributes to increased amount of 

deflection of the layer despite the reduction of stress in the larger layer thickness. 

The elastic and plastic net base deflection as a function of RCA content is 

presented in Fig. 4.11 for 0.2 m and 0.3 m layer thicknesses of RCA, blended  
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Fig. 4.11. Comparison of net base elastic and net base plastic deflections vs. RCA 
content for RCA, blended RCA/Class 5, and Class 5. 
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Fig. 4.12. Plastic strain vs. loading cycle for RAP. 
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Fig. 4.13. Plastic strain vs. loading cycle for RCA. 
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Fig. 4.14. Plastic strain vs. loading cycle for blended RCA/Class 5. 

  



47 
 

 

0

0.1

0.2

0.3

0.4

0 2000 4000 6000 8000 10000

Plastic Strain - 0.3 m
Plastic Strain - 0.2 m

Pl
as

tic
 S

tra
in

 (%
)

Loading Cycles  
Fig. 4.15. Plastic strain vs. loading cycle for Class 5. 
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Table 4.1. Summary Resilient Modulus (SRM) and power model fitting parameters 
k1 and k2 Eq. 2.2) for base materials. 

 

Material Thickness 
(m) 

Eq. 4.x εp (%) due 
to cyclic 
load for 
N=3x107 

Rutting 
depth due 
to plastic 
strain in 

base (mm) 
a b 

RAP 0.2 0.051 0.220 2.25 4.5 
0.3 0.058 0.197 1.72 5.2 

RCA 0.2 0.004 0.243 0.26 0.5 
0.3 0.003 0.230 0.16 0.5 

Blend 0.2 0.017 0.165 0.29 0.6 
0.3 0.011 0.178 0.24 0.7 

Class 5 0.2 0.025 0.173 0.49 1.0 
0.3 0.021 0.134 0.21 0.6 
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to contribute between 30 and 40% of the acceptable rut depth, which is appreciable 

compared to that contributed by Class 5.  Flexible pavements that incorporate RAP 

as a base course layer can be expected to encounter excessive rutting, whereas 

flexible pavements that incorporate RCA and RCA/natural aggregate blends will 

experience rutting comparable to pavements incorporating conventional base course 

aggregate.  

 

4.2. Comparison of Large and Small-Scale Resilient Moduli 

 The resilient modulus as a function of bulk stress for RAP, RCA, blended 

RCA/Class 5, and Class 5 are presented in Figs. 4.16 thru 4.19, respectively.  This 

relationship is presented for both the 0.2 m and 0.3 m thick layers tested in the 

LSME, as well as for the bench-scale specimen tests performed according to 

NCHRP 1-28a on the same materials by Son (2010).  Bench-scale tests were 

evaluated for deflections measured externally, relative to the test cell, and internally 

at the upper and lower quarter points along the specimen length.  Fitting parameters 

k1 and k2 determined from the bench-scale tests were used to calculate the resilient 

modulus as a function of bulk stress as defined by the power function model 

suggested by Eq. 2.2.  The parameter k2 determined from the bench-scale tests was 

used in the back analysis of the LSME data to determine the parameter k1 that 

allowed the matching of the measured deflections in the LSME using the 

MICHPAVE code with the modulus function according to Eq. 2.2.  The power- 

function relationship illustrates the concept that increased bulk stress contributes to 

an increase in resilient modulus for granular materials.  A summary of the k1 and k2 
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Fig. 4.16. Resilient modulus vs. bulk stress for bench-scale and LSME test methods 

for RAP. 
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Fig. 4.17. Resilient modulus vs. bulk stress for bench-scale and LSME test methods 

for RCA. 



53 
 

 

0

500

1000

1500

0 100 200 300 400 500 600 700

R
es

ili
en

t M
od

ul
us

 (M
P

a)

Bulk Stress (kPa)

SM
r
 (θ=208 kPa) Bench Scale

Internal

LSME 0.3 m

LSME 0.2 m

Bench Scale
External

 
Fig. 4.18. Resilient modulus vs. bulk stress for bench-scale and LSME test methods 

for blended RCA/Class 5. 
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Fig. 4.19. Resilient modulus vs. bulk stress for bench-scale and LSME test methods 

for Class 5. 
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obtained in the tests is presented in Table 4.2. 

