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Executive Summary 
 
 
 

This study evaluates the use of recycled concrete aggregate (RCA) and 

recycled asphalt pavement (RAP) as an unbound road base.  This investigation 

looked at the climatic behavior (i.e., temperature effects, wet/dry cycling) of RAP and 

RCA and the effects of brick content on the resilient modulus and plastic strain (as 

an index) of RCA.  The two chapters of this thesis individually discuss each one of 

these studies.  The recycled materials used in this study came from a large 

geographical area covering eight U.S. states including California, Colorado, 

Michigan, Minnesota, New Jersey, Ohio, Texas and Wisconsin.  Basalt and a 

quartz/granite/limestone blend meeting Minnesota Department of Transportation’s 

Class 5 gradation standard were used as control materials. 

Resilient modulus tests were conducted on the materials according to 

protocol 1-28a of the National Cooperative Highway Research Program (NCHRP).  

Modifications were made to the triaxial cell for resilient modulus to accommodate 

varying temperatures (7 °C to 50 °C) to test the materials at.  The Power function 

proposed by Moosazedh and Witczak (1981) and NCHRP models were fitted to the 

resilient modulus test data to estimate resilient modulus as a function of stress state.  

The NCHRP model provided higher coefficients of determination than the Power 

function model.  A summary resilient modulus (SRM) was calculated from the Power 

function and NCHRP models at a bulk stress of 208 kPa, which is typical for a base 
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course and the recommended bulk stress value for NCHRP 1-28a.  External LVDT 

data provided more reliable SRM values than internal LVDT data. 

The effects of temperature on resilient modulus of the RAP and RCA were 

evaluated using NCHRP 1-28a protocols at 7, 23, 35, and 50 °C.  No decrease in 

SRM was observed in the RCA and natural aggregates tested. A decrease in SRM 

of approximately 37% and 30% was observed for both TX and CO RAP, 

respectively, tested between the 23 °C and 35 °C temperatures; however, this 

decreasing trend did not continue between 35 °C and 50 °C where it stabilized.  This 

decrease in SRM is suggestive of a critical temperature between 23 °C and 35 °C 

where the physical characteristics of the asphalt binder coating the aggregates is 

altered.     

The increased temperature caused the strain rate to increase in all RAPs, but 

no effects occurred in the natural aggregates or RCAs tested.  NJ RAP had the 

highest strain rate, followed by TX RAP and then CO RAP.  Most of the increase in 

strain rate occurred within the first 1,000 cycles (conditioning phase) of the resilient 

modulus test.  Total cumulative plastic strains achieved in RAPs were generally high 

(> 7%), which is similar to results reported in the literature, but increased 

temperature increased the rate at which the plastic strain was achieved.  Due to this 

trend, RAP that is placed and compacted during the warmest time of the year could 

act to reduce the total plastic strain accumulation after pavement is laid. 

A procedure to evaluate the effects of wetting and drying of RAP and RCA on 

particle degradation was developed.  Two RCAs, two RAPs, and two natural 

aggregates were tested at 5, 10, and 30 wet/dry cycles.  Micro-Deval and particle 
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size distribution tests were conducted on the materials after their specificed wet/dry 

cycle.  No trend was observed in Micro-Deval loss percentage or particle size 

distribution due to wet/dry cycles, which suggests that wetting and drying of recycled 

material has no effect on particle degradation. 

One of the most costly and time consuming impurities to remove before and 

during crushing of recycled materials is brick because of its extensive use as a 

façade material covering concrete buildings.  To study if brick is a major impurity in 

RCA, compaction tests and resilient modulus tests were completed on RCA mixed 

with brick at 0, 10, 20, and 30% brick by mass.  Four RCAs were used: NJ, OH, MN, 

and TX.  Compaction tests were completed at 0% and 30% brick on all RCA 

materials except NJ RCA due to lack of materials.  When compared to 0% brick 

specimens, optimum moisture content increased and dry unit weight decreased in all 

RCAs mixed with 30% brick.  This was attributed to brick having higher absorption 

and lower specific gravity and dry unit weight than RCA.  Water drained out of the 

compaction molds if more water than OMC was added, not allowing maximum dry 

unit weight to decrease.  No apparent trends were observed between SRM and brick 

content three of the four RCAs tested, but a decrease in plastic strain was observed 

with increased brick content.  
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1. The Effects of Wet/Dry Cycling on Particle Degradation and 
Temperature on Resilient Modulus of Recycled Concrete 

Aggregate and Recycled Asphalt Pavement 

 INTRODUCTION 1.1

There are over 6.5 million km of roads in the United States (US) (FHWA 2010).  

The most common raw material used in road construction and reconstruction is natural 

aggregate, created by crushing rock.  Use of natural aggregates has increased from 

approximately 229 million metric tons in 1950 to 1.15 billion metric tons in 2011, of 

which 82% was used as construction material, mainly for road construction (USGS 

2011).  Access to natural aggregates has become more difficult because of reduced 

“ideal” sites caused by increasing environmental regulations and previous depletion of 

resources (Carpenter et al. 2007).  The price of natural aggregates has increased due 

to increased demand in conjunction with a decreased supply near building locations 

(Robinson and Brown 2002).  With decreased supply and increased demand, 

alternatives for natural aggregate have been considered. 

 Sustainable alternatives to natural aggregate that are increasing in use are 

recycled asphalt pavement (RAP) and recycled concrete aggregate (RCA).  RAP is 

produced by removing and crushing asphalt pavement, while RCA is a collection of 

concrete acquired from demolition of buildings, runways, and roadways (Kuo et al. 

2002, Guthrie et al. 2007, FHWA 2008).   As of 1998, only 80% of all asphalt concrete 

aggregate debris was recycled, with the remaining 20% landfilled (Wilburn 1998).  

Concrete is even less recycled.  Approximately 50% of concrete debris is recycled. 
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The use of RAP and RCA as a substitute for natural aggregate can also reduce 

costs. The majority of costs from using natural aggregate are incurred from 

transportation of the material from the quarry to the job site (Robinson and Brown 

2002).  By recycling old roadway material on-site, the transportation costs are reduced 

significantly.  Furthermore, there are no costs associated with mining or tipping fees for 

the construction and debris (C&D) waste. The only additional costs incurred are 

associated with crushing, sorting, and handling the material on-site.   

In addition to the benefit of cost savings, greenhouse gas emissions can be 

reduced by using RAP and RCA (Horvath, 2003).  Mining emits greenhouse gases 

through the stripping of vegetation surrounding the mine and using fossil fuels to 

operate machinery.  The use of recycled materials will reduce the need for mining and, 

in turn, reduce the greenhouse gas emissions produced by mining.  

 Although RAP and RCA are currently used as an alternative road base material, 

studies characterizing the mechanical properties of the materials are lacking (Bennert et 

al. 2000, Nataatmadja and Tan 2001, Guthrie et al. 2007, FHWA 2008).      Specifically, 

the thermo-mechanical behavior, influence of wetting and drying, and the effects of 

freeze-thaw cycles have not been thoroughly investigated (Bozyurt 2011).  RCA and 

RAP perform well at room temperature, but the climatic effects (i.e., freeze-thaw, 

temperature, and wet/dry) associated with the use of these materials year-round in 

varying climates need to be investigated to recommend more accurate design 

procedures based on location  

The effects of temperature on the resilient modulus and plastic deformation of 

RCA and RAP when used as unbound base course has not been investigated.  RAP 
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contains a temperature-sensitive material, asphalt binder, which becomes less viscous 

as temperature increases (Griffin et al. 1959).  RCA also can contain asphalt binder as 

a deleterious material.  To investigate the effects that temperature has on RAP when 

used as an unbound base course, resilient modulus tests were conducted at varying 

temperatures.  From this test, plastic strain could be calculated for each material at 

each temperature.  Natural aggregates were used as a control material.   

 Wetting and drying is a typical test conducted on concrete to evaluate the effects 

of wetting and drying on soil-cement losses, water content changes, and volume 

changes (ASTM D559).   There is no wet/dry standard for testing unbound aggregate.  

A procedure was developed for wet/dry testing of unbound aggregates to see the 

effects the process had on particle degradation.  RAP, RCA, and natural aggregates 

were subjected to varying wet/dry cycles and both particle size distributions (PSDs) and 

Micro-Deval tests were performed before and after the wetting and drying. 

 Road base aggregates have to withstand constant variation in temperature in 

temperate climates.  During the spring and fall, road bases can undergo multiple cycles 

of freezing and thawing daily.  Freezing and thawing of aggregates can have 

detrimental effects on the aggregate because of expansion and contraction of the water 

inside the pore space of the aggregate.  When water freezes within the pore space of 

the compacted aggregate, aggregates can foul and produce excess fines, reducing the 

competency of the road base.  To investigate this climatic effect, material was 

compacted at optimum moisture content (OMC) and subjected to varying freeze-thaw 

cycles.  Resilient modulus tests were then conducted on the specimens to evaluate the 

effects of freeze-thaw on stiffness. 
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 BACKGROUND 1.2

 Recycled Unbound Base Materials 1.2.1

Researchers have investigated the use of RCA in road base or subbase courses 

to provide a viable option for the reuse of this C&D waste (Poon and Chan 2005). RCA 

is used predominantly in pavement construction as replacement for natural aggregates 

and cement-treated subbase layers (Saeed et al. 2006). Molenaar and Niekerk (2002) 

investigated the engineering properties of RCA and suggested that good-quality road 

base or subbase can be built from these materials. The Federal Highway Administration 

(2008) reported that, when compared to natural aggregates, RCA has lower density, 

higher water absorption, higher soundness mass loss, and higher content of foreign 

material. In most cases, however, the properties of RCA are within the specifications for 

base course or concrete aggregate. 

Park (2003) investigated the characteristics and performance of RCA as road 

base and subbase for concrete pavement by comparing the engineering properties of 

RCA with those of crushed stone aggregate. The performance characteristics were 

evaluated based on compatibility, shear resistance, and stability of RCA; and the 

mechanical properties were evaluated in the field using a falling weight deflectometer to 

determine deflections. RCA had the same compactibility as crushed stone aggregate 

and shear resistance equal to or better than crushed stone aggregate. Park (2003) 

concluded that the RCA can be used as base and subbase materials in place of 

crushed stone aggregate for supporting a concrete pavement system. 

The National Asphalt Pavement Association (NAPA) (2009) reported that asphalt 

pavement is the most recycled material in the US. The US highway construction 
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industry annually produces more than 100 million tons of RAP that is recycled into new 

pavements (NAPA 2009). According to FHWA (2011), RAP is a valuable and high-

quality material that may demonstrate good performance as a granular road base and a 

replacement for more expensive virgin aggregate. 

Guthrie et al. (2007) conducted free-free resonant column tests on RAP and 

natural aggregate blends to evaluate the effects of percentage change of RAP on the 

stiffness of road base. Blends were prepared according to the following RAP and 

natural aggregate percentages: 100/0, 75/25, 50/50, 25/75, and 0/100. Stiffness was 

determined after compaction at OMC, after a 72-h period of heating at 60 ⁰C to simulate 

summer conditions; and after a 10-d period of capillary soaking followed by a 24-h 

period of submersion to simulate conditions of field saturations. At OMC, the stiffness 

decreased with the addition of 25% RAP, then increased with the addition of 50%, 75%, 

and 100% RAP. When the material was heated for 72-h, the stiffness increased with the 

addition of 25% RAP and then decreased with the addition of 50%, 75%, and 100% 

RAP. According to Guthrie et al. (2007), the decrease in stiffness is related to the 

softening behavior of asphalt due to heat. In the soaked condition, the stiffness of the 

material behaved similar to the samples in the dry condition, but with stiffness values 

between 40% and 90% lower. 

Kim et al. (2007) investigated the stiffness of base course containing different 

ratios of RAP and natural aggregate. Resilient modulus tests were conducted on the 

recycled material in accordance with National Cooperative Highway Research Program 

testing protocol 1-28A (NCHRP 1-28a). The 50% aggregate-50% RAP specimens 

developed stiffness equivalent to the 100% aggregate specimens at lower confining 
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pressures (~ 20 kPa); at higher confinement (~ 120 kPa), the RAP specimens were 

stiffer. 

Bennert et al. (2000) compared the mechanical properties of two types of C&D 

waste, RCA and RAP, with dense-graded aggregate base course, used in roadway 

base applications in New Jersey. The RAP and RCA were mixed at varying 

percentages with the dense-graded aggregate base course. Bennert et al. (2000) found 

that the pure RAP and RCA samples had higher stiffness than the dense-graded 

aggregate base course, and the stiffness of the base course increased with an increase 

in RAP and RCA content. The pure RCA specimens accumulated the least amount of 

permanent strain. Even though pure RAP was stiffer than the dense-graded aggregate 

base course, the RAP accumulated the greatest amount of permanent strain. Bennert et 

al. (2000) reported that the resulting contrast between the pure RAP resilient modulus 

and its permanent deformation might be due to the breakdown of asphalt binder under 

loading.  

 

 Resilient Modulus 1.2.2

The design of roadway pavement relies on proper characterization of the load-

deformation response of the pavement layers (Tian et al. 1998). Base and subgrade 

deform when subjected to repeated loads from vehicular traffic.  The Mr defines the 

nonlinear elastic response of pavement geomaterials, such as unbound aggregate base 

and subbase, under repeated traffic loads. The resilient behavior of unbound aggregate 

layers is affected by the stress state experienced because of wheel loading and the 

physical properties of aggregate (Pan et al. 2006). The Mr is a linear-elastic modulus 
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obtained from dynamic loading, defined as the ratio of the cyclic deviator stress to the 

resilient (recoverable) strain, and is defined as: 

             𝑀𝑟 = � 𝜎𝑑 𝜀𝑟� �                                                                                                                               (1.1) 

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

Design of pavements and rehabilitation of layered pavement systems use Mr as 

an essential parameter in the design process (Heydinger et al. 2007). The Mr is a key 

input in NCHRP 1-37 (mechanistic-based pavement design approach), which is being 

evaluated for adoption by numerous state highway agencies (Pan et al. 2006). The 

performance of pavement is dependent on the stiffness of the pavement structure under 

specified traffic loads and environmental conditions. Generally, a high Mr for a base 

course infers a stiffer base course layer, which increases pavement life. The resilient 

response of granular material is important for the load-carrying ability of the pavement 

and the permanent strain response, which characterize the long-term performance of 

the pavement and rutting phenomenon (Lekarp et al. 2000). 

 

 Freeze-Thaw Effect on RAP and RCA 1.2.3

Seasonal variation in moisture and temperature occurs in most areas of the US. 

The Mr of road base and subbase tends to change throughout the pavement’s life due 

to these seasonal variations. The freeze-thaw (F-T) cycling of pavement profiles may 

significantly influence pavement performance and is a major climatic behavior 

evaluation factor of base course materials. The Mr of an aggregate base/subbase is 

thought to increase during freezing and drying and decrease during thawing and wetting 

(Kootstra et al. 2009). Therefore, pavement design in regions where variations in 
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temperature and moisture are appreciable should consider these factors (Zaman and 

Zhu 1999). 

Bozyurt (2011) studied the effects of F-T cycling on some of the same materials 

used in this study.  Those materials were CA, MN, and TX RAP; Class 5; and MI, TX, 

and CA RCA.  Specimens were prepared at room temperature and then subjected to 0, 

5, 10, and 20 F-T cycles.  After the appropriate F-T cycle, resilient modulus tests were 

conducted on the recycled materials.  Bozyurt (2011) found that the SRM of the RAPs 

decreased with increased number of F-T cycles, but at a slower overall rate than Class 

5.  This decrease was attributed to particle degradation and progressive asphalt binder 

weakening.  SRM of the RCA decreased from zero to five F-T cycles, but increased in 

SRM between 5 and 20 F-T cycles.  This behavior was attributed to progressive 

generation of fines and hydration of the cement paste.  Results can be seen in Figure 

A.5 to Figure A.8 in the Appendix. 

 

 Temperature Effects on Resilient Modulus 1.2.4

Roads in certain climates can experience a large range and/or fluctuation in 

temperature.  While road surface courses experience this hot and cold weather directly, 

the road base course is insulated by the surface course and does not experience as 

great a fluctuation in temperature.  Unbound base course typically comes from rock that 

has been crushed.  Rock contains no material that is affected by the temperature 

change experienced by road base courses, but recycled materials can contain 

components that could make them susceptible to temperature.  
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RAP contains bituminous asphalt, a material that exhibits decreased viscosity 

with increased temperature (Griffin et al. 1959, Roberts et al. 1996, Lee et al. 2008, 

West et al. 2010).  Because bituminous asphalt coats many of the aggregates in RAP, a 

decrease in viscosity has the potential to impact the particle interlocking of the material 

during or after compaction.  A decrease in asphalt stiffness due to a decrease in 

viscosity is also observed as a result of increased temperature.  Asphalt binder 

increases in stiffness but becomes brittle in nature at temperatures below freezing 

(Marasteanu and Anderson 1996).  Materials with asphalt binder also observe 

increased strain at elevated temperature (Soleimanbeigi 2012).  Soleimanbeigi (2012) 

observed an exponential increase in secondary compression index with increased 

temperature with a recycled asphalt shingles/bottom ash mixture.  Kim and Labuz 

(2007) investigated the effects of various natural aggregate/RAP blends on Mr and 

cumulative plastic strain and found both cumulative plastic strain and Mr increased with 

increasing RAP content. 

Wen et al. (2011) studied the effects of temperature on Mr for natural aggregate 

base course mixed at 0%, 20%, 40%, and 60% RAP.  The materials were mixed at 

OMC and compacted to 95% maximum dry unit weight, then subjected to -20 °C, 20 °C, 

and 60 °C temperatures.  The results showed that there was little effect to Mr with 

increase of temperature from 20 °C to 60 °C on the 0% and 20% RAP.  For the 40% 

and 60% RAP mixes, there was up to 5% and 30% decreases, respectively in Mr with 

increased temperature from 20 °C to 60 °C.  The decrease in Mr with increased 

temperature in the 40% and 60% RAP mixtures was attributed to the reduction in 

asphalt stiffness with temperature increase.  A decrease in Mr with increased RAP 
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content was observed on the specimens tested at -20 °C.  The opposite effect was 

observed with the RAP mixtures at 20 °C; Mr increased with increased RAP content, a 

characteristic observed at UW-Madison.   

 

 Wet/Dry Cycling 1.2.5

Unbound base courses experience numerous wetting and drying cycles 

throughout their lifetime.  These wet/dry cycles are mostly caused from influxes in 

precipitation, but can also stem from other sources such as water table increases and 

flooding.  Aggregates used in road construction should be weather resistant so they do 

not degrade and breakdown when subjected to wetting and drying (Wu et al. 1998).  

Bozyurt (2011) investigated the effects of weathering and handling of RAP and RCA 

using the Micro-Deval test (AASHTO T-327).  RAP and RCA had higher Micro-Deval 

losses than the Class 5 natural aggregate control material, but both recycled materials 

had lower losses than the recommendation for natural aggregate in design manuals 

(i.e., DOT specifications). 

The wet/dry cyclic test is a standard test used in concrete.  This test has been 

used to evaluate the effects on soil-cement losses and volume changes with increased 

cycles on concrete (ASTM D559).  Previous studies have not been completed to 

evaluate the effects of wet/dry cycles on unbound aggregates, nor has any standard 

been developed. 
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 MATERIALS 1.3

The recycled materials used in this study were obtained from various states in 

the US. Three RAPs and three RCAs were collected and named according to the state 

of origin. The materials represent coarser, medium, and finer gradations based on their 

grain size (D50, Cc, and Cu). The reference base courses studied and used as the 

controls in this study were a gravel meeting Class 5 aggregate specifications for base 

course per the Minnesota Department of Transportation and crushed basalt from 

Senegal, Africa.  The basalt was material studied previously by a visiting scholar at the 

University of Wisconsin-Madison. 

Six recycled materials and two conventional base courses were used in the first 

part of this investigation. Three of the recycled materials were recycled asphalt 

pavement (RAP) and three were recycled concrete aggregate (RCA). The recycled 

materials used in this study were obtained from a wide geographical area, covering four 

different states: California, Colorado, New Jersey, and Texas.  The Class 5 aggregate 

was composed of quartz, granite and carbonates (limestone and dolomite). The ratio of 

quartz/granite to carbonates is 2.1. The percentage of mineral type in Class 5 

aggregate was 68% for Quartz/Granite and 32% for Carbonates. Percent quartz/granite 

(aggregate and concrete) and percent carbonate of gravel (aggregate and concrete) of 

gravel are 43% and 20%, respectively.  The crushed basalt was 100% basalt crushed 

in Senegal, Africa and transported to the University of Wisconsin by a visiting 

Senegalese scholar to mechanically characterize, and the remaining unused material 

was used for this study. 
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The RAP received from the Colorado DOT was collected from hundreds of 

reclaimed highways. Although the RAP came from varied sources, the aggregates for 

the production of the asphalt originated from rock in Colorado, most from quarries in 

Morrison and Golden and some aggregates were sourced from the Platte River. 

The material provided by the New Jersey DOT (NJ DOT) is from stockpiles for 

demolition projects, primarily in New Jersey. The material in the stockpiles is in flux 

since NJ DOT constantly adds new loads and removes content for different purposes.  

The CA RCA provided by the California DOT is broken concrete rubble from the 

demolition of structures. Stockpiling in California is usually done three times a year. 

These stockpiles are not added to throughout their life-cycle. If stockpiled material is 

still unavailable during visits from subcontractors, new material is used to create a new 

stockpile. 

The RCA sent by the Texas DOT is from a commercial source; therefore, the 

individual sources of aggregate or material characteristics included in the RCA are not 

known. The Texas RAP is from a highway project where the contractor milled the 

"binder" course after approximately 1.5 years of service.  

A summary of the index properties and soil classifications is shown in Table 1.1. 

The materials used in this study are classified as non-plastic per ASTM D 2487, the 

Unified Soil Classification System (USCS). The recycled materials (three RCAs and 

three RAPs) classified as A-1-a and Class 5 and basalt aggregates classified as A-1-b 

according to the AASHTO soil classification system (ASTM D 3282). Specific gravity 

(Gs) and absorption tests were conducted according to AASHTO T 85. Asphalt content 

was determined by ASTM 6307. The modified Proctor compaction test (ASTM D 1557) 
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was performed to determine the optimum moisture content (wopt) and maximum dry unit 

weight (γdmax). The particle size distribution (PSD) for the investigated materials were 

determined according to ASTM D 422 and are shown in Figure 1.1a and Figure 1.1b, 

along with upper and lower bounds reported in literature (Bennert et al. 2000, Bejarano 

et al. 2003, Blankenagel and Guthrie 2006, Guthrie et al. 2007, Saeed 2008, Kuo et al. 

2002). 

 METHODS 1.4

 Resilient Modulus 1.4.1

Resilient modulus tests were performed on compacted specimens according to 

NCHRP 1-28a Procedure Ia, which applies to base and subbase materials. The 

materials used in this study classify as Type I material in NCHRP 1-28A, which requires 

a 152-mm diameter and 305-mm high specimen for resilient modulus testing (NCHRP 

2004). Specimens were prepared at OMC and compacted to 95% of maximum modified 

Proctor density. Specimens were compacted in six lifts of equal mass within 1% of the 

target dry unit weight and 0.5% of target moisture content to ensure uniform compaction 

(NCHRP 2004). 

Resilient modulus tests were conducted with internal and external linear variable 

displacement transducers (LVDT). External LVDTs have an accuracy of ± 0.005 mm, 

and internal LVDTs have an accuracy of ± 0.0015 mm. Clamps for the internal LVDTs 

were built in accordance with NCHRP 1-28A specifications. Internal LVDTs were placed 

at quarter points of the specimen to measure the deformations over the half-length of 

the specimen, whereas external LVDT measured deformations of the entire specimen 



14 
 

length. An MTS Systems Model 244.12 servo-hydraulic machine was used for loading 

the specimens. Loading sequences, confining pressures and data acquisition were 

controlled from a computer running LabView 8.5 software.  

Various factors influence the Mr including loading conditions (confining and 

deviatoric stresses), physical properties (water content, void ratio, matric suction), and 

soil properties (particle size distribution and plasticity).  The most important factors are 

stress conditions.  Because of this, multiple models have been proposed to examine the 

relationship between Mr and stress factors (i.e., deviatoric and confining stresses). The 

two models used in this study were the Power model proposed by Moosazedh and 

Witczak (1981) and the NCHRP model.  Both are described below.  First the Mr for each 

load sequence was obtained by averaging the Mr from the last 5 cycles of each test 

sequence. The Mr data were fitted with the Power function model proposed by 

Moosazedh and Witczak (1981) 

             𝑀𝑟 = 𝑘1 × � 𝜃
𝑝𝑎
�
𝑘2          

                                                                                                               (1.2)  

where Mr is resilient modulus, θ is bulk stress, pa is atmospheric pressure (101.4 kPa), 

and k1 and k2 are empirical fitting parameters. The constant k1 is unique to a given 

material and is independent of k2.  k2 represents the effect of stress on the modulus and 

varies within narrow limits (0.45 to 0.62 for granular base (Huang 2003)). k1 and k2 are 

material-dependent parameters. The range of k1 varies greatly and its value is largely 

controls Mr predicted.  Bulk stress is another means of quantifying confining pressure 

and deviator stress in a single term and is defined as the sum of the three principle 

stresses. Bulk stress is defined as 

  𝜃 = 𝜎1 + 𝜎2 + 𝜎3                                                                                                                      (1.3)  
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where σ1, σ2, and σ3 are the principal stresses acting on the specimen.  

 The Mr data were also fitted with the NCHRP model( NCHRP 2004) defined 

             𝑀𝑟 = 𝑘1.𝑝𝑎. �
𝜃 − 3𝑘6
𝑝𝑎

�
𝑘2

. (
𝜏𝑜𝑐𝑡
𝑝𝑎

+ 𝑘7)𝑘3                                                                             (1.4)    

where k1, k2, k3, k6, and k7 are constants, pa is atmospheric pressure (101.4 kPa), τoct is 

octahedral shear stress, and θ is bulk stress. 

For every specimen tested, it is important that the Mr values calculated at the end 

of each cycle and used to determine the SRM are accurate.  To determine the accuracy 

of the values calculated, a coefficient of variance was determined for the last five Mr 

values of each sequence, which are averaged to calculate the Mr of a sequence.   Mr 

values with a coefficient of variation above 8% were not used to calculate the SRM of 

the specimen.     

For base course, the SRM corresponds to the Mr at a bulk stress of 208 kPa, as 

suggested by Section 10.3.3.9 of NCHRP 1-28a. SRM is used to determine the layer 

coefficient, which is a required input in the AASHTO pavement design equation (Tian et 

al. 1998). The Power function (Eq. 1.2) is a simple model that is widely used for 

granular materials. The estimated SRM per the Power function model was compared to 

the measured modulus. Statistical analysis indicated that results from the Power 

function model are significant at a 95% confidence level, and the model represents the 

data reasonably well for RCA (R2 = 0.85) and for RAP (R2 = 0.90) (Bozyurt 2011). 
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 Temperature Effects on Resilient Modulus 1.4.2

The effect of temperature on the engineering properties of the tested materials 

was determined by completing Mr tests at varying temperatures.  Mr tests were carried 

out on specimens at four different temperatures: 7 °C, 23 °C, 35 °C, and 50 °C.  The 

lower and upper bounds were selected because of the limits imposed by the equipment 

used that would allow for the NCHRP 1-28a standard to be followed.  Specimens were 

compacted at OMC and at 95% maximum modified dry unit weight and prepared 

according to the NCHRP 1-28a standard as outlined in Section 1.4.1.   

Due to the hydraulics needed for the Mr test, the equipment could not be moved 

to a temperature controlled room for the tests to be conducted at varying temperatures.  

Instead of controlling the temperature around the entire platform of the hydraulic 

actuator, the temperature control was limited to the acrylic cell containing the specimen.  

Figure 1.2a and Figure 1.2b show the Mr setup of the temperature-controlled cell with 

hot water and with cold water, respectively.  The NCHRP 1-28a standard specifies that 

air must be used as the confining fluid during the Mr test.  Due to air being used as the 

confining fluid, temperature-controlled water was circulated through 15.2-m of 6.35-mm-

diameter copper coil wrapped around the inside of the acrylic cylinder to heat or cool the 

specimen through heating or cooling the confining air. The temperature the specimen 

could reach was limited due to the confining air insulating the heat transfer from the 

copper coil to the specimen.   

The temperature-controlled water was heated in a 152-mm permeameter using a 

Watlow FIREROD immersion heater, which operated at 100 °C.  A thermocouple was 

placed inside the water-filled permeameter to determine the temperature of the 
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circulating water.  The thermocouple was connected through a data logger, which was 

controlled by a LabVIEW program that turned the heater on and off to regulate the 

circulating water temperature.  Water was circulated from the permeameter to the 

copper coil using a 2650 L/h magnetically driven pump that was placed outside of the 

permeameter.  6.35-mm-diameter Tygon tubing was used to transfer the water from the 

permeameter to the copper coil and back.  A similar setup was used for the 7 °C 

temperature goal, except a freezer was used to hold a 75-L container of water.  The 

2650 L/h pump was placed inside the 75-L container and 6.35-mm-diameter tubing was 

again used to transfer water from the reservoir to the copper coil and back.  For tests at 

35 °C, and 50 °C, a blanket was wrapped around both the acrylic cell and the water 

reservoir to limit heat dissipation.  For tests conducted at 7 °C, a blanket was wrapped 

around the acrylic cell and placed over the freezer to reduce cold air dissipation. 

To determine the specific temperatures to test the material at, calibration of the 

equipment was conducted to determine the limiting temperature of the equipment.  

Class 5 aggregate was used as the calibration material.  To determine the temperature 

of the specimen at a given time while heating or cooling, three thermocouples were 

compacted into the specimen.  The thermocouples were compacted at mid-height of the 

specimen and placed in the middle, outside, and halfway between the middle and 

outside.  After the first test, only one thermocouple at the center of the specimen was 

necessary because there was little temperature change from edge to center after 

equilibration.  Using one thermocouple compacted inside the specimen also reduced 

disturbance to the specimen.  Thermocouples were placed within the cell to determine 

the air temperature and in the water reservoir to measure water temperature.  
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As seen in Figure 1.3a to Figure. 1.3c, constant temperature was achieved within 

15-h of the temperature of the water being circulated.  The maximum water temperature 

achieved with the Watlow heater was 76 °C, which corresponded to an air temperature 

of 58 °C and specimen temperature of 50 °C (± 1 °C).  Although the likelihood of a base 

course reaching 50 °C is very minimal once pavement is installed, this temperature is 

possible to achieve during compaction and before pavement is installed, which insulates 

the base course.  7 °C (± 1 °C) was the lowest temperature the specimen would reach 

when circulating 0 °C water, marking the minimum temperature tested.  The specimens 

were also tested at room temperature (23 °C) as a control.  The 35 °C temperature was 

set as a temperature between room (23 °C) and 50 °C to help evaluate any trend and 

because this temperature is more of a realistic maximum temperature base course will 

experience after being insulated by pavement. Figure 1.3a to Figure 1.3c show the 

thermocouple data for the calibration at each temperature except 23 °C. 

Quality control compaction tables for each specimen tested are presented in 

Table 1.2 to Table 1.3.  All specimens were compacted within the NCHRP 1-28a 

standard of ± 0.5% of OMC.  The majority (84%) of the specimens were compacted 

within ± 1% of the target dry density, in accordance with the NCHRP 1-28a standard.    

The five specimens (16%) that were compacted outside of the 1% target were the Class 

5 specimens and the 7 °C TX RAP specimen.  The TX RAP specimens were around 6 

to 7% above the target dry density, but were all within 0.6% standard deviation of one 

another.  Because the four TX RAP specimens are within only 0.6% standard deviation 

of one another, these tests were considered valid because they were all representative 
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of one another.  As for the one Class 5 specimen, it was 0.1% above being rounded to 

1%.   Further testing could not be completed to correct the errors due to lack of material. 

 

 Wet/Dry Cycling of Unbound Recycled Materials 1.4.3

The procedure for wet/dry cycling of unbound recycled materials was based upon a 

similar procedure for compacted soil-cement mixtures (ASTM D559).  Unlike ASTM 

D559, the recycled aggregate is unbound, so an apparatus was created to contain the 

material in its compacted state while still allowing water to flow through the aggregate.  

Loss of material was not weighed due to the unbound nature of the material.  This test 

was conducted to evaluate the effects of wet/dry cycles on particle degradation of the 

material, not loss of material. 

To replicate the in-field conditions of the recycled materials and natural aggregates 

tested, aggregates were compacted in the same mold used for Mr testing following the 

same steps as used in Section 1.4.1.  All specimens were compacted at OMC and at 

95% maximum modified Proctor dry unit weight.  Once compacted, specimens were 

extruded from the mold and placed into the wet/dry apparatus. 

A wet/dry apparatus had to be fabricated to hold the specimens intact throughout 

the entire wetting and drying of the material.  Due to the unbound nature of the 

aggregate, loss of material existed, but minimizing the loss was important.  One sheet of 

non-woven geotextile was wrapped around the specimens and held in place using ten 

rubber bands (Figure 1.4).  Two 152-mm-diameter pieces of non-woven geotextile were 

also used on the top and bottom of the cylindrical specimens.  The non-woven 
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geotextile used in this test kept the specimens intact while still allowing water to freely 

move through. 

Two 152-mm-square plates were placed on the top and bottom of the specimen and 

locked into place using four 38-cm threaded rods.  Each plate had approximately twenty 

6.35-mm holes drilled into it to allow for water to enter and exit the specimen.  The 

plates used for the RAP were made from polyvinyl chloride (PVC) and the plates used 

to hold the RCA and natural aggregates specimens were made from aluminum.  

Aluminum was used for RCA and natural aggregate because of the high temperature 

(100 °C) oven used to dry the material.  PVC was used for the RAP because of 

availability and applicability in the lower temperature (50 °C) oven used to dry RAP.  

Eight bolts and washers threaded through the 38-cm rods were used to tighten the 

plates to the specimens.   

 Calibration of the wetting and drying time of the aggregates was conducted to 

determine the time for full saturation and drying.  Specimens were placed in 114-L 

drums filled with tap water to achieve saturation.  Saturation was achieved quickly (< 

30-min) without vacuum as opposed to five hours as dictated by ASTM D559.  

Saturation was defined as the point when the weight of the specimen did not change 

more than ± 0.05 kg after a 30-min increment. To be conservative, all materials were 

submerged in water for one hour during the wetting cycle.  

For drying, RAP and RCA/natural aggregate specimens were placed in ovens at 50 

°C and 100 °C.  50 °C drying temperature was selected for RAP to reduce the potential 

for softening of the asphalt binder because aged asphalt binder found in RAP starts to 

soften around 60 °C (Read and Whiteoak 2003).  100 °C drying temperature was 
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selected for the RCA and natural aggregates because these materials did not contain 

any temperature-sensitive material, and the higher temperature decreased drying time 

for these hydrophilic materials.  Calibration tests revealed that the RAPs, RCAs, and 

natural aggregates were considered dry after 22-h in their respective ovens.  Dry was 

defined as the weight of the material not changing more than +\- 0.05 kg after a 30-min 

increment.  RAP was able to dry after the same amount of time, but at a lower 

temperature than the RCAs and natural aggregates because it is a hydrophobic 

material.  

Specimens were put through a 1-h wetting and 22-h drying cycle to complete one 

wet/dry cycle.  A new specimen was created for each of the five, ten, and thirty wet/dry 

cycle procedures.  Once the specimen completed its final cycle, pictures were taken for 

documentation of the intact specimen and then specimens were broken apart from their 

compacted state and dried for PSD and Micro-Deval tests. 