The internal and external bench-scale tests had the highest and lowest 

resilient modulus, respectively, and the LSME tests for 0.3 m and 0.2 m layer 

thicknesses had the second and third highest resilient modulus, respectively, for 

each of the four materials (Figs. 4.16-4.19).  No direct correlation can be made 

between the resilient moduli measured for bench-scale tests and the resilient 

modulus back-calculated from the LSME.  The magnitudes of the four tests appear 

to be evenly spaced when referenced between the maximum and minimum values 

defined by the bench-scale tests.  The moduli of both LSME tests seem to trend 

closer to the internal bench-scale test for the RCA case, and to the external bench-

scale test for the blended RCA/Class 5 case; however these trends are slight and 

should not be considered direct correlations. 

 A comparison of the summary resilient moduli (SRM) determined for RAP, 

RCA, blended RCA/Class 5 and Class 5 are presented in Fig. 4.20.  The SRM is 

based on a bulk stress of 208 kPa as suggested for base course materials by 

NCHRP 1-28a sec 10.3.3.9, and calculated according to Eq. 2.2 using the k1 and k2 

presented in Table 4.2.  The SRM calculated for each test method is also presented 

in Table 4.2. 

RCA and Class 5 had the highest and lowest SRM, respectively, for each of 

the four testing methods.  The SRMs of the RAP and blended RCA/Class 5 are 

approximately equal in magnitude for bench-scale testing, with RAP having a 

marginally higher SRM for both LSME tests.  The SRM of RCA was 42% to 77% 

greater than that of Class 5, while the SRM of RAP was 23% to 33% greater.  The  
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Table 4.2. Summary Resilient Modulus (SRM) and power model fitting parameters 
k1 and k2 Eq. 2.2) for base materials. 

Material Test Method Thickness 
(m) 

Measured Parameters 

k1 k2 SRM 
(MPa) 

RAP 

Bench-Scale 
– Internal 0.30 26.3 0.61 674 

Bench-Scale 
– External 0.30 23.0 0.39 180 

LSME 0.20 12.1 0.61 314 
0.30 18.3 0.61 474 

Class 5 

Bench-Scale 
– Internal 0.30 43.2 0.47 525 

Bench-Scale 
– External 0.30 14.9 0.44 152 

LSME 0.20 19.2 0.47 236 
0.30 31.5 0.47 386 

Blend 

Bench-Scale 
– Internal 0.30 50.2 0.49 675 

Bench-Scale 
– External 0.30 18.2 0.43 182 

LSME 0.20 20.4 0.49 278 
0.30 33.2 0.49 454 

RCA 

Bench-Scale 
– Internal 0.30 38.3 0.54 680 

Bench-Scale 
– External 0.30 18.5 0.44 189 

LSME 0.20 23.3 0.54 417 
0.30 30.6 0.54 547 

 Note: SRM calculated at a bulk stress of 208 kPa. 
 * Bench-scale SRM reported by Son (2010). 
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Fig. 4.20. Comparison of summary resilient modulus for RAP, RCA, blended 
RCA/Class 5, and Class 5. 
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SRM of the blended RCA/Class 5 was 18% greater than that of Class 5, which was 

comparable in magnitude to the SRM of RAP. 

The SRM as a function of layer thickness is presented in Fig. 4.21 for RAP, 

RCA, blended RCA/Class 5, and Class 5.  The resilient modulus of each material 

increases with a corresponding increase in layer thickness.  The magnitude of this 

increase, which lies between 130 MPa and 176 MPa, appears relatively consistent 

for all materials and does not appear to trend differently for any individual material.  

The SRM as a function of RCA content is presented in Fig. 4.22 for RCA, blended 

RCA/Class 5, and Class 5.  The SRM of the materials increases with an increase in 

RCA content.  The magnitude of the increase seems to increase at the same rate 

regardless of layer thickness.  The blended RCA/Class 5 defines a downward 

“spike” for both the 0.2 m and 0.3 m layer thicknesses, which interrupts an otherwise 

linear trend.  One possible reason for this spike is that there is some form of particle 

interaction that is reducing the stiffness of the blended material as a whole.  A 

second, more probable reason for the spike is that the blended material is not a 

perfect blend of 50% RCA and 50% Class 5.  Measuring the mass of materials in the 

field relies on approximations to a certain extent, and the actual amounts blended 

together might vary depending on the experience of the field engineer.  Also, the 

material was mixed in the field using the blade of a bulldozer.  Such mixing methods 

are not thorough, and samples taken from such mixtures could vary depending on 

sample location.  Based on these assumptions and the SRM calculated for the 

blended material, a blend incorporating an RCA content of between 20% and 40% 

would better fit a linear trend between SRMs calculated for 0% and 100% RCA. 
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Fig. 4.21. Summary Resilient Modulus vs. layer thickness for RAP, RCA, blended 
RCA/Class 5, and Class 5. 
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Fig. 4.22. Summary Resilient Modulus vs. RCA content for RCA, blended 

RCA/Class 5, and Class 5. 
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4.3. Scaling Laboratory Results to Field Conditions 

4.3.1. Background 

The elastic modulus of granular material has been shown to be sensitive to 

strain amplitude (Seed and Idriss 1970, Hardin and Drnevich 1972, Edil and Luh 

1978).  Thicker layers distribute stress more efficiently and reduce the amount of 

strain experienced by the material.  The resilient modulus of a material evaluated at 

a given bulk stress can vary in magnitude depending on which testing method is 

being used (Fig. 4.20).  These differences in magnitude are assumed to be due to 

differences in stress state and strain level (Tanyu et al. 2003, Schuettpelz et al. 

2008, Benson et al. 2009).  A more accurate comparison between the various 

testing methods can be established by adjusting the resilient modulus to account for 

these differences in stress and strain level. 

 A backbone curve can be used to describe the stress-strain dependency of 

resilient modulus (Seed and Idriss 1970, Hardin and Drnevich 1972).  Backbone 

curves represent the ratio of shear modulus (Gγ) at a given shear strain to the low-

strain shear modulus (Gmax) as a function of shear strain amplitude for a given state 

of stress.  The relation between shear modulus and shear strain can be 

approximated by the following relationship suggested by Hardin and Drnevich: 

 Gγ

Gmax
= Mr

Es
= 1

1+γh
           (4.3) 

where γh is defined as the hyperbolic strain.  The hyperbolic strain is the strain 

normalized with respect to the reference strain (γr): 

           γh= γ
γr

ቈ1+ae
-b൬ γγr

൰
቉         (4.4) 
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where a and b describe the shape of the backbone curve.  The reference strain is 

defined as the strain at the intersection of maximum shear stress and shear modulus 

(Hardin and Drnevich 1972).  These relationships can be used for resilient modulus 

dependency on strain amplitude by assuming that the ratio Gγ/Gmax is equal to the 

ratio of resilient modulus at a given shear strain to the low-strain Young’s modulus 

(maximum modulus) (Mr/Es), 

 

4.3.2. Measurement of Low-strain Modulus 

 The low-strain modulus of the materials was determined using the small-scale 

simple seismic test method suggested by Schuettpelz (2009).  The method is based 

on the propagation of surface waves and is intended to be a much simpler method of 

data acquisition when compared to methods involving larger testing schemes.  

Material was compacted to 95% of the maximum dry density under modified 

compaction effort within a 5-gallon bucket to a volume of approximately 11x10-3 m3.  

Approximately 0.23 kN of material was used for each test (Fig. 4.23).  Material was 

compacted with a tamper in four lifts of equal measure to ensure uniform density.  A 

150 mm diameter load plate was placed central to the surface of the material, and a 

small amount of material was removed from opposing sides of the plate.  Two 

accelerometers were placed adjacent to the plate and buried approximately 10 mm 

below the soil surface.  The accelerometers were aligned with one axis parallel to 

the ground surface, and 500 gram masses were used to seat the accelerometers 

into the soil and make the first arrivals of elastic waves more distinguishable.  The 
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Fig. 4.23. Simplified test setup to determine low-strain constraint modulus with 
applied stress near the surface.  (Adapted from Edil and Fratta 2009) 
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final distance between the accelerometers was recorded for each test.  The actuator 

from the LSME was used to apply varying static loads to the material during testing.   

The side of the 5-gallon bucket was tapped with a rubber mallet and the travel 

time of the surface wave between the two accelerometers was recorded.  The P-

wave velocity (Vp) was determined by multiplying the surface velocity (Vr) by a 

conversion factor based on the Poisson’s ratio (ν) (Santamarina et al. 2001, Kramer 

1996): 

Vp=Vr

ሺ1+νሻඨ2൫1-ν൯
1-2ν

0.874+1.117ν
         (4.5) 

Vp in particulate media is dependent on elastic modulus (E), Poisson’s ratio (ν), and 

density (ρ) (Santamarina et al. 2001, Richart et al. 1970): 

            Vp=ට E൫1-ν൯
ρሺ1+νሻ൫1-2ν൯

         (4.6) 

The velocity of wave propagation increases with increasing applied load and soil 

stiffness.   