PSDs (ASTM D422) were completed on all coarse-grained materials after the last 

wet/dry cycle.  There were no deviations from the ASTM D422 standard.  PSDs were 

also carried out on each material at 0 wet/dry cycles, but after compaction.  Micro-Deval 

tests were conducted on all material following AASHTO T-327.  All specimens were 

prepared as an oven dried sample of 19.0-mm except Class 5 and NJ RAP because of 

lack of material at certain particle sizes.  All Class 5 wet/dry specimens used only 1000-

g of material for each Micro Deval test.  250-g were retained on the 16 mm sieve, 250 g 

on the 12.7-mm sieve, and 500-g on the 9.7-mm sieve.  NJ RAP was not tested at 5 

cycles due to lack of material.  NJ RAP specimens had 750-g retained on the 6.35-mm 

sieve and 750-g retained on the 4.76-mm sieve. 
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 RESULTS AND DISCUSSION 1.5

 Temperature Effects on Resilient Modulus 1.5.1

1.5.1.1 Temperature and Summary Resilient Modulus 

The effects of temperature on SRM can be seen in Table 1.4 for both internal 

and external LVDT calculated SRMs using both NCHRP and Power fitting models.  

More detailed NCHRP SRM fitting parameters at varying temperatures for 

RCA/Basalt/Class 5 and RAP are shown in Table 1.5 and Table 1.6, respectively.  

Table 1.7 and Table 1.8 display the Power model fitting parameters at varying 

temperatures for RCA/Basalt/Class 5 and RAP, respectively.   The NCHRP external 

LVDT SRM values are plotted in Figure 1.5a through Figure 1.5d.  NCHRP modeled 

SRM as opposed to the Power modeled SRM was plotted because the coefficient of 

determination was higher on average than that of the Power modeled SRM. The 

NCHRP modeled SRM is the SRM used in the Mechanistic Empirical Pavement Design 

Guide (MEPDG).  

Figure 1.6a and Figure 1.6b show a 1:1 comparison of internal SRM to external 

SRM using the NCHRP model and the Power model, respectively.  As observed by 

many other studies (Bozyurt 2011, Camargo et al. 2012), the calculated internal SRM 

was higher than the external SRM.  The ratio of internal to external SRM from this study 

was on average 1.7, similar to findings by Camargo et al.’s (2012) of an average of 1.5 

on base course.  Table 1.5 and Table 1.6 show the internal to external SRM ratio for the 

SRMs calculated using the NCHRP model.  Table 1.7 and Table 1.8 show the internal 

to external SRM ratio for the SRMs calculated using the Power model. 
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The 1.7 internal to external SRM ratio in this study is much lower than previous 

data collected and reported from the UW-Madison’s Recycled Materials Resource 

Center, which had ratios closer to 3 (Bozyurt 2011). Figure 1.7a and Figure 1.7b show 

the comparison between SRM calculated earlier by Young-Hwan Son at UW-Madison 

and SRM calculated in this study at room temperature (23 °C) on the same material.  As 

seen in these figures, Son’s 2011 internal SRM values were much higher (270% of the 

original value) than those calculated in this study.  Whereas Son’s external SRM values 

were slightly higher (130% of the original value) than the SRM values from this study, 

but much closer than the internal SRMs.  This difference is attributed to malfunctioning 

internal LVDTs used by Son.  The internal LVDTs used by Son were thought to be 

calibrated incorrectly, recording incorrect displacements which increased the overall 

internal SRMs for each material tested.  Son’s internal LVDTs were also different from 

the LVDTs used in this study and had a shorter range for recording displacement.  This 

shorter range did not allow the entire Mr test to proceed without resetting the interior 

LVDTs in the middle of the test, which could have altered the data collected and led to 

higher SRM values.  Son’s external LVDTs were calibrated correctly and SRM 

calculated from these LVDTs is considered accurate.     

The values for Son’s internal SRM data were reported in a previous task report 

(Task IB) submitted to this project. This internal SRM is not considered accurate and 

should not be used. The interior LVDTs used for this study are considered calibrated 

and the SRM values calculated from these LVDTs is considered accurate.  Due to this 

problem with internal LVDTs, comparisons in previous task report data should only be 
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done using external SRM values.  External SRM values yielded much more consistent 

values than internal SRM values (Bozyurt 2011).   

  To analyze change in SRM with temperature for each material, coefficients of 

variations were calculated for the samples with enough material to run replicate Mr tests 

at 23 °C (i.e., Basalt, Class 5, TX RCA, and CA RCA) (Table 1.9).  Any fluctuation in 

SRM outside of the coefficient of variation for the specific material was deemed a 

statistically significant change in SRM.  For RCA samples, there appeared to be a 

decreasing trend in CA RCA with increasing temperature, but this decreasing trend was 

not outside of the coefficient of variation for CA RCA replicate tests completed (14%).  A 

decreasing trend in SRM (28% decrease) was observed from 7 °C to 23 °C for TX RCA, 

but no trend was observed between 23 °C and 50 °C.  The decrease in TX RCA from 7 

°C to 23 °C is outside of the 19% coefficient of variation, indicating that the lower 

temperature could result in stiffening of the RCA, a common behavior of aggregates 

(Huang 2004).  NJ RCA showed the same decreasing trend in SRM (27% decrease) 

from 7 °C to 23 °C, but lack of material did not allow for replicates to be completed on 

the material at room temperature to justify if this change in SRM was within the 

coefficient of variation between replicate tests. 

For natural aggregate samples, both Basalt and Class 5 did not show any trends 

outside of the 7% and 17% coefficients of variation, respectively.  Because of the lack of 

change in SRM outside of the coefficients of variation for each material, no change in 

SRM with temperature was observed in either natural aggregate.   

Due to lack of material, no RAP replicates at room temperature could be tested 

to determine the coefficients of variation under this study.  Previous SRM data on RAP 
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from the same sources but different studies was evaluated (Table A.2 and Table A.3), 

but was not used to the abnormally high coefficients of variation suggesting a difference 

in testing method and analysis between the studies.   Without coefficients of variation to 

determine the possible percentage change in SRM between replicates, results for RAP 

had to be analyzed using other statistical means.  As seen from Figure 1.5b, there is 

little trend between the three RAPs tests from 7 °C to 23 °C or from 35 °C to 50 °C, but 

there is a noticeable step drop in SRM for CO RAP and TX RAP between 23 °C and 35 

°C.  NJ RAP does not exhibit this step drop in SRM,  indicating a possible error in the 

test or NJ RAP has a different characteristic than CO RAP and TX RAP that makes it 

not susceptible to temperature change.  For this reason, replicate tests could have 

confirmed this lack of change in SRM, but a limited quantity of material available did not 

allow for this; therefore, the SRM data collected for NJ RAP was not evaluated any 

further. 

   As seen in Figure. 1.5b, NJ RAP has the least fluctuation in SRM at varying 

temperatures, but both TX RAP and CO RAP have dramatic (37% and 30%, 

respectively) differences in SRM between 23 °C and 35 °C, but all SRM values for the 

RAPs were still approximately the same or higher than the SRM values for the RCAs 

and natural aggregates tested at 35 °C.  Little change (< 13 MPa or 9%) in SRM is 

observed in any of the RAPs from 7 °C to 23 °C and 35 °C to 50 °C.  Due to the lack of 

material not allowing replicate tests to determine the coefficients of variation for each 

RAP, the six SRMs for all RAPs at 7 °C and 23 °C were grouped together and the six 

SRMs for all RAPs at 35 °C and 50 °C were grouped together for a statistical analysis. 

Figure 1.8a shows this grouping of the data.  Averages were taken of each grouping to 
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determine the average step drop in SRM (24% decrease) of the RAP from 23 °C to 35 

°C.  Figure 1.8b shows the difference in average SRM of each grouping with the 

standard deviation.  From Figure 1.8a and Figure 1.8b, it is observed that there is a 

trend of decrease in SRM for RAPs between 23 °C and 35 °C of approximately 24% on 

average.     This trend of a decrease in Mr with increased temperature was also 

observed by Wen et al. (2011), but between the temperatures of 20 °C and 60 °C and at 

RAP contents of 60% to natural aggregate.  Wen et al. (2011) saw a decrease in Mr of 

30% with the increase in temperature. 

The 60% decrease in SRM between 23 °C and 35 °C could be attributed to the 

asphalt in the material reaching its softening point, where the asphalt binder starts to 

behave less viscously (Read and Whiteoak 2001).  This softening point typically occurs 

between 45 °C and 80 °C, so another explanation may be warranted for this decrease.  

Wen et al. (2011) claimed the decrease in Mr between the RAP he tested at 20 °C and 

60 °C was due to decreased asphalt stiffening with temperature increase, but 60°C is 

within the softening point range of asphalt, whereas 35 °C is not.  With a decrease in 

viscosity of the material, the asphalt binder coating the aggregates reduces in shear 

strength, decreasing the stiffness of the material under loading.  It is recommended that 

further Mr tests on RAP at temperature between 23 °C and 35 °C be completed so that 

a more accurate temperature at which the SRM starts to decrease can be determined.  

It is also recommended that further Mr tests at these temperatures be done with other 

RAPs so that this trend can be further evaluated.   Table 1.10 shows the ratios of SRM 

values at 23 °C and SRM values at 35 °C or 50 °C.  The average of the external SRM 

ratios between 23 °C and 35 °C was 1.4.  To be conservative, a reduction factor of 1.5 
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can be considered when evaluating the SRM of a 100% RAP base course to 

accommodate the effects of temperature on the SRM of RAP.  More Mr tests on 100% 

RAP at different temperature can be performed to further analyze this decreasing trend 

in SRM with temperature. 

 

1.5.1.2 Temperature and Plastic Strain (as an Index) 

The noticeable difference in SRM between 23 °C and 35 °C for TX RAP and CO 

RAP indicates that there is a temperature at which the asphalt starts to behave less 

viscously when loaded.  This temperature range is much lower than the typical softening 

point of asphalt binder (between 45 °C and 80 °C according to Read and Whiteoak 

(2003)).  This behavior was not observed in NJ RAP through SRM values, but was 

observed when evaluating the strain rates of each specimen during the first sequence of 

the Mr test that conditions the specimen.  No data is used to calculate Mr during this 

phase. During the conditioning phase NJ RAP experienced the highest strain rates of 

any material at 35 °C and 50 °C.  CO and TX RAPs did not have as high strain rates 

during the conditioning phase at these temperatures.   

Figure 1.9a and Figure 1.9b show this quick increase in strain rate for RAPs 

during the 100, 500, and 900 cycles of the conditioning phase at different temperatures.  

From Figure 1.9a and Figure 1.9b it can also be observed that NJ RAP had the fastest 

strain rate increase among the RAPs, followed by TX and CO RAP.  A better 

comparison can be made between each material’s strain rates during the first 100 

cycles through the bar graphs displayed in Figure 1.10 at different temperatures.  This 

figure displays the large impact temperature has on strain rate for RAPs, but the little 
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impact it had on materials without asphalt (i.e. RCA and natural aggregate).  This trend 

can be seen throughout the entire conditioning phase in Figure 1.11a to Figure 1.11b.  

NJ RAP had the highest strain rate at each temperature, followed by TX RAP and then 

CO RAP.   

Figure 1.12a and Figure 1.12b show the effects temperature had on cumulative 

plastic strain of the RAP, RCA, and natural aggregate throughout the Mr test.  For 

RAPs, a trend of increasing plastic strain with increased temperature was observed.  

This trend supports the theory that strain rate increases with increased temperature in 

RAP when used as an unbound base course. There was no apparent trend observed 

for the RCAs and natural aggregates tested except that there is little to no effect and the 

plastic strains stay relatively constant regardless of temperature.   

Further support of the increasing plastic strain with RAP temperature theory is 

evident in Figure 1.13 and Figure 1.14, which show the effect of temperature on 

cumulative plastic strain during the conditioning phase and during the remainder of the 

Mr test. An exponentially increasing cumulative plastic strain trend with increasing 

temperature was observed during the first sequence of the Mr test for all RAPs.  The 

opposite trend in plastic strain is seen in the remaining 30 sequences with a decreasing 

trend observed.  Figure 1.13 shows that, except for the cumulative plastic strain values 

at 7 °C, total cumulative plastic strain for RAPs at each temperature are consistent.  

These observed trends in Figure 1.13 and Figure 1.14 show that increasing temperature 

in RAPs results in faster accumulation of plastic strain without increasing total 

cumulative plastic strain.  The low total cumulative plastic strain for all RAPs at 7 °C 

shown in Figure 1.14 was attributed to the rigidity of the asphalt coating the aggregates 
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at near freezing conditions (Griffin et al. 1959).  Figure 1.13 shows that NJ RAP had the 

largest increase in plastic strain with increase in temperature, followed by TX RAP and 

CO RAP, similar to the findings in strain rate.   

Figure 1.15 to Figure 1.18 show the effects of temperature on cumulative plastic 

strain for the RCAs and natural aggregates tested.  Little plastic strain is accumulated 

during the first sequence in the RCA and natural aggregate specimens.  No change in 

cumulative plastic strain outside of the expected margin of error due to instrumentation 

and rounding is observed in any of the RCAs or natural aggregates at varying 

temperatures.  RAP exhibited the highest plastic strains for all materials tested, which 

was a trend also observed by Kim and Labuz (2007) where plastic strains in RAP at 

room temperature were greater than two times those of natural aggregate.  This trend of 

higher plastic strain with material containing asphalt was also observed in Ebrahimi et 

al. (2012) where recycled pavement material containing asphalt exhibited higher plastic 

strains than natural aggregate.  This increase in plastic strain was attributed to the 

viscous creep of the asphalt coating the aggregates in the recycled pavement material 

and it was suggested that this deformation could lead to rutting in flexible pavements.   

Although this was the case, Ebrahimi et al. (2012) found that the overall life of the road 

would be increased using recycled pavement material as opposed to other materials 

because of the higher Mr of the material. Class 5 also had high (~8%) plastic strains for 

base course material.  All values of cumulative plastic strain can be seen in Table 1.11 

to Table 1.13. 

A problem associated with these high (> 6%) total cumulative plastic strain 

values in the RAP and Class 5 material is the problem with long term performance of 
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the pavement.  High strain values lead to long-term rutting issues in the pavement, 

which decreases pavement life (Huang 2003).  Because of this increased total 

cumulative plastic strain and increased strain rate due to temperature, further tests 

should be conducted on compaction of RAP at higher temperatures.  As seen from the 

increased strain rates at increased temperatures, compaction at increased 

temperatures could decrease the total cumulative plastic strain accumulated in RAPs.  

In addition, the temperature effects on hydraulic conductivity of RAP should be 

evaluated.  The softening of the asphalt binder under loading can decrease pore space, 

reducing hydraulic conductivity of the material.  High hydraulic conductivity in road base 

is important to allow water to drain away from the pavement system.   

The mechanism causing this increased plastic strain at higher temperatures in 

RAP is hypothesized to be the asphalt coating the aggregates.  The asphalt coating 

decreases roughness of the aggregates; therefore, decreasing contact friction angles.  

RAP has characteristically lower maximum dry unit weights when compacted than RCA 

and natural aggregate, which is attributed to the poor compaction ability of asphalt-

coated aggregates (Bozyurt 2011).  The asphalt coating also becomes more viscous at 

higher temperatures, which could allow for the specimens to consolidate due to 

decreased friction angles.  

 

 Wet and Dry Cycling  1.5.2

Particle degradation due to wet/dry cycling was evaluated through PSDs and 

Micro-Deval tests conducted after compaction, but before wetting and drying (0 cycles), 

and after 5, 10, and 30 cycles of wetting and drying.  Figure 1.19 to Figure 1.24 show 
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the PSDs for all four cycles.  Figure 1.24 does not include wet/dry cycle five because of 

the lack of NJ RAP available during this test.  For the natural aggregates, no change in 

PSD is observed outside of the expected error from the sample collected.  For CA and 

TX RCA, no trends are observed; but for CA RCA, both 0 and 5 cycle are shown having 

finer material than the 10 and 30 cycle material.  This is also observed for the 0 cycle 

TX RCA material.  This observation is assumed to be due to the error in sampling the 

specimen for PSD material and not because of the wet/dry process.  This assumption is 

made because the PSD of the material changes throughout the barrel the material is 

stored in.  Outside of this measurement error, there is no observable change in PSD 

with the change in number of wet/dry cycles.  A similar result can be observed for the 

TX and NJ RAP (Figure 1.23 and Figure 1.24, respectively).   

 During the wetting and drying processes, the loss of fines was documented.  

Fines migrated to the bottom of the cylinders during drying and were lost during wetting.  

The amount of fines lost was negligible (< 20 g) in relation to the size of the specimen, 

but a noticeable trend of increasing fines content with increased wet/dry cycles was 

observed in the PSDs.  Figure 1.25 shows this trend observed in the natural aggregate 

and RCA specimens.  No trend was observed for the RAP material.  Figure 1.26 to 

Figure 1.31 show pictures of each specimen after 5, 10, and 30 cycles.  From these 

figures it can be observed that both RAPs tested were able to stay much more intact 

than the RCAs and natural aggregates through the wetting and drying.  This does not 

show that RAP will behave better through wetting and drying in situ, but does show that 

RAP when compacted, has higher cohesive properties than both RCA and natural 

aggregate.  This increased cohesion could be due to the drying temperature of the 
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material being 50 °C, which may have altered the asphalt binder within the RAP, 

bonding particles together.   

 Micro-Deval testing was completed on the materials to evaluate the effects of 

wet/dry cycles on abrasion resistance.  Samples were collected for Micro-Deval analysis 

from the tested specimens.  The Micro-Deval tests results can be observed as percent 

loss in Figure 1.32.  No trend was observed in any of the materials because all percent 

losses were within the single operator coefficient of variation 3.4%.  All losses were 

similar (within 3.4% COV) to previous Micro-Deval studies conducted at 0 wet/dry 

cycles (Bozyurt 2011).  Table 1.14 shows the exact values of the Micro-Deval losses for 

each material tested at each wet/dry cycle. 

 

 CONCLUSIONS 1.6

 Temperature effects were investigated by resilient modulus tests at four different 

temperatures: 7, 23, 35, and 50 °C on three RAPs, three RCAs, and two natural 

aggregates.  Increased temperature decreased the SRM of TX and CO RAP, but no 

change in SRM for NJ RAP was observed.  Temperature did not affect the SRMs of any 

natural aggregate or RCA specimens tested.  All RAP specimens were found to be 

affected to some degree by increased temperature because of the asphalt content.  

There was a step drop in SRM of greater than 30% between the specimens tested at 23 

°C and 35 °C for both TX and CO RAP; however, this trend did not continue between 35 

°C and 50 °C.  This trend was not observed in NJ RAP.  This decrease in SRM implies 

that there may be a critical temperature between 23 °C and 35 °C that, when reached, 
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starts to alter the physical characteristics of the asphalt binder coating the aggregates.  

Further studies are recommended to confirm this observation.  

 Cumulative plastic strain was calculated as an index using the Mr test data.  

Increased temperature caused the cumulative plastic strain and the strain rate to 

increase in all RAPs. No such effect was observed in the RCAs and natural aggregates 

with increasing temperature.  NJ RAP had the highest strain rate, followed by TX RAP 

and then CO RAP.  The majority of the increases in strain rate for RAP with temperature 

occurred within the first 1,000 cycles (conditioning phase) of the Mr test.  Total 

cumulative plastic strains were overall high (> 7%) for RAPs at room temperature 

compared to other materials as was shown in previous studies, but increased 

temperature increased the rate at which the total plastic strain was achieved.  Because 

of this trend, RAP compacted during the warmest time of the year could reduce total 

plastic strain after pavement is laid down.  Further studies are recommended to 

evaluate if compacting RAP at elevated temperatures reduces subsequent total 

cumulative plastic strain.   Plastic strain tests with higher cycles of loading at a constant 

deviatoric and confining stress would need to be completed to further evaluate this 

theory.  The potential effects of temperature on hydraulic conductivity of RAP should 

also be evaluated because, when heated, void space in the RAP may decrease due to 

softening of the asphalt at elevated temperatures.    

A procedure for evaluating the effect of wetting and drying of unbound 

aggregates was developed.   5, 10, and 30 wet/dry cycles were conducted on two 

RAPs, two RCAs, and two natural aggregates to evaluate the effects wetting and drying 

have on particle degradation.  To evaluate particle degradation, Micro-Deval and 
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particle size distribution tests were completed on each specimen after the specified 

wet/dry cycle.  No significant change that was outside of the coefficient of variation 

indicated by the standard in Micro-Deval loss was observed due to wet/dry cycles of any 

of the materials tested.  Also, no significant change in particle size distribution was 

observed. However, increases in percent fines was observed with increasing wet/dry 

cycles for the two RCAs and two natural aggregates, but not change in fines content 

was seen for the two RAPs.  Overall, RCA and RAP appear insensitive to wetting and 

drying.   
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 TABLES 1.7

 

 

 

 

Table 1.1 Index Properties of Recycled Materials and Class 5 Aggregate 

Material States D10 
(mm) 

D50 
(mm) Cu Cc Gs 

AB 
(%) 

AC 
(%) 

wopt 
(%) 

γdmax 
(kN/m3) 

Gravel 
(%) 

Fines 
(%) USCS 

Class 5 
Aggregate MN 0.08 1.0 21 1.4 2.6 - - 8.9 20.1 22.9 9.5 GW-GM 

Basalt Senegal 0.10 7.0 125 6.6 2.9 0.5 - 4.2 22.0 58.0 7.8 GP 
 CA 0.31 4.8 22 1.4 2.3 5.0 - 10.4 19.9 50.6 2.3 GW 

RCA TX 0.43 13.3 38 6.0 2.3 5.5 - 9.2 19.7 76.3 2.1 GW 
 NJ 0.18 2.0 28 0.3 2.3 5.4 - 9.5 19.8 41.2 4.3 SP 
 TX 0.72 5.4 11 1.1 2.3 1.3 4.7 8.1 20.3 54.2 1.0 GW 

RAP NJ 1.00 4.9 6 1.3 2.4 2.1 5.2 6.5 20.4 50.9 0.7 GW 
 CO 0.35 2.2 9 0.7 2.2 3.0 5.9 5.7 20.7 31.7 0.7 SP 

Note: AC=Asphalt Content, AB=Absorption, MN=Minnesota, CA=California, NJ=New 
Jersey, CO=Colorado, TX=Texas 
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Table 1.2 Quality Control of Class 5, Basalt, and RCA Specimen Preparation for Mr Test 

 

Temperature 
of Resilient 

Modulus Test ωopt ωcompacted 
Percent ω 
Difference 

ω 
Standard 
Deviation 

Mass after 
Compaction 

Goal (kg) 

Mass after 
Compaction 

(kg) 

Percent 
Mass 

Difference 

Mass after 
Compaction 

Standard 
Deviation 

95% 
gdmax 

(kN/m3) 

Dry Unit 
Weight of 

Compacted 
Material 
(kN/m3) 

Dry Unit 
Weight 

Difference 
Standard 
Deviation 

C
la

ss
 5

 7° C 8.90% 9.00% 0.10% 

0.17% 

11.79 12.65 7.29% 

0.55% 

19.1 20.47 7.17% 

0.56% 
23° C 8.90% 8.90% 0.00% 11.79 12.6 6.87% 19.1 20.41 6.85% 

35° C 8.90% 9.30% 0.40% 11.79 12.55 6.45% 19.1 20.25 6.03% 

50° C 8.90% 8.80% 0.10% 11.79 12.5 6.02% 19.1 20.26 6.09% 

B
as

al
t 

7° C 4.20% 4.40% 0.20% 

0.13% 

13.59 13.65 0.44% 

0.35% 

23 23.06 0.27% 

0.27% 
23° C 4.20% 4.60% 0.40% 13.59 13.7 0.81% 23 23.10 0.44% 

35° C 4.20% 4.40% 0.20% 13.59 13.6 0.07% 23 22.98 0.10% 

50° C 4.20% 4.30% 0.10% 13.59 13.7 0.81% 23 23.17 0.73% 

C
A

 R
C

A
 7° C 10.40% 10.84% 0.44% 

0.19% 

11.82 11.85 0.25% 

0.38% 

18.88 18.86 0.12% 

0.27% 
23° C 10.40% 10.60% 0.20% 11.82 11.8 0.17% 18.88 18.82 0.33% 

35° C 10.40% 10.10% 0.30% 11.82 11.7 1.02% 18.88 18.74 0.72% 

50° C 10.40% 10.40% 0.00% 11.82 11.75 0.59% 18.88 18.77 0.57% 

TX
 R

C
A

 7° C 9.20% 9.10% 0.10% 

0.21% 

11.56 11.6 0.35% 

0.15% 

18.68 18.75 0.39% 

0.23% 
23° C 9.20% 9.60% 0.40% 11.56 11.55 0.09% 18.68 18.59 0.50% 

35° C 9.20% 9.20% 0.00% 11.56 11.55 0.09% 18.68 18.66 0.13% 

50° C 9.20% 8.80% 0.40% 11.56 11.6 0.35% 18.68 18.81 0.67% 

N
J 

R
C

A
 7° C 9.50% 9.80% 0.30% 

0.13% 

11.65 11.6 0.43% 

0.21% 

18.76 18.63 0.67% 

0.18% 
23° C 9.50% 9.80% 0.30% 11.65 11.6 0.43% 18.76 18.63 0.67% 

35° C 9.50% 9.10% 0.40% 11.65 11.55 0.86% 18.76 18.67 0.47% 

50° C 9.50% 9.40% 0.10% 11.65 11.6 0.43% 18.76 18.70 0.31% 

 

 



37 
 

 

Table 1.3 Quality Control of RAP Specimen Preparation for Mr Test 

 

Temperature 
of Resilient 

Modulus 
Test ωopt ωcompacted 

Percent ω 
Difference 

ω 
Standard 
Deviation 

Mass after 
Compaction 

Goal (kg) 

Mass after 
Compaction 

(kg) 

Percent 
Mass 

Difference 

Mass after 
Compaction 

Standard 
Deviation 

95% 
gdmax 

(kN/m3) 

Dry Unit 
Weight of 

Compacted 
Material 
(kN/m3) 

Dry Unit 
Weight 

Difference 
Standard 
Deviation 

C
O

 R
A

P 

7° C 5.70% 5.90% 0.20% 

0.05% 

11.76 11.8 0.34% 

0.15% 

19.62 19.65 0.17% 

0.12% 
23° C 5.70% 5.60% 0.10% 11.76 11.75 0.09% 19.62 19.63 0.03% 

35° C 5.70% 5.60% 0.10% 11.76 11.75 0.09% 19.62 19.63 0.03% 

50° C 5.70% 5.80% 0.10% 11.76 11.8 0.34% 19.62 19.67 0.26% 

N
J 

R
A

P 

7° C 6.50% 6.30% 0.20% 

0.10% 

11.7 11.6 0.85% 

0.41% 

19.37 19.25 0.63% 

0.34% 
23° C 6.50% 6.20% 0.30% 11.7 11.5 1.71% 19.37 19.10 1.40% 

35° C 6.50% 6.10% 0.40% 11.7 11.55 1.28% 19.37 19.20 0.88% 

50° C 6.50% 6.90% 0.40% 11.7 11.6 0.85% 19.37 19.14 1.19% 

TX
 R

A
P 

7° C 8.00% 8.40% 0.40% 

0.15% 

11.8 11.65 1.27% 

0.41% 

19.27 18.96 1.63% 

0.55% 
23° C 8.00% 7.80% 0.20% 11.8 11.65 1.27% 19.27 19.06 1.08% 

35° C 8.00% 8.10% 0.10% 11.8 11.75 0.42% 19.27 19.17 0.51% 

50° C 8.00% 7.60% 0.40% 11.8 11.7 0.85% 19.27 19.18 0.47% 

 

Note:  ωopt = Optimum moisture content; ωcompacted = Compacted moisture content;  
ω Standard Deviation = Variability in percent moisture content difference; Std. Dev. = Standard Deviation 
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Table 1.4 Summary Resilient Modulus (SRM) at Varying Temperatures Calculated using both NCHRP and Power 
Models 

  SMR (Mpa) 

  CA RCA TX RCA NJ RCA CO RAP NJ RAP TX RAP Class 5 Basalt 

7 °C 

Int NCHRP 199 211 169 200 261 459 123 157 
Int M & W 226 248 200 230 254 398 147 182 

Ext NCHRP 150 138 115 133 150 203 87 117 
Ext M & W 170 153 130 145 162 206 96 134 

23 °C 

Int NCHRP 245 188 163 228 290 369 123 180 
Int M & W 278 231 181 245 294 348 142 210 

Ext NCHRP 140 99 84 151 166 200 91 130 
Ext M & W 152 108 93 162 174 213 107 151 

35 °C 

Int NCHRP 215 180 154 208 234 371 141 168 
Int M & W 252 220 192 224 241 356 153 199 

Ext NCHRP 123 102 99 105 153 126 108 121 
Ext M & W 136 112 110 127 159 122 103 140 

50 °C 

Int NCHRP 197 193 188 177 NA 341 145 174 
Int M & W 207 233 223 202 NA 290 137 192 

Ext NCHRP 115 108 104 109 154 109 112 114 
Ext M & W 125 113 111 122 162 107 108 123 

 

Note: Int = Internal LVDT recorded; Ext = External LVDT recorded 
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Table 1.5 SRM NCHRP Fitting Parameters for Natural Aggregate and RCA at Varying Temperatures 

Material Temperature 
Internal External 

SRMint/SRMext 
k1 k2 k3 k6 k7 SRM 

(MPA) k1 k2 k3 k6 k7 SRM 
(MPA) 

Class 5 

7 °C 21.0 3.6 -2.8 -206.9 3.0 123 0.4 5.2 -3.6 -450.1 5.8 87 1.41 

23 °C 0.7 4.2 -2.3 -291.8 2.6 123 6.8 3.9 -2.8 -251.5 3.5 91 1.35 

35 °C 0.003 5.14 -1.8 -405.3 1.0 141 1.3 2.4 0 -473.5 1.0 108 1.31 

50 °C 0.008 4.52 -0.7 -450.0 1.0 145 1.7 2.3 0 -473.5 1.0 112 1.29 

Basalt 

7 °C 23.2 2.9 -1.5 -168.8 2.1 157 101.5 2.1 -1.3 -109.6 2.0 117 1.34 

23 °C 0.003 6.6 -3.4 -515.1 4.5 180 8.7 4.0 -2.9 -273.9 4.1 130 1.38 

35 °C 1,031 1.1 -0.8 0.0 1.0 168 13.5 3.0 -1.7 -182.5 2.1 121 1.39 

50 °C 3.6 4.0 -2.5 -319.8 4.1 174 46.9 2.2 -1.0 -143.2 2.0 114 1.53 

CA RCA 

7 °C 6.5 3.5 -2.1 -248.1 2.2 199 12.5 4.1 -3.3 -368.7 5.3 150 1.33 

23 °C 0.7 5.4 -4.0 -406.2 4.4 245 1.2 4.4 -2.9 -471.2 5.8 140 1.75 

35 °C 6.0 3.6 -2.2 -202.9 1.7 215 24.9 2.9 -1.9 -220.2 3.0 123 1.75 

50 °C 0.006 4.7 -1.3 -478.4 1.1 197 111.7 1.7 -0.8 -101.4 1.2 115 1.71 

TX RCA 

7 °C 0.9 5.3 -3.8 -397.1 4.5 211 0.2 5.9 -4.3 -578.5 7.1 138 1.53 

23 °C 3.6 3.9 -2.4 -223.1 2.0 188 0.20 4.9 -3.0 -480.3 5.8 99 1.90 

35 °C 9.4 3.7 -2.6 -224.5 2.5 180 6.5 3.8 -2.6 -326.7 4.7 102 1.76 

50 °C 5.0 5.1 -4.1 -392.7 5.5 193 0.1 6.2 -4.4 -686.7 10.1 108 1.79 

NJ RCA 

7 °C 0.2 6.2 -4.6 -480.8 5.2 169 12.5 3.5 -2.5 -298.8 4.1 115 1.47 

23 °C 0.0002 5.9 -1.5 -480.1 1.0 163 15.0 2.8 -1.6 -212.5 2.9 84 1.94 

35 °C 74.6 2.9 -2.3 -148.9 2.5 154 0.9 4.3 -2.7 -412.9 4.8 99 1.56 

50 °C 0.1 6.5 -5.0 -481.2 5.2 188 9.6 5.1 -4.3 -586.6 11.1 104 1.81 

 

Note: Due to rounding of fitting parameters for this table, SRM values calculated using the fitting parameters above will vary 
slightly from the actual SRM values reported above. 
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Table 1.6 SRM NCHRP Fitting Parameter for RAP at Varying Temperatures 

Material Temperature 

Internal External 

SRMint/SRMext 
k1 k2 k3 k6 k7 

SRM 

(MPA) 
k1 k2 k3 k6 k7 

SRM 

(MPA) 

CO RAP 

7 °C 7.8 3.6 -2.4 -242.5 2.4 200 0.4 4.6 -2.8 -517.0 5.8 133 1.50 

23 °C 0.01 4.6 -1.1 -476.0 1.0 228 12.6 3.1 -2.0 -326.2 3.8 151 1.51 

35 °C 3.5 2.9 -1.0 -267.1 1.0 208 2.0 2.7 -0.6 -349.7 2.4 105 1.98 

50 °C 13.5 2.7 -1.4 -225.6 1.7 177 0.01 4.4 -0.7 -479.3 1.0 114 1.55 

NJ RAP 

7 °C 11.1 3.3 -2.1 -271.9 2.3 261 1.9 4.1 -2.6 -441.9 5.1 150 1.74 

23 °C 4.8 3.5 -1.9 -255.5 1.8 290 9.2 3.0 -1.6 -369.1 4.5 166 1.75 

35 °C 0.4 3.1 0.0 -460.8 1.0 234 1,125.8 0.7 -0.4 0 1.1 153 1.53 

50 °C NA NA NA NA NA NA 0.10 3.7 0 -473.5 1.0 154 NA 

TX RAP 

7 °C 1.8 4.0 -2.3 -397.9 2.6 459 4.7 3.5 -2.1 -393.0 4.0 203 2.26 

23 °C 7.5 3.8 -2.7 -361.6 3.4 369 4.9 4.1 -2.9 -415.8 5.2 200 1.85 

35 °C 0.01 5.5 -0.8 -819.1 1.0 371 3.4 2.8 -0.7 -456.3 18.2 126 2.94 

50 °C 0.02 3.9 -0.9 -707.5 1.1 341 7.7 2.0 0.0 -322.3 1.0 109 2.53 

 

Note: Due to rounding of fitting parameters for this table, SRM values calculated using the fitting parameters above will vary 
slightly from the actual SRM values reported above.  Internal parameters for NJ RAP at 50 °C are not reported because the internal 
LVDTs maxed out during the conditioning phase due to the excessive plastic strain accumulation. 
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Table 1.7 SRM Power Model Fitting Parameters for Class 5, Basalt, and RCA at Varying Temperatures 

Material Temperature 
Internal External 

SRMint/SRMext 
k1 k2 

SRM 
(MPa) k1 k2 

SRM 
(MPa) 

Class 5 

7 °C 6,803 0.58 147 3,784 0.61 96 1.53 
23 °C 4,020 0.67 142 3,821 0.62 107 1.33 
35 °C 3,496 0.71 153 3,879 0.61 103 1.49 
50 °C 1,656 0.83 137 4,553 0.59 108 1.27 

Basalt 

7 °C 5,695 0.65 182 5,318 0.6 134 1.36 
23 °C 4,012 0.74 210 6,149 0.6 151 1.39 
35 °C 11,128 0.54 199 5,642 0.6 140 1.42 
50 °C 7,212 0.62 193 3,670 0.66 123 1.57 

CA RCA 

7 °C 21,074 0.44 226 16,574 0.44 170 1.33 
23 °C 21,074 0.48 278 11,827 0.48 152 1.83 
35 °C 20,000 0.47 252 8,849 0.51 136 1.85 
50 °C 18,160 0.46 207 8,645 0.5 125 1.66 

TX RCA 

7 °C 20,000 0.47 248 11,927 0.48 153 1.62 
23 °C 20,000 0.46 231 5,350 0.56 108 2.14 
35 °C 20,000 0.45 220 6,015 0.55 112 1.96 
50 °C 17,628 0.48 233 5,214 0.58 113 2.06 

NJ RCA 

7 °C 19,828 0.43 200 11,122 0.46 130 1.54 
23 °C 11,755 0.51 181 4,429 0.57 93 1.95 
35 °C 12,943 0.50 192 8,182 0.49 110 1.75 
50 °C 20,000 0.45 223 6,300 0.54 111 2.01 

 
Note: Due to rounding of fitting parameters for this table, SRM values calculated using the fitting parameters above will vary 
slightly from the actual SRM values reported above.   
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Table 1.8 SRM Power Model Fitting Parameters for RAP at Varying Temperatures 

 

Note: Due to rounding of fitting parameters for this table, SRM values calculated using the fitting parameters above will vary 
slightly from the actual SRM values reported above.   
 