The low-strain elastic modulus can be calculated from the Vp, ρ, and ν of the 

material by rearranging Eqn. 4.6: 

            Es=
Vp

2ሺ1+νሻ൫1-2ν൯
൫1-ν൯

         (4.7) 

where ν was taken to be 0.35 for the granular material.  The low-strain elastic 

modulus was plotted as a function of the stress applied to the surface of the soil by 

the loading plate.  The low-strain elastic modulus was assumed to increase with the 

applied stress according to the power function described by Eqn. 2.2.  The fitting 

parameters k1,s and k2,s were varied until a best-fit was found for the plotted data.  
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The relationship between Es and the applied stress for the evaluated base 

course materials is presented in Fig. 4.24.  The low-strain modulus determined for 

the RCA and blended material were of approximately the same magnitude, with the 

Class 5 having a low-strain modulus approximately two-thirds the magnitude of RCA 

and blended material.  The low-strain modulus for the RAP was significantly higher 

of a magnitude approximately 3.5 to 5 times greater than the other materials.  The 

asphalt coating the RAP is most likely self-adhering, and under small strains and  

the effects of this adhesion are not as easily overcome as the typical particle friction 

common in non-bituminous materials.  This resistance to strain at the particle level 

would increase the low-strain modulus of the RAP accordingly. 

 

4.3.3. Development of Backbone Curve 

 The backbone curve was developed from the resilient modulus and shear 

strain data collected from the bench-scale, LSME and FWD testing.  Vertical strains 

and bulk stresses were determined for the bench-scale tests using NCHRP 1-28a, 

and for the LSME and FWD tests using MICHPAVE at varying depths within the 

base course layers.  The shear strain was determined from the vertical strain (Kim 

and Stokoe 1992, Tanyu et al. 2003): 

γ=εሺ1+νሻ          (4.8) 

where γ is the shear strain, ε is the vertical strain, and ν is the Poisson’s ratio.  The 

normalized resilient modulus was determined using Eqn. 4.9: 

          Normalized resilient modulus= Mr
Es

               (4.9)
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Fig. 4.24. Low-strain elastic modulus as a function of applied vertical stress. 
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where Mr and Es are the resilient modulus and low-strain Young’s modulus for a 

particular bulk stress, respectively.  Parameters a and b in Eqn. 4.4 were adjusted to 

obtain a best-fit to the calculated points.  The bulk stress, resilient modulus, low-

strain Young’s modulus, and normalized resilient modulus for each test method are 

presented in Table 4.3. 

 The backbone curves showing normalized modulus as a function of shear 

strain are shown in Figs. 4.25 thru 4.28 for RAP, RCA, Blended RCA/Class 5 and 

Class 5.  The backbone shape describes the stress-strain behavior of the evaluated 

base course and is unique for a given material.  The bench-scale tests with internally 

and externally measured deflections produce the lowest and highest strain levels, 

respectively.  The 0.3-m and 0.2- m thick LSME tests produce the second and third 

lowest strains, respectively, with the FWD producing strains between those 

produced by the 0.2-m thick LSME and the external bench-scale test.  The 

normalized resilient moduli of the RAP are considerably smaller compared to the 

normalized resilient modulus of the other tested materials.  The bitumen coating the 

RAP causes the particles to adhere to each other, which leads to an increase in 

strain resistance at low stresses.  

 

4.3.4. Scaling Specimen Tests to Field-Scale Conditions 

A comparison of the resilient modulus calculated at field bulk stress is 

presented in Fig. 4.29 for RAP, RCA, blended RCA/Class 5, and Class 5.  The field 

bulk stress is the bulk stress experienced under FWD loading as calculated at the  
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Table 4.3. Bulk stress, resilient modulus, low-strain modulus and normalized resilient 
modulus for FWD, LSME and bench-scale tests. 

Test Method Bulk Stress 
(kPa) 

Resilient 
Modulus 
(MPa) 

Low-strain 
Modulus 
(MPa) 

Normalized 
Resilient 
Modulus 

Recycled Asphalt Pavement 
FWD 112 195 3076 0.06 

LSME (0.20 m) 169 276 3969 0.07 
LSME (0.30 m) 117 335 3161 0.11 
Bench-Scale – 

External 110 – 858 128 – 345 3,042 – 
10,867 0.04* 

Bench-Scale – 
Internal 110 – 858 435 – 2,071 3,042 – 

10,867 0.15* 

Recycled Concrete Aggregate 
FWD 137 265 977 0.27 

LSME (0.20 m) 159 360 1,058 0.34 
LSME (0.30 m) 116 398 893 0.45 
Bench-Scale – 

External 113 – 857 141 – 403 882 – 2,582 0.15* 

Bench-Scale – 
Internal 113 – 857 484 – 1,644 882 – 2,582 0.56* 

Blended RCA/Class 5 
FWD 117 225 895 0.25 

LSME (0.20 m) 166 248 1,047 0.24 
LSME (0.30 m) 116 341 893 0.38 
Bench-Scale – 

External 109 – 867 142 – 428 868 – 2,204 0.17* 

Bench-Scale – 
Internal 113 – 867 492 – 1,857 881 – 2,204 0.64* 

Class 5 
FWD 127 97 619 0.16 

LSME (0.20 m) 170 215 698 0.31 
LSME (0.30 m) 118 297 601 0.49 
Bench-Scale – 

External 95 – 839 94 – 326 550 – 1,344 0.20* 

Bench-Scale – 
Internal 95 – 839 309 – 1,291 550 – 1,344 0.71* 

 
* - Average value 
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Fig. 4.25. Backbone curve fit to FWD, LSME and bench-scale data for RAP. 
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Fig. 4.26. Backbone curve fit to FWD, LSME and bench-scale data for RCA. 
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Fig. 4.27. Backbone curve fit to FWD, LSME and bench-scale data for blended 

RCA/Class5.
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Fig. 4.28. Backbone curve fit to FWD, LSME and bench-scale data for Class 5. 
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Fig. 4.29. Resilient modulus at field bulk stress (θf) for RAP, RCA, blended 
RCA/Class 5, and Class 5. 
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mid-depth of the layer using MICHPAVE.  The resilient moduli of the LSME and 

bench-scale tests were recalculated for the field bulk stress using Eqn. 2.2.  Table  

4.3 summarizes the field bulk stress and resilient moduli determined for each loading 

test. 

The low-strain modulus for each material at field bulk stress was calculated 

by multiplying the resilient modulus by the normalized resilient modulus.  The low-

strain resilient modulus at field bulk stress for each test method is presented in Fig. 

4.30 and also summarized in Table 4.4.  The variance of the low-strain (maximum) 

modulus determined for each test method is presented in Table 4.5.  The coefficient 

of variance (c.o.v.) for RAP was the highest at 7.6%.  The c.o.v. for RCA and 

blended material were approximately equal at 4.1% and 4.4%, respectively.  The 

c.o.v. of the Class 5 was the smallest at 2.3%.  For all materials, the coefficient of 

variance was 7.6% or less, indicating a reasonable amount of similarity between the 

test methods when properly scaled to the same bulk stress and strain level.  It is 

also clear that different strain levels are induced in different tests resulting in varying 

resilient modulus depending on the test procedure even if at the same bulk stress.  

Bench-scale resilient modulus tests result in lower moduli based on externally 

measured deflections and in markedly higher moduli based on internally measured 

deflections in comparison to FWD or LSME moduli.  LSME with 0.3-m thick layer 

(the same as in the field) resulted in higher moduli than the field moduli obtained 

from the FWD test.  LSME moduli with 0.2-m thick layer were the closest to the field 

FWD moduli. 
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Table 4.4. Resilient modulus and low-strain modulus at field bulk stress. 

Test Method 

Resilient 
Modulus @ 
Field Bulk 

Stress (MPa) 

Normalized 
Resilient 
Modulus 

Low-strain 
Modulus (MPa) 