 

Material Temperature 
Internal External 

SRMint/SRMext k1 k2 
SRM 
(MPa) k1 k2 

SRM 
(MPa) 

CO RAP 

7 °C 21,074 0.45 230 12,118 0.46 145 1.59 
23 °C 21,074 0.46 245 17,138 0.42 162 1.51 
35 °C 21,074 0.44 224 5,245 0.56 107 2.09 
50 °C 17,195 0.46 202 5,077 0.60 122 1.66 

NJ RAP 

7 °C 22,148 0.46 254 14,528 0.45 162 1.57 
23 °C 23,221 0.48 294 14,475 0.47 174 1.69 
35 °C 8,467 0.63 241 11,071 0.50 159 1.52 
50 °C NA NA NA 5,656 0.63 162 NA 

TX RAP 

7 °C 22,148 0.54 398 18,212 0.45 206 1.93 
23 °C 23221 0.51 348 17,138 0.47 213 1.63 
35 °C 24,168 0.50 356 3,687 0.66 122 2.92 
50 °C 25369 0.46 290 4290 0.60 107 2.71 
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Table 1.9 Internal and External SRM Statistical Analysis on Replicate Specimens Prepared by Shedivy 

 

  Internal LVDT Data External LVDT Data 

Material Mr Tester NCHRP SRM (MPa) Average (MPa) σ (MPa) Cv NCHRP SRM (Mpa) Average (MPa) σ (MPa) Cv 

Class 5 
Shedivy 123 

154 36 23% 
91 

113 19 17% Shedivy 115 100 
Shedivy 129 97 

Basalt 
Shedivy 180 

197 28 14% 
131 

130 8 7% Shedivy 192 121 
Shedivy 187 135 

CA RCA 
Shedivy 181 

197 33 17% 
121 

123 17 14% 
Shedivy 246 140 

TX RCA 
Shedivy 188 

180 11 6% 
99 

115 22 19% 
Shedivy 172 130 

 

Note: Average is the mean, σ is the standard deviation, and Cv is the coefficient of variation 
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Table 1.10 Ratio of SRM23 °C to SRM35 °C or SRM50 °C 

  
CO RAP NJ RAP TX RAP Average 

23 °C-35 °C Int 1.09 1.25 0.99 1.11 
Ext 1.45 1.07 1.64 1.39 

23 °C-50 °C Int 1.25 NA 1.35 1.30 
Ext 1.32 1.06 1.82 1.40 
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Table 1.11 1st Sequence (Conditioning Phase) Plastic Deformation and Plastic Strain at Varying Temperatures 

 

Note:    Int = Internal LVDT recorded 
 Ext = External LVDT recorded 
 

 

 

  CA RCA TX RCA NJ RCA CO RAP NJ RAP TX RAP Class 5 Basalt 

7° C 

Int Deformation (mm) 0.3 0.2 0.3 0.6 0.9 0.4 0.99 0.6 
Int Plastic Strain (%) 0.20% 0.10% 0.20% 0.40% 0.60% 0.20% 0.70% 0.40% 

Ext Deformation (mm) 0.7 0.8 1.1 2.5 2.5 1.6 2.5 1.8 
Ext Plastic Strain (%) 0.20% 0.30% 0.40% 0.80% 0.80% 0.50% 0.80% 0.60% 

23° C 

Int Deformation (mm) 0.3 0.2 0.3 1.2 2.6 1.6 2.7 0.2 
Int Plastic Strain (%) 0.20% 0.10% 0.20% 0.80% 1.70% 1.10% 1.80% 0.10% 

Ext Deformation (mm) 1 0.9 1.2 3.4 5.9 4 5.8 1.4 
Ext Plastic Strain (%) 0.30% 0.30% 0.40% 1.10% 1.90% 1.30% 1.90% 0.50% 

35° C 

Int Deformation (mm) 0.3 0.3 0.4 2.2 6.8 3.8 1.8 0.4 
Int Plastic Strain (%) 0.20% 0.20% 0.30% 1.40% 4.50% 2.50% 1.20% 0.30% 

Ext Deformation (mm) 1.3 1.1 1.3 6.5 13.6 9 3.7 1.3 
Ext Plastic Strain (%) 0.40% 0.40% 0.40% 2.10% 4.50% 3.00% 1.20% 0.40% 

50° C 

Int Deformation (mm) 0.5 0.1 0.2 4.4 6.9 5.3 1.2 0.4 
Int Plastic Strain (%) 0.30% 0.10% 0.20% 2.90% 4.50% 3.50% 0.80% 0.30% 

Ext Deformation (mm) 1.2 0.4 0.9 10.4 21.7 11.1 2.9 1.3 
Ext Plastic Strain (%) 0.40% 0.10% 0.30% 3.40% 7.10% 3.60% 1.00% 0.40% 
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Table 1.12 2nd-31st Sequence Plastic Deformation and Plastic Stain at Varying Temperatures 

  CA RCA TX RCA NJ RCA CO RAP NJ RAP TX RAP Class 5 Basalt 

7° C 

Int Deformation (mm) 3.2 3.2 5.8 4.5 7.6 2.7 9.3 3.9 
Int Plastic Strain (%) 2.10% 2.10% 3.80% 3% 5% 1.80% 6.10% 2.50% 

Ext Deformation (mm) 5.7 6.8 12.2 10.6 14.7 6.5 21.1 8.5 
Ext Plastic Strain (%) 1.90% 2.20% 4.00% 3.50% 4.80% 2.10% 6.90% 2.80% 

23° C 

Int Deformation (mm) 3 4.8 8.8 8.9 7.9 7.6 7.2 3.4 
Int Plastic Strain (%) 2% 3.20% 5.80% 5.80% 5.20% 5% 4.70% 2.20% 

Ext Deformation (mm) 5.8 9.4 16.8 18.9 16.7 13.8 18.1 8.2 
Ext Plastic Strain (%) 1.90% 3.10% 5.50% 6.20% 5.60% 4.50% 5.90% 2.70% 

35° C 

Int Deformation (mm) 3.6 4.9 8.5 8.2 2.6 5.6 8.4 4.2 
Int Plastic Strain (%) 2.40% 3.20% 5.60% 5.40% 1.70% 4.60% 5.50% 2.70% 

Ext Deformation (mm) 7.9 9.6 16.5 16.5 9.6 14 20.8 8.7 
Ext Plastic Strain (%) 2.60% 3.10% 5.40% 5.40% 3.10% 4.60% 6.80% 2.90% 

50° C 

Int Deformation (mm) 5.2 3.5 5.6 5.8 0 3.6 8.9 3.3 
Int Plastic Strain (%) 3.40% 2.30% 3.70% 3.80% 0.00% 2.40% 5.80% 2.20% 

Ext Deformation (mm) 9.3 7.6 10.2 12.3 0.7 6.6 21.7 8 
Ext Plastic Strain (%) 3.10% 2.50% 3.30% 4.00% 0.20% 2.20% 7.10% 2.60% 

 

Note:    Int = Internal LVDT recorded 
 Ext = External LVDT recorded 
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Table 1.13 Total Plastic Deformation and Plastic Stain at Varying Temperatures 

  CA RCA TX RCA NJ RCA CO RAP NJ RAP TX RAP Class 5 Basalt 

7° C 
Int Deformation (mm) 3.5 3.4 6.1 5.1 8.5 3.1 10.29 4.5 
Int Plastic Strain (%) 2.3% 2.2% 4.0% 3.4% 5.6% 2.0% 6.8% 2.9% 

Ext Deformation (mm) 6.4 7.6 13.3 13.1 17.2 8.1 23.6 10.3 
Ext Plastic Strain (%) 2.1% 2.5% 4.4% 4.3% 5.6% 2.6% 7.7% 3.4% 

23° C 
Int Deformation (mm) 3.3 5 9.1 10.1 10.5 9.2 9.9 3.6 
Int Plastic Strain (%) 2.2% 3.3% 6.0% 6.6% 6.9% 6.1% 6.5% 2.3% 

Ext Deformation (mm) 6.8 10.3 18 22.3 22.6 17.8 23.9 9.6 
Ext Plastic Strain (%) 2.2% 3.4% 5.9% 7.3% 7.5% 5.8% 7.8% 3.2% 

35° C 
Int Deformation (mm) 3.9 5.2 8.9 10.4 9.4 9.4 10.2 4.6 
Int Plastic Strain (%) 2.6% 3.4% 5.9% 6.8% 6.2% 7.1% 6.7% 3.0% 

Ext Deformation (mm) 9.2 10.7 17.8 23 23.2 23 24.5 10 
Ext Plastic Strain (%) 3.0% 3.5% 5.8% 7.5% 7.6% 7.6% 8.0% 3.3% 

50° C 
Int Deformation (mm) 5.7 3.6 5.8 10.2 6.9 8.9 10.1 3.7 
Int Plastic Strain (%) 3.7% 2.4% 3.9% 6.7% 4.5% 5.9% 6.6% 2.5% 

Ext Deformation (mm) 10.5 8 11.1 22.7 22.4 17.7 24.6 9.3 
Ext Plastic Strain (%) 3.5% 2.6% 3.6% 7.4% 7.3% 5.8% 8.1% 3.0% 

 

Note:    Int = Internal LVDT recorded 
 Ext = External LVDT recorded 
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Table 1.14 Micro-Deval Results at Varying Wet/Dry Cycles 

Material 
30 

Cycle 
10 

Cycle 
5 

Cycle 
CA RCA 16% 16% 16% 
TX RCA 21% 19% 17% 
TX RAP 21% 21% 20% 
NJ RAP 24% 22% - 
Basalt 8% 6% 7% 

Class 5 11% 12% 12% 
 

 

Note:  NJ RAP 5 wet/dry cycle tests were not run due to lack of material 
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Figure 1.1a Particle Size Distribution for RCA, Basalt, and Class 5 Aggregate with 
Lower and Upper Limits of RCA from Literature 
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Figure 1.1b Particle Size Distribution for RAP with Lower and Upper Limits of RAP from 
Literature 
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Figure 1.2a Resilient Modulus Testing Equipment with Heated Water 

 

Figure 1.2b Resilient Modulus Testing Equipment with Chilled Water 
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Figure 1.3a 7 °C Class 5 Temperature Calibration 
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Figure 1.3b 35 °C Class 5 Temperature Calibration 
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Figure 1.3c 50 °C Class 5 Temperature Calibration 
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Figure 1.4 (a) Aluminum Wet/Dry Apparatus for RCA, Class 5, and Basalt Specimens; 
(b) PVC Wet/Dry Apparatus for RAP 
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Figure 1.5a External LVDT Recorded NCHRP SRM Results at Varying Temperatures 
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Figure 1.5b External LVDT Recorded NCHRP SRM Results of RAP at Varying 
Temperatures 
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Figure 1.5c External LVDT Recorded NCHRP SRM Results of RCA at Varying 
Temperatures 
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Figure 1.5d External LVDT Recorded NCHRP SRM Results of Natural Aggregate at 
Varying Temperatures 
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Figure 1.6a 1:1 Comparison of Internal SRM and External SRM (NCHRP Model) at      
23 °C 
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Figure 1.6b 1:1 Comparison of Internal SRM and External SRM (Power Model) at 23 °C 
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Figure 1.7a 1:1 Comparison of Shedivy’s Internal SRM and Son’s (2011) Internal SRM 
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Figure 1.7b 1:1 Comparison of Shedivy’s External SRM and Son’s (2011) External SRM 
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Figure 1.8a RAP Specimens Grouped Together for Statistical Analysis at Two 
Temperature Ranges (7 – 23 °C and 35 – 50 °C) 
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Figure 1.8b Average SRM for the 3 RAPs Tested at different Temperature Ranges with 

Standard Deviation Bars 
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Figure 1.9a RAP Strain Rate at Varying Temperatures for 100, 500, and 900 Cycles of 
the 1st Sequence (Conditioning Phase) 
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Figure 1.9b RCA and Natural Aggregate Strain Rate at Varying Temperatures for 100, 
500, and 900 Cycles of the 1st Sequence (Conditioning Phase) 
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Figure 1.10 Strain Rates for Each Material at Varying Temperatures after the First 100 
Cycles of the Mr Test 
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Figure 1.11a RAP Strain Rates at Varying Temperatures during the 1st Sequence 
(Conditioning Phase) 
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Figure 1.11b RCA and Natural Aggregate Strain Rates at Varying Temperatures during 
the 1st Sequence (Conditioning Phase) 
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Figure 1.12a RAP Cumulative Plastic Strain throughout Mr Test at Varying 
Temperatures 
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Figure 1.12b RCA and Natural Aggregate Cumulative Plastic Strain throughout Mr Test 
at Varying Temperatures 
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Figure 1.13 1st and 2nd-31st Sequence RAP Plastic Strain 
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Figure 1.14 Total RAP Plastic Strain 
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Figure 1.15 1st and 2nd-31st Sequence RCA Plastic Strain 
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Figure 1.16 Total RCA Plastic Strain 
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Figure 1.17 1st and 2nd-31st Natural Aggregate Plastic Strain 
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Figure 1.18 Total Natural Aggregate Plastic Strain 
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Figure 1.19 Basalt Wet/Dry Particle Size Distributions 
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Figure 1.20 Class 5 Wet/Dry Particle Size Distributions 
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Figure 1.21 CA RCA Wet/Dry Particle Size Distribution 
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Figure 1.22 TX RCA Wet/Dry Particle Size Distributions 
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Figure 1.23 TX RAP Wet/Dry Particle Size Distributions 
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Figure 1.24 NJ RAP Wet/Dry Particle Size Distributions 
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Figure 1.25 Percent Fines at Varying Wet/Dry Cycles 
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Figure 1.26 Class 5 after Wet/Dry Cycles: (a) 5 Cycles; (b) 10 Cycles; (c) 30 Cycles  

(a) (b) 

(c) 
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Figure 1.27 African Basalt after Wet/Dry Cycles: (a) 5 Cycles; (b) 10 Cycles; (c) 30 
Cycles 

(a) (b) 

(c) 
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Figure 1.28 CA RCA after Wet/Dry Cycles: (a) 5 Cycles; (b) 10 Cycles; (c) 30 Cycles 

(a) (b) 

(c) 
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Figure 1.29 TX RCA after Wet/Dry Cycles: (a) 5 Cycles; (b) 10 Cycles; (c) 30 Cycles 

(c) 

(a) (b) 
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Figure 1.30 TX RAP after Wet/Dry Cycles: (a) 5 Cycles; (b) 10 Cycles; (c) 30 Cycles 

(c) 

(b) (a) 
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Figure 1.31 NJ RAP after Wet/Dry Cycles: (a) 5 Cycles; (b) 10 Cycles; (c) 30 Cycles 
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Figure 1.32 Wet/Dry Micro-Deval Results 
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 The Effects of Recycled Clay Brick Content on the 2.
Compaction Properties and Resilient Modulus of Recycled 

Concrete Aggregate 

 INTRODUCTION 2.1

RCA and RAP/RPM may contain impurities that affect their mechanical 

properties and long-term performance. These impurities include soft bituminous 

materials such as crack sealants as well as pavement markings, metallic objects, 

recycled clay brick (RCB), and other potentially deleterious materials. A testing program 

was conducted to assess how impurity type and content affect the resilient modulus and 

plastic strain of RAP and RCA. This program was conducted in two parts. The first part 

of the testing program consisted of identifying the types and amounts of impurities 

present in RCA and RAP/RPM. This was accomplished by carefully segregating and 

identifying the components of each of the samples of RCA and RAP/RPM collected. 

Each component impurity was weighed and described.  The second part of the testing 

program consisted of investigating the effects of RCB on compaction characteristics and 

resilient modulus when mixed with RCA.   

RCB is a construction material most commonly used for facades.  Clay is the main 

component of RCB, which is a very fine soil that is highly absorbent and can be 

hardened into brick when fired in a kiln. The use of RCB in tandem with RCA can 

benefit both cost and efficiency because of the operational difficulty of separating RCB 

from the RCA.  The effects of RCB at various contents with RCA were evaluated 

because of the potential for brick to be mixed with RCA to be beneficially reused and 

because of the lack of literature on the subject.  Brick is typically sorted from RCA at 

demolition sites and disposed of in landfills.  The AASHTO (2002) standard for using 
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RCA as an unbound base course puts a limit on RCB percentage (5%); however, 

AASHTO allows higher percentages than 5% based on comparative structural testing 

(e.g., CBR, resilient modulus) that demonstrate that RCA with higher brick content is 

equivalent or better than RCA that complies with granular base specifications.  

Impurities other than RCB were not investigated past the first part of the testing program 

due to the lack of impurities present in all materials 

 BACKGROUND 2.2

 Deleterious Materials (Impurities) in Recycled Materials 2.2.1

Kuo et al. (2002) reported that impurities (foreign material) present in RCA are 

one of the biggest concerns surrounding the use of this material in construction. Kuo et 

al. (2002) investigated the impurities in RCA made with limestone aggregate for a base 

course in flexible pavement. The amount of impurities was identified by means of visual 

inspection. Impurities were classified into categories including wood chips and paper, 

plastics, steel, asphalt, and RCB. Asphalt was found to be the most predominant type of 

impurity in the samples. The average impurity content was 3.67% by mass for RCA and 

1.99% for limestone aggregates; both of these percentages were considered as 

negligible.  