Recycled Asphalt Pavement, Bulk Stress = 112 kPa 
FWD 195 0.06 3076 

LSME (0.20 m) 215 0.07 3071 
LSME (0.30 m) 325 0.11 2954 
Bench-Scale – 

External 145 0.04 3625 

Bench-Scale – 
Internal 468 0.15 3120 

Recycled Concrete Aggregate, Bulk Stress = 137 kPa 
FWD 265 0.27 977 

LSME (0.20 m) 332 0.34 976 
LSME (0.30 m) 436 0.45 968 
Bench-Scale – 

External 161 0.15 1073 

Bench-Scale – 
Internal 545 0.56 973 

Blended RCA/Class 5, Bulk Stress = 117 kPa 
FWD 225 0.25 895 

LSME (0.20 m) 210 0.24 875 
LSME (0.30 m) 342 0.38 900 
Bench-Scale – 

External 141 0.17 829 

Bench-Scale – 
Internal 518 0.64 809 

Class 5, Bulk Stress = 127 kPa 
FWD 97 0.16 619 

LSME (0.20 m) 187 0.31 603 
LSME (0.30 m) 307 0.49 626 
Bench-Scale – 

External 126 0.20 630 

Bench-Scale – 
Internal 421 0.71 592 
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Table 4.5. Variance of low-strain elastic modulus obtained at field 
bulk stress. 

Method 
Low-strain Modulus at Field Bulk 

Stress (MPa) 
RCA RAP Blend Class 5 

FWD 977 3076 895 619 

LSME (0.20 m) 976 3071 875 603 

LSME (0.30 m) 968 2954 900 626 

Bench-Scale – 
External 1073 3625 829 630 

Bench-Scale – 
Internal 973 3120 809 592 

Mean Average 992 3160 863 614 

Standard Deviation 40 239 38 14 

Coefficient of 
Variance 4.1% 7.6% 4.4% 2.3% 
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Fig. 4.30. Low-strain elastic modulus at field bulk stress (θf) for RAP, RCA, blended 
RCA/Class 5, and Class 5 as estimated from different test methods. 



78 
 

 

5. Summary and Conclusions 

This laboratory investigation dealt with the determination of the resilient 

modulus of two recycled materials: recycled asphalt pavement (RAP) and recycled 

concrete aggregate (RCA).  The investigation also dealt with the determination of the 

resilient modulus of one blended material consisting of approximately 50% RCA and 

50% conventional base material (Class 5).  The objectives were to assess the 

stiffness  of recycled materials and to determine the scalability of laboratory results 

to field scale conditions.  The objective was met by determining the resilient modulus 

of the recycled materials using large-scale model experiments (LSME) and 

comparing to the resilient modulus determined from bench-scale tests in accordance 

with NCHRP 1-28a and field scale tests using a falling weight deflectometer (FWD).  

The low-strain modulus of each material was also determined using seismic testing 

methods, and backbone curves (normalized modulus versus strain) were developed 

from the resulting stress-strain relationships.  A conventional base course meeting 

the gradation standard of a Minnesota Department of Transportation Class 5 

aggregate was used as a reference material in this study. 

RAP experienced higher plastic deflections compared to the Class 5, while 

RCA experienced lower plastic deflections.  The plastic deflection of RAP was 

approximately 211% and 402% greater than that of Class 5 for 0.2 m and 0.3 m 

layer thicknesses, respectively, and the plastic deformation of RCA was 

approximately 69% smaller than that of Class 5 for both layer thicknesses.  Blended 

RCA/Class 5 experienced plastic deflections that were 39% and 20% smaller than 

Class 5 for layer thicknesses of 0.2 m and 0.3 m, respectively.  For an increase in 
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layer thickness from 0.2 m to 0.3 m, base plastic deflections of RCA and Class 5 

decreased 10% and 13%, respectively.  Plastic deflection of RAP is 40% larger for 

0.3-m layer thickness compared to 0.2-m layer thickness, which is attributed to the 

viscous nature of the asphalt coating the RAP particles.  Plastic deformation of 

blended RCA/Class 5 is 13% larger for the same increase in layer thickness, which 

can most likely be attributed to experimental error.  Conventional base course 

aggregate (Class 5) can be expected to contribute between 4 and 8% to an 

acceptable rutting depth of 13 mm.  RCA and blended RCA/Class 5 can be expected 

to contribute 3 to 6% to the acceptable depth, and RAP can be expected to 

contribute 30 to 40%.  Flexible pavements that incorporate RAP as a base course 

layer can be expected to encounter rutting problems.  Flexible pavements that 

incorporate RCA and RCA/natural aggregate blends will experience rutting 

comparable to pavements that incorporate conventional base course aggregates. 

The bench-scale resilient modulus tests with internally and externally 

measured deflections gave the highest and the lowest resilient moduli, respectively, 

the LSME tests with the 0.3 m and 0.2-m layer thicknesses having the second and 

third highest resilient moduli, respectively.  The magnitudes of the tests are evenly 

spaced, and no direct correlation between the four methods can be discerned.  The 

summary resilient modulus (SRM) of RCA was 42% to 77% higher than that of Class 

5, whereas the SRM of RAP was 23% to 33% greater.  The SRM of blended 

RCA/Class 5 was 18% greater than that of Class 5, which was comparable in 

magnitude to RAP.  An increase in layer thickness from 0.2 m to 0.3 m had the effect 

of increasing the SRM of the materials from 130 MPa to 176 MPa.  An increase in 
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RCA content increased the SRM at a rate that was non-linear, suggesting that the 

blended aggregate sample obtained in the field may have a composition other than 

the actual 50% RCA/50% Class 5. 

Scaling was achieved by normalizing the resilient modulus of a material by 

the low-strain modulus and plotting the data as a function of the strain level at the 

corresponding stress state.  The resulting plot for all four materials described a 

backbone curve which illustrates the stress-strain dependency of the given material.  

However, an uncharacteristically high low-strain modulus value for RAP greatly 

reduced the normalized resilient modulus and made the construction of a backbone 

curve difficult.  This behavior is attributed to the bitumen coating the RAP particles 

causing the particles to adhere to each other, which leads to an increase in strain 

resistance at low stresses.  Different test methods induce different strain levels at 

the same bulk stress, resulting in varying resilient modulus.  Internally and externally 

measured bench-scale tests resulted in higher and lower resilient moduli, 

respectively, compared to FWD or LSME moduli.  The LSME with 0.3 m-thick layer 

(the same as in the field) resulted in higher resilient modulus compared to the field 

moduli obtained from the FWD test.  The LSME with 0.2-m thick layer resulted in 

resilient moduli which were close to the field FWD moduli.  However, when properly 

scaled for the stress and strain levels, the low-strain modulus estimated from the 

different test methods are remarkably close to each other indicating the scalability of 

laboratory modulus to operating field modulus. 
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A.1 Introduction 

Previous testing using the LSME incorporated the entire 3.0 m x 3.0 m test 

area to measure deflections and determine the resilient modulus for a given base 

course material under cyclical loading.  However, limited amounts of base course 

material available for testing made it necessary to reduce the evaluated test area 

within the LSME to 1.0 m x 1.0 m.  The remainder of the 3.0 m x 3.0 m test area was 

made up of recycled pavement material (RPM) to maintain the boundary stress that 

would otherwise be lost by a reduction in test area.  The equivalency of the 

abbreviated LSME test area to the full LSME test area was determined by 

comparing the resilient modulus of RPM obtained using both test methods. 

The RPM was compacted to a thickness of 0.3 m within the entire 3.0 m x 3.0 

m LSME test area according to methods described in section 3.3.1.  The 

abbreviated 1.0 m x 1.0 m test area was then excavated in the center of the LSME 

test area, leaving approximately 2.0 m of RPM around the LSME perimeter, as 

shown in Fig. A.1. The exposed subgrade was loosened and recompacted prior to 

placement of the specimen material to establish a consistent initial density that 

would be repeated for all subsequent tests.  The circumference of the abbreviated 

test area was lined with nonwoven, heat bonded geotextile to separate the RPM 

from the test specimen and allow confinement of the test specimen from the 

surrounding RPM, as shown in Fig.A.2.  RPM was recompacted within the 

abbreviated test area and the summary resilient modulus of the tested material was 

determined using methods described in section 3.3.4. 
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Fig. A.1. Overview of abbreviated test pit area prior to material placement. 
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Fig. A. 2.  Placement of RPM within abbreviated test pit area.
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The resilient modulus of the RPM determined for the abbreviated test area 

was measured to be 538 MPa.  Benson et al. (2009) reported a summary resilient 

modulus of 505 MPa on LSME tests for the same material using the full 3.0 m x 3.0 

m test area.  Using the smaller test area increased the summary resilient modulus 

by approximately 6%.  A comparison of the summary resilient modulus determined 

for the two specimen sizes is presented in Fig. A.3.  The summary resilient moduli 

determined for the 0.3-m thick LSME tests on RAP, RCA, blended RCA/Class 5 and 

Class 5 as discussed in section 4.2 are also presented in Fig. A.3. for scale.  The 

magnitude of the RPM resilient modulus is similar for both the full and abbreviated 

test pit areas.  Boudreau (2003) tested the repeatability of bench-scale resilient 