According to AASHTO Designation M 319-02, (2002), RCA for unbound base 

course shall be free of all materials that fall into the category of solid waste or 

hazardous material.  Additionally, RCA should not contain more than 5% bituminous 

concrete material by mass and 5% brick by mass.  No information or studies were 

provided for the basis of this limitation of materials other than the potential for properties 
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of the material to be affected.  The 5% limit on RCB is most likely due to the clay nature 

and general notion that RCB is more susceptible to degradation and weathering than 

other building materials (e.g., concrete, rock, etc.). AASHTO (2002) also suggests that 

the engineer might select stockpiling as an approach to assist in qualitatively identifying 

the presence of deleterious materials. Stockpiling conditions of recycled material plays 

an important role in qualitatively assessing the uniformity of the material. Even though 

AASHTO (2002) defines mean percentages of impurities, AASHTO allows engineers to 

make some adjustments during construction on the amount of impurities allowed. 

However, visual examination of the material may not be helpful in determining the 

detrimental amount of wood chips or brick material in recycled material. Therefore, 

additional research or study will be important in establishing the acceptable amount of 

deleterious materials for recycled materials.  

The Greenbook specification for construction materials (CMB) allows 3% brick by 

weight in RCA (Greenbook, 2009). The deleterious content should not comprise a 

detrimental quantity as defined in section 200-1.1. Various deleterious materials have 

different specific weights (i.e., wood chips are lighter than brick, plastic is lighter than 

small piece of wire meshes etc.). Wire mesh, plastic, and brick would be degraded less 

than sticks or pieces of wood, which would than leave voids in the base layer causing 

possible failures in the pavement. For concrete production, the amount of deleterious 

material is defined with many different specifications, but for unbound recycled base 

material, there are few specifications defining the effect of impurities.  

  Bozyurt (2011) found that, for the specific recycled materials tested in this study, 

RCA averaged approximately 1% impurities, while RAP had approximately 2% 
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impurities.  Many of the impurities found in these recycled materials were wood chips, 

glass, geotextiles, steel, asphalt aggregate, and sea shells.  The impurity content of 

each material reported in Bozyurt (2011) and this study is summarized in Table 2.1.  

Results from this study can also be found in Figure A.9 to Figure A.13 in the Appendix. 

 

 Recycled Clay Brick Mixed with Recycled Concrete Aggregate 2.2.2

The use of RCB as a natural aggregate substitute is not typically accepted in 

construction practices because of the lack of research pertaining to the beneficial reuse 

of RCB.  The majority of research on RCB is on the mechanical properties of the 

material for use as a substitute for natural aggregate when used in concrete.  Debieb 

and Kenai (2008) investigated using coarse, fine, and coarse/fine RCB as a substitute 

for natural aggregate in concrete mixes.  Introducing RCB reduced bulk density and 

increased water absorption of the concrete when compared to natural aggregate.  

Densities of RCB before mixing with cement were also found to be lower (up to 17%) 

when compared to natural aggregate.   

Yang et al. (2011) also evaluated the effects of substituting natural aggregate 

with RCA and RCB in concrete.  Water absorption of the RCA and RCB were 4.2% and 

10.2%, respectively, while that of natural aggregate was 1.4%.  Particle densities for 

RCA and RCB were 24.71 kN/m3 and 21.97 kN/m3, which were lower than the natural 

aggregate (26.28 kN/m3).  Arulrajah et al. (2011) evaluated the potential use of RCB as 

an unbound subbase.  They found similar values for RCB with absorption of 6.15% and 

density at 26.19 kN/m3.  The maximum dry density of the RCB after modified Proctor 

compaction was 19.82 kN/m3 and the OMC was 10.7%.  Arulrajah et al. (2011) also 
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evaluated permanent strain and resilient modulus of 100% RCB and reported 

satisfactory performance as a subbase at 98% maximum dry density and 65% OMC. 

Poon and Chan (2006) reported that RCB mixed with RCA decreased the 

maximum dry density and increased the OMC of the mixture.  The assumed reasoning 

for the decrease in maximum dry density was due to the reduced density of the RCB 

and irregular shape of the manually crushed RCB.  California bearing ratio also 

decreased as RCB content increased.  Cameron et al. (2012) investigated the effects of 

varying RCB content on two types of RCAs, one premixed at 20% RCB by mass and 

the other mixed at 10%, 20%, and 30% RCB.  A decrease (< 80 MPa) in resilient 

modulus was observed with increased RCB content from 10% to 30% at approximately 

90% OMC. 

Arulrajah et al. (2011) also evaluated the effects of mechanical degradation and 

abrasion on RCB using the LA Abrasion test.  The results showed a LA Abrasion loss of 

36, higher than typical natural aggregate and RCA.  35 is the typical maximum percent 

loss adopted by state departments of transportation, suggesting the need to mix RCB 

with stronger aggregates such as RCA or natural aggregate. 

 MATERIALS 2.3

Sixteen recycled materials, one conventional base course, and one blended 

recycled/conventional material were used in the first part of this investigation, which 

evaluated the percentages of impurities present. Seven of the recycled materials were 

recycled asphalt pavement (RAP), six were recycled concrete aggregate (RCA), and 

two were recycled pavement material (RPM). The recycled materials used in this study 

were obtained from a wide geographical area, covering eight different states: California, 
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Colorado, Michigan, Minnesota, New Jersey, Ohio, Texas and Wisconsin (Figure 2.1). 

The materials were named according to the origin of the materials. The reference base 

course was a gravel meeting the Class 5 aggregate specification for base course in 

Minnesota per the Minnesota Department of Transportation (MnDOT). The Class 5 

aggregate used in this study contains quartz, granite and carbonates (limestone and 

dolomite). The ratio of quartz/granite to carbonates is 2.1. The percentage of mineral 

type in Class 5 aggregate is 68% for quartz/granite and 32% for carbonates. Percent 

quartz/granite (aggregate and concrete) and percent carbonate of gravel (aggregate 

and concrete) of gravel are 43% and 20%, respectively. The blend (MN) was a mix of 

approximately equal parts (by mass) RCA from MnDOT (50%) and Class 5 aggregate 

(50%). The Class 5 aggregate was used as the control in this study.  

The material from MnDOT was obtained during construction of roadway cells at 

the MnROAD test facility in Maplewood, Minnesota for investigation of the field 

behavior. The RAP was milled from the surface of roadway cells that were 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 RAP from the Ohio Department of Transportation (ODOT) came from an 

existing asphalt pavement, processed through a portable plant, and stored in 

approximately 2268 Mg stockpiles. The Ohio RCA is from a 1.2-m-high barrier wall that 

existed between the north- and south-bound lanes of State Route 315 in downtown 

Columbus, Ohio. The broken-up concrete was taken from the project to a portable 
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processing plant, crushed, sized, and stockpiled. The material for this project came from 

stockpiles of approximately 9071 Mg. The RCA samples provided were 100% RCA. 

The material received from the Colorado DOT was collected from over 500 

demolition sites from curb, gutter, sidewalk, highways, high-rise buildings, and housing 

foundations. Although the concrete came from varied sources, the aggregates for the 

production of the concrete originated from rock in Colorado, most from quarries in 

Morrison and Golden and some aggregates were sourced from the Platte River. 

The material provided by the New Jersey DOT (NJ DOT) is from stockpiles for 

demolition projects, primarily in New Jersey. The material in the stockpiles is in flux 

since NJ DOT constantly adds new loads and removes content for different purposes.  

The RAP from California DOT is a combination of roadway millings and waste 

from an HMA plant (discharge from warm up and cleaning processes). The RCA is 

broken concrete rubble from the demolition of structures. Stockpiling in California is 

usually done three times a year. These stockpiles are not added to throughout their life-

cycle. If stockpiled material is still unavailable during visits from subcontractors, new 

material is used to create a new stockpile. 

The RCA sent by the Texas DOT is from a commercial source; therefore, the 

individual sources of aggregate or material characteristics included in the RCA are not 

known. The Texas RAP is from a highway project where the contractor milled the 

"binder" course after approximately 1.5 years of service. The RAP l from Michigan was 

provided by the Michigan DOT and is from highway reconstruction projects. 

A summary of the grain characteristics and classifications for the seventeen 

materials is shown in Table 2.1. The materials used in this study are classified as non-
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plastic per the Unified Soil Classification System (USCS). The Class 5 aggregate is 

classified as well-graded gravel (GW-GM) per USCS (ASTM D 2487) and A-1-b per the 

AASHTO Soil Classification System (ASTM D 3282). The blended RCA/Class 5 is 

classified as A-1-b according to ASTM D 3282 and as poorly graded sand (SP) 

according to ASTM D 2487. The samples of RCA range from an SP to a well-graded 

gravel (GW) classification via USCS and A-1-a or b for AASHTO. The various RAPs 

and RPMs classify as SP, SW, or GW, whereas their AASHTO classifications are A-1-a 

or b. All materials are coarse-grained granular materials with fines content less than 7% 

except Class 5 aggregate and one RCA (CO) sample. 

The particle size distribution (PSD) curves were determined according to ASTM 

D 422. Samples were wet-sieved through a No. 200 (75-µm opening) sieve to separate 

the fine particles attached to the coarser aggregates. The PSDs for the RCA and the 

RAP/RPM samples are shown in Figure 2.2 and Figure 2.3 respectively, along with the 

upper and lower bounds from the literature.  

 The RCB was obtained from the demolition of the University of Wisconsin Credit 

Union’s drive-through structure.  The approximate age of the clay brick was 16 years.  

Brick and attached mortar were manually crushed using sledge hammers and then 

sieved to match the PSDs of each four RCAs used in the tests conducted.  For the brick 

study, the RCAs from New Jersey, Minnesota, Texas, and Ohio were used. 
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 METHODS 2.4

 Resilient Modulus 2.4.1

The design of roadway pavement relies on proper characterization of the load-

deformation response of the pavement layers (Tian et al. 1998). Base and subgrade 

deform when subjected to repeated loads from moving vehicular traffic.  Resilient 

modulus (Mr) defines the nonlinear elastic response of pavement geomaterials, such as 

unbound aggregate base and subbase, under repeated traffic loading. The resilient 

behavior of unbound aggregate layers is affected by the stress state experienced 

because of wheel loading and the physical properties of aggregate (Pan et al. 2006).  

The Mr is a linear-elastic modulus obtained from dynamic loading, defined as the ratio of 

the cyclic deviator stress to the resilient (recoverable) strain, and is defined as: 

            𝑀𝑟 = � 𝜎𝑑 𝜀𝑟� �                                                                                                                               (2.1) 

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

Design of pavements and rehabilitation of layered pavement systems use Mr as 

an essential parameter in the design process (Heydinger et al. 2007). The Mr is a key 

input in NCHRP 1-37 (mechanistic-based pavement design approach), which is being 

evaluated for adoption by numerous state highway agencies (Pan et al. 2006). The 

performance of pavement is dependent on the stiffness of the pavement structure under 

specified traffic loads and environmental conditions. Generally, a high Mr for a base 

course infers a stiffer base course layer, which increases pavement life. The resilient 

response of granular material is important for the load-carrying ability of the pavement 

and the permanent strain response, which characterize the long-term performance of 

the pavement and rutting phenomenon (Lekarp et al. 2000). 
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For base course, the summary resilient modulus (SRM) corresponds to the Mr at 

a bulk stress of 208 kPa, and octahedral shear stress of 48.6 kPa as suggested by 

Section 10.3.3.9 of NCHRP 1-28a. SRM is also used to determine the layer coefficient, 

which is a required input in the AASHTO pavement design equation (Tian et al. 1998).  

 

 Crushed Clay Brick Tests 2.4.2

To evaluate the effects of RCB on the resilient modulus and compaction 

properties, percentages of RCB to RCA were first determined.  10%, 20%, and 30% 

RCB by mass were used because these percentages have the possibility of being 

accidentally or purposely mixed in with RCA.  These percentages also matched the 

percentages of the study completed by Cameron et al. (2012).  The RCB was sieved 

through 25, 19, 9.5, 4.75, 2.36, and 0.425-mm sieves and matched to the PSD of the 

RCA it was mixed with.  Once mixed, modified Proctor compaction tests were 

completed on the 30% RCB mixture per ASTM D422.  Compaction tests were not 

completed on New Jersey RCA or at 10% and 20% RCB due to lack of RCA available.  

For the resilient modulus tests, RCB/RCA specimens were compacted at OMC 

and 95% of maximum dry unit weight of the corresponding RCA the RCB was mixed 

with.  The mixtures were compacted to the RCA’s compaction characteristics to 

evaluate the effects associated with RCB unnoticeably being added to the RCA. The 

specimens were compacted in six lifts using a modified Proctor hammer into a 152-mm-

diameter, 305-mm-high mold.  Cyclic load triaxial tests were then completed according 

to NCHRP 1-28a on the RCB/RCA mixtures at 0%, 10%, 20%, and 30% RCB to 

determine the resilient modulus (Mr) and plastic strain of the material.  Two interior and 
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two external linear variable differential transducers (LVDTs) were used to record the 

strain response of the loading on the specimens. The data was fitted using the Power 

fitting and NCHRP models shown as equation 2.2 and 2.3, respectively.  Plastic strain 

was also calculated using both interior and exterior LVDT data from the triaxial test. 

 

𝑀𝑅 = 𝑘1 × 𝜃𝑘2                   (2.2) 

 

𝑀𝑟 = 𝑘1. 𝑝𝑎. �𝜃−3𝑘6
𝑝𝑎

�
𝑘2

. (𝜏𝑜𝑐𝑡
𝑝𝑎

+ 𝑘7)𝑘3                    (2.3) 

 

Where k1, k2, k3, k6, and k7 are constants, pa is atmospheric pressure (101.4 kPa), τoct is 

octahedral shear stress, and θ is bulk stress.  Using the data collected, a summary 

resilient modulus (SRM) was determined at 𝜃 = 208 kPa and τoc t= 48.6 kPa.   

The Power function (Eq. 2.2) is a simple model widely used for granular 

material. The estimated SRM per the Power function model was compared to the 

measured modulus. Statistical analysis indicated that results from the Power function 

model are significant at a 95% confidence level, and the model represents the data 

reasonably well for RCA (R2 = 0.85) and for RAP (R2 = 0.90) (Bozyurt 2011). 

 RESULTS AND DISCUSSION 2.5

 Compaction Characteristics of RCB/RCA Mixtures 2.5.1

Compaction tests conducted on TX RCA, MN RCA, and OH RCA with 30% RCB 

resulted in an increase in OMC and decrease in maximum dry unit weight when 

compared to the 0% RCB compaction tests (Table 2.3 and Figure 2.4a, b, and c).  The 
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results for the RCA mixed with 30% RCB do not reflect parabolic curves as well as the 

0% RCB material.  The curves do not descend for any of the 30% RCB material, but 

stay very constant at OMC.  This was caused by excessive drainage of water during 

compaction, reducing the moisture content in the middle of the compacted specimen 

and keeping a constant density.  Regardless of the amount of water added to create a 

specimen above OMC, water is drained to the OMC of the material in the center of the 

compacted specimen.  This could be viewed as a potential attribute of using RCB/RCA 

mixtures because the material cannot retain more than the optimum moisture content, 

so the hydraulic conductivity is quite high.  This also could be viewed in the negative 

realm because of the increased OMC requiring more water to be added to achieve 

compaction requirements.  Additional tests to determine the hydraulic conductivity of the 

mixture is recommended to further explain the compaction characteristics. 

These compaction results are similar to the Poon and Chan (2006) results, which 

tested brick and RCA at 0%, 25%, and 50% brick.  Similar conjectures can be made as 

Poon and Chan (2006) did as to the reasoning for this increase in OMC and decrease in 

maximum dry unit weight.  Lower specific gravity of RCB compared to RCA can cause a 

decrease in maximum dry unit weight.  The lower specific gravity in the RCB compared 

to the RCA is likely due to the increased air voids within the particles of RCB.  This 

increased void space in RCB was also indicated by the RCB’s 11.5% absorption, more 

than double the absorption of three of the four RCAs used.  Higher absorption can also 

lead to the increase in OMC observed in compaction testing (Poon and Chan 2006).  
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 Summary Resilient Modulus of RCB/RCA Mixtures 2.5.2

The SRM results fitted with the NCHRP and Power models for both the internal 

and external LVDTs are displayed in Table 2.4 and Figure 2.5a and Figure 2.5b.   Table 

2.5 and Table 2.6 display the fitting parameters for the NCHRP and Power models, 

respectively.  Table 2.7 shows the coefficients of variations in SRM for the natural 

aggregates and RCAs, which were available in high enough quantities to allow for 

replicate Mr tests to be performed.  TX RCA is the only recycled material used in this 

study, for which a coefficient of variation could be calculated.  The coefficient of 

variation for TX RCA for external SRM is 19%, much higher than any changes in the 

data from 0% to 30% brick (< 7%), indicating that for TX RCA there is no impact on 

SRM with increasing brick content up to 30%.  For the other three RCAs tested there 

was not enough material for replicates to be performed so a statistical analysis could 

not be performed to determine the extent of variation in SRM for replicates.   

To evaluate the extent of variation for the remaining RCAs (NJ, OH, and MN) 

without the coefficient of variation, trends in external SRM were analyzed.  For NJ RCA, 

the decrease in SRM from 0% RCB to 30% RCB was 7%.  The SRM as reported for NJ 

RCA increased 12% from 0% to 10%, and then showed a gradual decreasing trend 

from 10% to 30% RCB.  OH RCA’s SRM decreased 20% from 0% RCB to 30% RCB 

and had an overall decreasing trend of SRM with increasing brick content.  MN RCA 

decreased 3% from 0% RCB to 30% RCB.  For all four RCAs tested, only one showed a 

noticeable (> 7%) decrease in SRM from 0% RCB to 30% RCB.  All materials had 

similar, if not better, SRM than the natural aggregates tested in the first chapter of this 

thesis.  With only one of the four RCAs having a noticeable change (SRM decrease of 
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20%) in SRM with increasing RCB content, there appears to be little effect of RCB 

content on the SRM of RCA up to 30% RCB.   

The result of little trend in SRM with increasing RCB content up to 30% is similar 

to the results of the only previous study completed on resilient modulus of RCB/RCA 

mixtures by Cameron et al. (2012).  Cameron et al. (2012) observed a marginal 

decrease (< 80 MPa) in resilient modulus with increased RCB content (0% to 30% 

RCB), which could be within the error for that specific test but no information is noted on 

error in the study.  Cameron et al. (2012) used a different method (i.e., AUSTROADS 

method) that uses approximately 50,000 cycles, whereas the NCHRP method only uses 

about 4,000 cycles.  In addition, the study completed by Cameron et al. (2012) was 

more focused towards evaluating resilient modulus of RCB/RCA mixtures at varying 

water content (60% to 100% OMC) than the SRM of RCB/RCA mixtures at OMC and 

found that lower (80% OMC) water contents was more favorable for stiffness of 

RCB/RCA blends.  This finding was similar to the study by Arulrajah et al. (2011) which 

evaluated 25% RCB/75% RCA mixtures and found that 65% OMC was the highest 

water content RCB/RCA could be mixed at to be a viable material for road subbase 

applications. Arulrajah et al. (2011) used the same resilient modulus testing method as 

Cameron et al. (2012).  This testing method change between this study and Arulrajah et 

al. (2011) and Cameron et al. (2012); and the lack of reporting SRM in the other two 

studies could both contribute to the different trend results observed.  Both studies found 

that resilient modulus and permanent strain were marginal factors with RCB/RCA 

mixtures compared to moisture content and density changing the design. 
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The difference in material between this study and the studies by Arulrajah et al. 

(2011) and Cameron et al. (2012) may contribute to the difference in resilient modulus 

observed.  This study used clay brick as the material tested, whereas neither Arulrajah 

nor Cameron state the type of brick used.  A fly ash based brick or cement based brick 

could tremendously alter the physical characteristics of the RCB.  The RCB used in this 

study had higher absorption values (11.5% compared to ~6.5%) than the RCB used in 

both Arulrajah et al. (2011) and Cameron et al. (2012).  The particle dry unit weight of 

the RCB in this study was also lower (19.3 kN/m3 compared to 26.2 kN/m3) than that of 

Arulrajah et al (2011) (Cameron et al. 2012 did not report a dry unit weight of RCB 

alone).  Both of these large differences in physical characteristics of the RCB between 

this study and the other two studies could explain the noticeable trend change in 

resilient modulus with increased RCB content.   

 Plastic Strain of RCB/RCA Mixtures 2.5.3

Plastic strains were calculated as an index using the data from the Mr tests and 

presented in Table 2.9 and Table 2.10 for the 1st load sequence and 2nd through 31st 

load sequences, respectively.  There were no apparent trends in plastic strain observed 

from the data for the first sequence (conditioning phase) or last 30 sequences.  All data 

suggests very little change in accumulation of plastic strain in all specimens regardless 

of RCB content, suggesting RCB has little impact on stiffness of RCA when mixed at or 

below 30% RCB.  Cameron et al (2012) evaluated plastic strain and found that marginal 

(< 0.7%) changes were observed between 0% RCB and 30% RCB/RCA mixtures.  It is 

recommended that tests designed specifically for plastic strain be completed if further 

analysis is wanted on plastic strain of the specific materials used in this study.  The 
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resilient modulus test (NCHRP 1-28a) used in this study are not designed for calculating 

plastic strain accurately. 

 Weathering and Abrasion Resistance of RCB/RCA Mixtures 2.5.4

The results of the LA Abrasion tests conducted on MN RCA, Class 5, and RCB 

from literature can be seen in Table A.5.  RCB appears to be less tough and less 

resistant to abrasion than both Class 5 and MN RCA.  This is most likely due to the 

clay-based nature of the RCB, which depending on the source of the clay and the 

original firing temperature the clay brick was created at, could have lower bond strength 

than concrete and natural aggregates (Amrhein 1998).  The variability in manufacturing 

of the clay brick directly impacts the weathering and strength of the RCB and the 

manufacturing specifications for the brick used in this study and Arulrajah et al. (2011) 

and Cameron et al. (2012) are unknown.  Further weathering tests (i.e. freeze-thaw, 

wet/dry, and Micro-Deval) are recommended to determine the impact weathering has on 

RCB. 

 CONCLUSIONS 2.6

The amount of deleterious material present in RCA and RAP/RPM varied 

depending on source of the material. Generally, asphalt aggregate, aggregate with 

plastic fibers, and wood chips were the most predominant type of impurities for RCA. 

The average impurity content was 1% for RCAs obtained from different states (CO, OH, 

TX, MN, CA, MI, WI, and NJ). Geotextiles and pavement markings were the 

predominant type of impurities for RAP/RPM. The average impurity amount was 2% for 

all RAP/RPM samples from different states (CO, OH, TX, MN, CA, MI, WI, and NJ).  
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Due to the general lack of deleterious materials found in recycled materials, 

possibility for beneficial reuse and lack of research on its use, brick was chosen to be 

investigated further using resilient modulus at 0%, 10%, 20%, and 30% by mass with 

RCA.  Brick acquired from a demolition site was crushed and sieved to match particle 

size distributions of each of the four RCAs it was mixed with.  The four RCAs used were 

NJ, OH, MN, and TX.  Compaction tests were completed at 0% and 30% RCB on all 

RCA materials except NJ RCA because of lack of material available.  When 30% RCB 

compaction characteristics were compared to 0% RCB, OMC increased while maximum 

dry unit weight decreased.  This was attributed to RCB having higher absorption and 

lower specific gravity and dry unit weight than RCA.  The compaction curves for the 

30% RCB mixtures did not decrease in maximum dry unit weight above OMC because 

water drained out of the molds not allowing for a water content above OMC to be 

achieved.  This lack of decrease was observed in all three RCB/RCA mixtures tested at 

30% RCB. 

Resilient modulus tests were completed on the four RCA samples at 0%, 10%, 

20%, and 30% RCB content.  Each specimen was compacted at OMC and 95% of 

maximum dry density of the RCA it was compacted with.  No apparent trends in SRM 

were observed at any RCB content for three of the four RCAs.  OH RCA exhibited a 

20% decrease in SRM from 0% to 30% RCB, but without a coefficient of variation to 

determine the error for replicate RCA tests it is hard to assess this trend.  All RCAs 

tested at 30% RCB had similar, if not higher, SRM than natural aggregate tested for 

comparison.   This lack of decreasing trend was not seen by previous studies, but 

difference in materials tested and methods used to test for resilient modulus could 
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contribute to this difference in results.  Further testing at higher RCB content is 

recommended to determine an exact limit to the amount of RCB that can be added to 

RCA or other aggregates for beneficial reuse.  It is also recommended that further 

testing be completed to evaluate the hydraulic conductivity, effects of weathering (i.e., 

freeze-thaw and wet-dry), and abrasion resistance (i.e., micro-deval) of the RCB/RCA 

mixtures. 
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 TABLES 2.7

 
Table 2.1Index Properties for Recycled Materials and Class 5 Aggregate 

Material States D10 
(mm) 

D30 
(mm) 

D50 
(mm) 

D60 
(mm) Cu Cc Gs 

Dry Unit 
Weight 
(kN/m3) 

Absorption 
(%) 

Asphalt 
Content 

(%) 

Impurities 
(%) 

Gravel 
(%) 

Sand 
(%) 

Fines 
(%) USCS AASHTO 

Class 5 MN 0.1 0.4 1.0 1.7 21 1.4 2.57 25.11 _ _ 0.25 22.9 67.6 9.5 GW-GM A-1-b 

Blend MN 0.2 0.6 1.5 2.8 13 0.5 _  _ _ 0.36 32.7 63.8 3.4 SP A-1-b 

RCA 

MN 0.1 0.4 1.0 1.7 21 1.4 2.39 23.34 5.0 _ 0.87 31.8 64.9 3.3 SW A-1-a 

MI 0.4 4.1 9.7 12.3 35 3.9 2.37 23.16 5.4 _ 0.35 68.5 28.3 3.2 GP A-1-a 

CO 0.1 0.6 2.8 4.9 66 1.1 2.28 22.3 5.8 _ 0.26 40.9 46.3 12.8 SC A-1-b 

CA 0.3 1.7 4.8 6.8 22 1.4 2.32 22.74 5.0 _ 0.26 50.6 47.1 2.3 GW A-1-a 

TX 0.4 6.5 13.3 16.3 38 6.0 2.27 22.22 5.5 _ 0.86 76.3 21.6 2.1 GW A-1-a 

OH 0.2 1.2 3.4 5.3 34 1.7 2.24 21.95 6.5 _ 0.16 43.2 49.5 7.3 SW-SM A-1-a 

NJ 0.2 0.5 2.0 5.1 28 0.3 2.31 22.64 5.4 _ 1.67 41.2 54.6 4.3 SP A-1-b 

RAP 

MN 0.3 0.7 1.6 2.3 7 0.7 2.41 23.54 1.8 7.1 0.06 26.3 71.2 2.5 SP A-1-a 

CO 0.4 0.9 2.2 3.3 9 0.7 2.23 21.8 3.0 5.9 0.09 31.7 67.7 0.7 SP A-1-a 

CA 0.3 1.3 3.0 4.2 13 1.2 2.56 18.31 2.0 5.7 0.33 36.8 61.4 1.8 SW A-1-a 

TX 0.7 2.5 5.4 7.9 11 1.1 2.34 22.86 1.3 4.7 0.05 41.0 44.9 1.0 SW A-1-a 

OH 0.5 1.6 2.9 3.8 7 1.3 2.43 23.73 0.6 6.2 0.06 32.1 66.2 1.7 SW A-1-a 

NJ 1.0 2.8 4.9 5.9 6 1.3 2.37 23.17 2.1 5.2 0.48 50.9 48.4 0.7 GW A-1-a 

WI 0.6 1.4 2.7 3.6 6 0.9 2.37 23.22 1.5 6.2 0.08 30.9 68.5 0.5 SP A-1-b 

RPM 
NJ 0.5 2.1 5.8 8.7 18 1.0 2.35 23.42 2.6 4.3 0.04 55.7 43.6 0.6 GW A-1-b 

MI 0.4 1.7 4.6 6.5 17 1.1 2.39 23.00 1.7 5.3 0.13 49.3 50.4 0.4 SW A-1-b 

RCB WI NA NA NA NA NA NA 2.20 19.33 11.5 _ NA NA NA NA NA NA 

 

Cu = coefficient of uniformity, Cc = coefficient of curvature, Gs= Specific Gravity, AC= Asphalt Content, Abs=Absorption, Note: Particle size analysis conducted 
following ASTM D 422, Gs determined by ASTM D 854, Absorption of coarse aggregate were determined by ASTM C127-07, USCS classification determined by 
ASTM D 2487, AASHTO classification determined by ASTM D 3282, asphalt content determined by ASTM D 6307
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Table 2.2 Quality Control of Specimen Preparation  

 

Brick 
Content 

of 
Material 

ωopt ωcompacted 
Percent ω 
Difference 

Std. Dev. 
(Percent ω 
Difference) 

Mass after 
Compaction 

Goal (kg) 

Mass after 
Compaction 

(kg) 

Percent 
Mass 

Difference 

Std. Dev. 
(Percent 

Mass 
Difference) 

95% Dry 
Unit 

Weight 

(kN/m3) 

Dry Unit 
Weight of 

Compacted 
Material 
(kN/m3) 

Dry Unit 
Weight 

Difference 

Std. Dev. 
(Dry Unit 
Weight 

Difference) 

M
N

 R
C

A
 0% 11.20% 11.70% 0.50% 

0.10% 

11.68 11.6 0.68% 

0.57% 

18.53 18.32 1.15% 

0.23% 
10% 11.20% 11.50% 0.30% 11.68 11.85 1.46% 18.53 18.75 1.16% 

20% 11.20% 11.60% 0.40% 11.68 11.9 1.88% 18.53 18.81 1.50% 

30% 11.20% 11.50% 0.30% 11.68 11.9 1.88% 18.53 18.82 1.59% 

TX
 R

C
A

 

0% 9.20% 9.60% 0.40% 

0.10% 

11.56 11.55 0.09% 

0.22% 

18.68 18.59 0.50% 

0.26% 
10% 9.20% 9.50% 0.30% 11.56 11.5 0.52% 18.68 18.52 0.84% 

20% 9.20% 9.00% 0.20% 11.56 11.5 0.52% 18.68 18.61 0.38% 

30% 9.20% 9.60% 0.40% 11.56 11.5 0.52% 18.68 18.51 0.93% 

N
J 

R
C

A
 

0% 9.50% 9.80% 0.30% 

0.06% 

11.65 11.6 0.43% 

0.73% 

18.76 18.63 0.67% 

0.50% 
10% 9.50% 9.30% 0.20% 11.65 11.45 1.72% 18.76 18.48 1.51% 

20% 9.50% 9.70% 0.20% 11.65 11.5 1.29% 18.76 18.49 1.44% 

30% 9.50% 9.20% 0.30% 11.65 11.4 2.15% 18.76 18.41 1.85% 

O
H

 R
C

A
 

0% 11.80% 12.10% 0.30% 

0.05% 

11.66 11.55 0.94% 

0.54% 

18.39 18.17 1.18% 

0.57% 
10% 11.80% 12.10% 0.30% 11.66 11.45 1.80% 18.39 18.02 2.04% 

20% 11.80% 12.10% 0.30% 11.66 11.45 1.80% 18.39 18.02 2.04% 

30% 11.80% 12.20% 0.40% 11.66 11.4 2.23% 18.39 17.92 2.55% 

 

Note:  ωopt = Optimum moisture content; ωcompacted = Compacted moisture content; ω Standard Deviation = Variability in percent moisture content difference ; Std. Dev. = Standard Deviation 
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Table 2.3 Maximum Dry Unit Weight and Optimum Moisture Content Changes with 
Varying Brick Content 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Percent 
Brick 

Max Dry Unit 
Weight (KN/m3) ωopt 

TX RCA 
0 19.7 9.20% 

30 18.44 11.70% 

MN RCA 
0 19.5 11.20% 

30 18.6 11.80% 

OH RCA 
0 19.8 11.80% 

30 17.52 12.40% 
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Table 2.4 External and Internal LVDT Summary Resilient Modulus Values at Varying 
Brick Content Calculated using NCHRP and Power Function Models  

  SRM (MPa) 

  OH RCA TX RCA NJ RCA MN RCA 

0% 
Brick 

Int NCHRP 233 172 157 134 

Int Power 254 197 200 176 

Ext NCHRP 149 130 85 109 

Ext Power 166 142 130 128 

10% 
Brick 

Int NCHRP 188 197 178 166 

Int Power 217 237 208 200 

Ext NCHRP 141 125 130 115 

Ext Power 162 139 152 132 

20% 
Brick 

Int NCHRP 173 233 170 147 

Int Power 201 277 199 171 

Ext NCHRP 111 127 123 97 

Ext Power 128 145 140 107 

30% 
Brick 

Int NCHRP 156 168 162 112 

Int Power 166 200 193 133 

Ext NCHRP 122 123 106 107 

Ext Power 142 145 120 125 

 

Note: Bulk Stress = 208 kPa, Octahedral Stress = 48.6 kPa
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Table 2.5 NCHRP Fitting Parameters and Summary Resilient Modulus (SRM) Values 

Material Brick % 
Internal External 

SRMint/ 
SRMext 

k1 k2 k3 k6 k7 
SRM 

(MPA) k1 k2 k3 k6 k7 
SRM 

(MPA) 

OH RCA 

0 3.9 3.3 -1.5 -205.8 1.1 233 1.8 4.3 -2.8 -377.1 4.0 149 1.56 

10 4.9 3.7 -2.2 -241.0 2.2 188 9.6 3.4 -2.1 -253.6 2.9 141 1.33 

20 0.4 6.7 -5.5 -565.1 7.1 173 16.7 2.9 -1.7 -189.5 2.2 111 1.56 

30 0.1 4.3 -1.9 -418.7 2.1 156 8.5 3.9 -2.9 -286.1 3.8 122 1.28 

TX RCA 

0 2.6 3.2 -1.2 -229.1 1 172 3.7 3.7 -2.3 -381.3 4.8 130 1.32 

10 5.0 3.7 -2.3 -230.5 2.2 197 4.4 3.9 -2.6 -321.8 4.2 125 1.58 

20 2.0 4.1 -2.5 -290.3 2.5 233 13.9 2.7 -1.4 -192.9 1.7 127 1.83 

30 0.3 5.9 -4.2 -416.4 5.3 168 13.1 3.1 -1.9 -199.5 2.2 123 1.37 

NJ RCA 

0 0.1 7.1 -5.5 -531.6 6.2 157 1.5 3.5 -1.7 -319.4 3.3 85 1.85 

10 0.4 5.0 -3.2 -395.0 3.8 178 23.6 3.4 -2.6 -242.8 3.4 130 1.37 

20 5.0 3.8 -2.5 -271.4 2.9 170 12.0 3.6 -2.7 -295.4 4.0 123 1.38 

30 0.003 7.6 -5.2 -586.8 5.7 162 19.7 2.7 -1.5 -196.4 2.4 106 1.53 

MN RCA 

0 824.0 1.29 -1.2 0.0 1.0 134 7.3 3.9 -2.8 -256.4 3.4 109 1.23 

10 6.0 4.6 -3.7 -302.9 4.1 166 6.3 4.2 -3.2 -324.8 4.5 115 1.44 

20 22.3 3.8 -3.0 -245.7 3.7 147 6.5 3.3 -2.4 -296.3 4.2 97 1.52 

30 284 1.6 -0.9 -32.9 1.0 112 10.7 3.8 -2.8 -257.9 3.7 107 1.05 

 

Note: Due to rounding of fitting parameters for this table, SRM values calculated using the fitting parameters above will vary slightly 
from the actual SRM values reported above. 
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Table 2.6 Power Model Fitting Parameters and SRM Values 

Material Brick % 

Internal External 

SRMint/SRMext 
k1 k2 SRM (MPA) k1 k2 SRM (MPA) 