modulus tests and found that the coefficient of variance was as high as 4.5% for 

specimens tested at the same stress level.  The mean average and the standard 

deviation measured between the two tests were 522 MPa and 23 MPa respectively, 

indicating a coefficient of variance of 4.4%.  Assuming a correlation between the 

bench-scale and LSME tests, the two test methods are within an acceptable amount 

of variance. 
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Fig. A.3.  Comparison of resilient modulus of RPM obtained for full and abbreviated 
test pit areas with RCA, RAP, blended RCA/Class 5 and Class 5 obtained 
for abbreviated test pit area. 
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DETERMINATION OF LAYER COEFFICIENTS 
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B.1 Determination of Layer Coefficients 

 The design of pavement structures is dependent on the determination of 

appropriate layer thicknesses based on the mechanical properties of the associated 

pavement layers.  The AASHTO design procedure relates the structural capacity of 

a given layer to a structural number, SNi, which is defined as the product of the layer 

thickness, Di, and layer coefficient, ai.  The SN for the pavement structure as a 

whole is calculated according to Eqn. B.1. 

 ܵܰ ൌ  ܵ ଵܰ ൅ ܵ ଶܰ݉ଶ ൅ ܵ ଷܰ݉ଷ ൌ ܽଵܦଵ ൅ ܽଶܦଶ݉ଶ ൅ ܽଷܦଷ݉ଷ      (B.1) 

The variable mi is the drainage modification facto, which is assumed to be 1.0 for the 

base materials used in this study.  Design layer thicknesses are chosen in such a 

way that the resulting SN is greater than or equal to a required SN.  The required SN 

is typically determined based on estimated traffic, serviceability loss, and effective 

roadbed resilient modulus (AASHTO 1993).   

 The layer coefficient measures the relative ability of a unit thickness of a 

given material to function as structural component in a pavement (Haung 2007).  

The layer coefficient for untreated base course can be estimated from the resilient 

modulus of the layer according to the relationship proposed by Rada and Witczak 

(1981) and presented in Eqn. B.2. 

 ܽଶ ൌ 0.249ሺlog ௥ሻܯ െ 0.977                  (B.2) 

where Mr is the resilient modulus measured in psi.  

The layer coefficients were calculated for the 0.2-m and 0.3-m thick layers 

tested in the LSME using the SRM according to Eqn. B.2 for RAP, RCA, blended 

RCA/Class 5 and Class 5.  The relationship between layer coefficient and layer 
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thickness for these materials is presented in Fig. B.1.  The SN for each of the base 

course materials tested in the LSME was calculated as the product of the layer 

thickness (in inches) and the associated layer coefficient.  The SN and layer 

coefficients for each LSME test are presented in Table B.1.   

The magnitude of the layer coefficients follow the hierarchy seen previously 

for SRM, with RCA and Class 5 having the highest and lowest values, respectively, 

and RAP and blended RCA/Class 5 having the second and third highest values, 

respectively.  The layer coefficients of RAP, blended RCA/Class 5, and Class 5 all 

increased at the same rate with an increase in layer thickness.  The layer coefficient 

of RCA increased with increased layer thickness as well, albeit at a much slower 

rate.  The Class 5 layer coefficients of 0.16 and 0.21 determined for the LSME layer 

thicknesses of 0.2 m and 0.3 m, respectively, are marginally higher than typical 

values for granular base course of 0.10 and 0.14 (Huang 2004).  RCA had layer 

coefficients of 0.21 and 0.24 for layer thicknesses of 0.2 m and 0.3 m, which is within 

typical values for rubblized concrete as reported by WisDOT (2009). 
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Fig. B.1. Layer coefficient vs. base layer thickness for RAP, RCA, blended 
RCA/Class 5, and Class 5. 
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Table B. 1.  Layer coefficients and structural numbers for different LSME 
thicknesses. 

Material Layer 
thickness (m)

Summary 
Resilient 

Modulus (kPa) 

Layer 
Coefficient, 

a2

Structural 
Number, 

SN 

RAP 
0.2 314 0.18 1.44 

0.3 474 0.23 2.76 

RCA 
0.2 418 0.21 1.68 

0.3 553 0.24 2.88 

Blended 
RCA/Class 

5 

0.2 278 0.17 1.36 

0.3 454 0.22 2.64 

Class 5 
0.2 243 0.15 1.2 

0.3 396 0.21 2.52 
 