OH RCA 

0 20,000.00 0.48 254 16,064.50 0.44 166 1.53 

10 20,146.20 0.44 217 12,438.70 0.48 162 1.34 

20 20,000.00 0.43 201 7,601.40 0.53 128 1.57 

30 12,951.30 0.48 166 11,000.20 0.48 142 1.17 

TX RCA 

0 15,201.60 0.48 197 10,334.30 0.49 142 1.39 

10 17,887.80 0.48 237 7,868.20 0.54 139 1.71 

20 28,302.00 0.43 277 11,745.00 0.47 145 1.91 

30 7,208.50 0.62 200 10,279.90 0.5 145 1.38 

NJ RCA 

0 11,755.20 0.51 181 4,429.00 0.57 93 1.95 

10 18,648.40 0.45 208 13,870.90 0.45 152 1.37 

20 17,344.40 0.46 199 11,596.80 0.47 140 1.42 

30 16,098.30 0.47 193 7,471.40 0.52 120 1.61 

MN RCA 

0 14,631.30 0.47 176 7,311.30 0.54 128 1.38 

10 14,335.60 0.49 200 9,489.20 0.49 132 1.52 

20 10,533.70 0.52 171 5,048.90 0.57 107 1.60 

30 4,995.50 0.61 133 7,348.70 0.53 125 1.06 

 

Note: Due to rounding of fitting parameters for this table, SRM values calculated using the 
fitting parameters above will vary slightly from the actual SRM values reported above. 
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Table 2.7 Internal and External SRM Statistical Analysis on Replicate Specimens Prepared by Shedivy 

 
  Internal LVDT Data External LVDT Data 

Material Mr Tester NCHRP SRM (MPa) Average (MPa) σ (MPa) Cv NCHRP SRM (Mpa) Average (MPa) σ (MPa) Cv 

Class 5 
Shedivy 123 

154 36 23% 
91 

113 19 17% Shedivy 115 100 
Shedivy 129 97 

Basalt 
Shedivy 180 

197 28 14% 
131 

130 8 7% Shedivy 192 121 
Shedivy 187 135 

CA RCA 
Shedivy 181 

197 33 17% 
121 

123 17 14% 
Shedivy 246 140 

TX RCA 
Shedivy 188 

180 11 6% 
99 

115 22 19% 
Shedivy 172 130 

 

Note: Average is the mean, σ is the standard deviation, and Cv is the coefficient of variation
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Table 2.8 1st Load Sequence Deformation and Plastic Strain 

  
1st Load Sequence Deformation and 

Plastic Strain 

  OH RCA TX RCA NJ RCA MN RCA 

0% 
Brick 

Int Deformation (mm) 0.2 0.2 0.3 0.7 

Int Plastic Strain (%) 0.10% 0.10% 0.20% 0.40% 

Ext Deformation (mm) 0.7 0.9 1.2 1.7 

Ext Plastic Strain (%) 0.30% 0.30% 0.40% 0.60% 

10% 
Brick 

Int Deformation (mm) 0.1 0.2 0.2 0.4 

Int Plastic Strain (%) 0.10% 0.10% 0.10% 0.30% 

Ext Deformation (mm) 0.6 2.3 1.1 1.3 

Ext Plastic Strain (%) 0.20% 0.80% 0.40% 0.40% 

20% 
Brick 

Int Deformation (mm) 0.3 0.1 0.2 0.4 

Int Plastic Strain (%) 0.20% 0.10% 0.20% 0.30% 

Ext Deformation (mm) 1 1 0.9 1.7 

Ext Plastic Strain (%) 0.30% 0.30% 0.30% 0.60% 

30% 
Brick 

Int Deformation (mm) 0.2 0.3 0.2 0.5 

Int Plastic Strain (%) 0.10% 0.20% 0.10% 0.30% 

Ext Deformation (mm) 1 1 1.3 1.5 

Ext Plastic Strain (%) 0.30% 0.30% 0.40% 0.50% 
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Table 2.9 2nd-31st Load Sequence Deformation and Plastic Strain 

  
2nd-31st Load Sequence Deformation and 

Plastic Strain 

 
 

OH RCA TX RCA NJ RCA MN RCA 

0% 
Brick 

Int Deformation (mm) 2.1 2.9 8.8 9.3 

Int Plastic Strain (%) 1.40% 1.90% 5.80% 6.10% 

Ext Deformation (mm) 4.6 5.6 16.8 16.1 

Ext Plastic Strain (%) 1.50% 1.80% 5.50% 5.30% 

10% 
Brick 

Int Deformation (mm) 1.4 1.4 3.8 6.9 

Int Plastic Strain (%) 0.90% 0.90% 2.50% 4.50% 

Ext Deformation (mm) 3.5 4.8 7.3 13 

Ext Plastic Strain (%) 1.20% 1.60% 2.40% 4.30% 

20% 
Brick 

Int Deformation (mm) 2.4 1.6 3.1 5.6 

Int Plastic Strain (%) 1.60% 1.10% 2.00% 3.70% 

Ext Deformation (mm) 5 5 6.5 10.3 

Ext Plastic Strain (%) 1.70% 1.65% 2.10% 3.40% 

30% 
Brick 

Int Deformation (mm) 2.9 1.8 3 4.2 

Int Plastic Strain (%) 1.90% 1.20% 2.00% 2.80% 

Ext Deformation (mm) 5.4 4.1 5.9 8.3 

Ext Plastic Strain (%) 1.80% 1.40% 2.00% 2.70% 
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 FIGURES 2.8

 
 
 
 
 
 
 
 
 

 

Figure 2.1 Locations of Recycled Material used in this Study 
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Figure 2.2 Particle Size Distribution for RCA and RCAs reported Lower and Upper 
Limits from Literature 
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Figure 2.3 Particle Size Distribution for RAP/RPM and RAPs reported Lower and Upper 
Limits from Literature 
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Figure 2.4a TX RCA Compaction Data at 0% Brick and 30% Brick 
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Figure 2.4b MN RCA Compaction Data at 0% Brick and 30% Brick 
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Figure 2.4C OH RCA Compaction Data at 0% Brick and 30% Brick 
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Figure 2.5a Internal LVDT Recorded SRM (NCHRP) at Varying Brick Contents 
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Figure 2.5b  External LVDT Recorded SRM (NCHRP) at Varying Brick Content 
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Figure 2.6 Crushing Brick and Final Product 
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Figure 2.7 0%, 10%, 20%, and 30% RCB with MN RCA at OMC 
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Figure 2.8 10%, 20%, and 30% RCB with NJ RCA at OMC 
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Figure 2.9 0%, 10%, 20%, and 30% RCB with OH RCA at OMC 
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Figure 2.10 0%, 10%, and 20%, RCB with TX RCA at OMC 
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Figure 2.11 30% RCB with MN RCA Compacted for Resilient Modulus Test 
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 Throughout the Recycled Unbound Materials Pooled Fund Project, approximately 

four individuals have conducted resilient modulus tests on similar materials.  Although 

the material was prepared the same way (95% dry density and 100% optimum moisture 

content), discrepancies in the calculated summary resilient modulus values were found.  

Table A.1 and Table A.2 show the values of summary resilient modulus for material 

collected from the same sample, but prepared by different individuals.  It also shows the 

fluctuation in SRM from user to user through the standard deviation and coefficient of 

variation.  For some material the coefficient of variation is rather high (> 90%), while 

other materials it is low (4%).  By viewing Figure A.1 and A.2, it can be observed that 

external LVDT summary resilient modulus values have overall lower coefficients of 

variation between different users when compared to internal LVDT summary resilient 

modulus.  This difference in SRM between users on the same material has been 

investigated thoroughly and was determined to be a problem with calibration of the 

LVDTs and a physical difference of LVDTs used for each test.  For example, Son used 

interior LVDTs that were unable to record displacements high enough to run an entire 

resilient modulus test without stopping the test and readjusting the LVDTs.  This could 

have caused error in both his interior and exterior LVDT summary resilient modulus 

values.   

 For the studies described in this thesis, all resilient modulus data used was 

collected from tests performed by the author.  No previous data was used except for the 

comparison in this Appendix.  For this study, only four samples had enough material for 

replicate tests to be performed.  Those materials were Class 5, Basalt, CA RCA, and TX 
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RCA.  For those tests, coefficients of variation were determined and plotted as Figure 

A.3 for internal summary resilient modulus values and Figure A.4 for external summary 

resilient modulus values.  The coefficients of variation in this study were less than 24% 

for internal summary resilient modulus values and less than 20% for external summary 

resilient modulus, both much lower than those of previous studies compared to this 

study. 
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Table A.1 Internal and External SRM Statistical Analysis on Replicate Specimens Prepared by Shedivy 

 

  Internal LVDT Data External LVDT Data 

Material Mr Tester NCHRP SRM (MPa) Average (MPa) σ (MPa) Cv NCHRP SRM (Mpa) Average (MPa) σ (MPa) Cv 

Class 5 
Shedivy 123 

154 36 23% 
91 

113 19 17% Shedivy 115 100 
Shedivy 129 97 

Basalt 
Shedivy 180 

197 28 14% 
131 

130 8 7% Shedivy 192 121 
Shedivy 187 135 

CA RCA 
Shedivy 181 

197 33 17% 
121 

123 17 14% 
Shedivy 246 140 

TX RCA 
Shedivy 188 

180 11 6% 
99 

115 22 19% 
Shedivy 172 130 

 

Note: Average is the mean, σ is the standard deviation, and Cv is the coefficient of variation 
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Table A.2 Internal and External SRM Statistical Analysis for Natural Aggregate and RAP Replicate Tests Completed on 
the Same Material Prepared across Multiple Studies (Ba et al. 2011, Bozyurt 2011) 

    Internal LVDT Data External LVDT Data 
Material  Mr Tester  NCHRP SRM (MPa) Average (MPa) σ (MPa) Cv  NCHRP SRM (MPa) Average (MPa) σ (MPa) Cv 

Class 5 

Shedivy 123 

218 140 64% 

91 

131 40 31% 

Shedivy 115 100 
Shedivy 129 97 
Bozyurt 237 182 
Bozyurt 221 169 

Son 484 144 

Basalt 

Shedivy 180 

224 52 23% 

131 

138 13 9% 
Shedivy 192 121 
Shedivy 187 135 

Ba 274 148 
Ba 286 153 

TX RAP 
Shedivy 269 

453 169 37% 
200 

225 89 39% Bozyurt 600 323 
Son 490 151 

NJ RAP 
Shedivy 290 

503 301 60% 
166 

187 29 16% 
Son 715 207 

CO RAP 
Shedivy 228 

269 212 79% 
151 

167 14 8% Bozyurt 309 172 
Son 629 177 

MN RAP 
Bozyurt 387 

526 197 37% 
223 

199 35 17% 
Son 665 174 

 

Note: Average is the mean, σ is the standard deviation, and Cv is the coefficient of variation 
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Table A.3 Internal and External SRM Statistical Analysis for RCA Replicate Tests Completed on the Same Material 
Prepared across Multiple Studies (Ba et al. 2011, Bozyurt 2011) 

 
    Internal LVDT Data External LVDT Data 

Material  Mr Tester  NCHRP SRM (MPa) Average (MPa) σ (MPa) Cv  NCHRP SRM (MPa) Average (MPa) σ (MPa) Cv 

CA RCA 

Shedivy 181 

369 184 50% 

121 

170 57 34% 
Shedivy 246 140 
Bozyurt 487 251 

Son 563 166 

NJ RCA 
Shedivy 157 

420 372 89% 
85 

144 83 58% 
Son 683 203 

TX RCA 

Shedivy 188 

299 150 50% 

99 

153 56 37% 
Shedivy 172 130 
Bozyurt 346 231 

Son 490 151 

OH RCA 
Shedivy 223 

345 157 46% 
149 

170 28 17% Bozyurt 289 202 
Son 522 158 

MN RCA 
Shedivy 134 

391 363 93% 
109 

150 57 38% 
Son 648 190 

MI RCA 
Bozyurt 293 

504 298 59% 
180 

176 6 4% 
Son 715 171 

CO RCA 
Bozyurt 265 

393 180 46% 
224 

193 44 23% 
Son 520 162 

 

Note: Average is the mean, σ is the standard deviation, and Cv is the coefficient of variation 
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Table A.4 SRM and Power model fitting parameters k1 and k2 for base materials after 0, 5, 10 and 20 F-T cycles 

Material States Freeze-Thaw Cycles External Internal 
SRM0/ SRMN k1 k2 SRM (MPa) k1 k2 SRM (MPa) 

Class 5 
Aggregate MN 

0 66.2 0.20 191 129.2 0.15 281 1.0 
5 59.1 0.21 186 59.1 0.28 261 0.9 
10 35.5 0.30 177 34.7 0.36 240 0.9 
20 24.8 0.34 153 24.7 0.41 223 0.8 

RCA 

CA 
0 119.4 0.15 262 273.6 0.13 550 1.0 
5 74.8 0.21 227 113.4 0.27 489 0.9 
10 99.1 0.20 282 185.7 0.21 578 1.1 

MI 

0 32.7 0.34 199 107.2 0.25 400 1.0 
5 22.8 0.39 191 55.3 0.35 361 0.9 
10 47.8 0.32 257 177.5 0.18 472 1.2 
20 83.6 0.22 268 388.7 0.07 553 1.4 

TX 

0 74.6 0.23 258 236.1 0.13 464 1.0 
5 43.6 0.30 211 76.8 0.32 419 0.9 
10 44.6 0.31 236 120.8 0.26 471 1.0 
20 81.1 0.24 289 150.2 0.28 601 1.3 

RAP 

CA 

0 122.5 0.14 256 348.8 0.06 473 1.0 
5 122.5 0.13 249 147.9 0.20 436 0.9 
10 76.6 0.20 223 136.2 0.19 379 0.8 
20 66.0 0.21 203 122.8 0.18 323 0.7 

MN 

0 93.9 0.174 238 236.1 0.127 464 1.0 
5 57.6 0.25 220 85.8 0.27 361 0.8 
10 54.0 0.25 200 80.2 0.27 344 0.7 
20 31.2 0.33 180 57.3 0.32 314 0.7 

TX 

0 156.6 0.14 334 358.7 0.12 686 1.0 
5 155.2 0.12 287 344.1 0.10 585 0.9 
10 88.6 0.21 272 259.1 0.15 566 0.8 
20 63.6 0.26 254 103.2 0.29 497 0.7 



149 
 

 

 

Table A.5 LA Abrasion Results 

Specimens LA Abrasion Loss (%) 

Class 5 Natural Aggregate 23 

MN RCA (Bozyurt 2011) 30 

RCB (Arulrajah et al. 2011) 36 
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Figure A.1 External SRM Coefficients of Variation for Replicate Specimens Prepared 
Across Multiple Studies (Ba et al. 2011, Bozyurt 2011) 
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Figure A.2 Internal SRM Coefficients of Variation for Replicate Specimens Prepared 
Across Multiple Studies (Ba et al. 2011, Bozyurt 2011) 
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Figure A.3 External SRM Coefficients of Variation for Replicate Specimens Prepared by 
Shedivy 
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Figure A.4 Internal SRM Coefficients of Variation for Replicate Specimens Prepared by 

Shedivy 
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Figure A.5 Summary Resilient Modulus (SRM) of RAP and Class 5 Aggregate after 0, 5, 
10 and 20 Freeze-Thaw Cycles (Bozyurt 2011) 
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Figure A.6 Normalized Summary Resilient Modulus (SRM) of RAP and Class 5 
Aggregate after 0, 5, 10 and 20 Freeze-Thaw Cycles (Bozyurt 2011) 
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Figure A.7 Normalized Summary Resilient Modulus (SRM) of RCA and Class 5 
Aggregate after 0, 5, 10 and 20 Freeze-Thaw Cycles (Bozyurt 2011) 
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Figure A.8 Normalized Summary Resilient Modulus (SRM) of RCA and Class 5 
Aggregate after 0, 5, 10 and 20 Freeze-Thaw Cycles (Bozyurt 2011) 
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Figure A.9 Distribution of Impurities by Weight Percentage (Bozyurt 2011) 
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Figure A.10 Percent Impurities found in Recycled Material from Different States 
(Bozyurt 2011) 
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Figure A.11 Deleterious Material found in RCA: Sea Shells and Steel (Bozyurt 2011) 
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Figure A.12 Average Impurity Percentage by Weight for Recycled Material (Bozyurt 
2011) 
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Figure A.13 Deleterious Material found in RAP: Pavement Markings and Wood Chips 
(Bozyurt 2011) 

 
 
 
 
 
 
 
 
 
 
 
 
 


	Executive Summary
	Acknowledgments
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	1. The Effects of Wet/Dry Cycling on Particle Degradation and Temperature on Resilient Modulus of Recycled Concrete Aggregate and Recycled Asphalt Pavement
	1.1 INTRODUCTION
	1.2 BACKGROUND
	1.2.1 Recycled Unbound Base Materials
	1.2.2 Resilient Modulus
	1.2.3 Freeze-Thaw Effect on RAP and RCA
	1.2.4 Temperature Effects on Resilient Modulus
	1.2.5 Wet/Dry Cycling

	1.3 MATERIALS
	1.4 METHODS
	1.4.1 Resilient Modulus
	1.4.2 Temperature Effects on Resilient Modulus
	1.4.3 Wet/Dry Cycling of Unbound Recycled Materials

	1.5 RESULTS AND DISCUSSION
	1.5.1 Temperature Effects on Resilient Modulus
	1.5.1.1 Temperature and Summary Resilient Modulus
	1.5.1.2 Temperature and Plastic Strain (as an Index)

	1.5.2 Wet and Dry Cycling

	1.6 CONCLUSIONS
	1.7 TABLES
	1.8 FIGURES

	2. The Effects of Recycled Clay Brick Content on the Compaction Properties and Resilient Modulus of Recycled Concrete Aggregate
	2.1 INTRODUCTION
	2.2 BACKGROUND
	2.2.1 Deleterious Materials (Impurities) in Recycled Materials
	2.2.2 Recycled Clay Brick Mixed with Recycled Concrete Aggregate

	2.3 MATERIALS
	2.4 METHODS
	2.4.1 Resilient Modulus
	2.4.2 Crushed Clay Brick Tests

	2.5 RESULTS AND DISCUSSION
	2.5.1 Compaction Characteristics of RCB/RCA Mixtures
	2.5.2 Summary Resilient Modulus of RCB/RCA Mixtures
	2.5.3 Plastic Strain of RCB/RCA Mixtures
	2.5.4 Weathering and Abrasion Resistance of RCB/RCA Mixtures

	2.6 CONCLUSIONS
	2.7 TABLES
	2.8 FIGURES

	3. REFERENCES
	APPENDIX

