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ABSTRACT  
   

The trend towards using recycled materials on new 

construction projects is growing as the cost for construction 

materials are ever increasing and the awareness of the 

responsibility we have to be good stewards of our environment is 

heightened. While recycled asphalt is sometimes used in 

pavements, its use as structural fill has been hindered by 

concern that it is susceptible to large long-term deformations 

(creep), preventing its use for a great many geotechnical 

applications. While asphalt/soil blends are often proposed as an 

alternative to 100% recycled asphalt fill, little data is available 

characterizing the geotechnical properties of recycled asphalt soil 

blends. In this dissertation, the geotechnical properties for five 

different recycled asphalt soil blends are characterized. Data 

includes the particle size distribution, plasticity index, creep, and 

shear strength for each blend. Blends with 0%, 25%, 50%, 75% 

and 100% recycled asphalt were tested. As the recycled asphalt 

material used for testing had particles sizes up to 1.5 inches, a 

large 18 inch diameter direct shear apparatus was used to 

determine the shear strength and creep characteristics of the 

material. The results of the testing program confirm that the 

creep potential of recycled asphalt is a geotechnical concern 
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when the material is subjected to loads greater than 1500 

pounds per square foot (psf). In addition, the test results 

demonstrate that the amount of soil blended with the recycled 

asphalt can greatly influence the creep and shear strength 

behavior of the composite material. Furthermore, there appears 

to be an optimal blend ratio where the composite material had 

better properties than either the recycled asphalt or virgin soil 

alone with respect to shear strength. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Recycled asphalt product (RAP), the recycled material that 

is the resultant product of the removal of asphaltic concrete 

pavements that have reached the end of their service life, is fast 

finding its way onto many construction projects. RAP is a natural 

choice for use as a recycled material because its main 

constituent is well controlled, processed and durable mineral 

aggregate. RAP is readily available on any roadway construction 

project which includes the removal and replacement of the 

existing asphalt. RAP material is already commonly being used 

for base and subbase materials. RAP material is also being 

incorporated on a limited basis into new asphaltic concrete 

mixtures, typically at a rate of 10 to 20 percent by weight.  

As good of a product RAP material may be, much research 

still remains to adequately characterize the material to the 

satisfaction of many engineers. Currently many transportation 

agencies are still hesitant to use RAP because of the lack of 

information about its properties. The Arizona Department of 

Transportation, for example, stockpiles thousands of cubic yards 

of RAP material every year. One of the main concerns about the 
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behavior of RAP as an engineered material is that it also contains 

asphalt cement, usually on the order of 3 to 10 percent by 

weight. The affects of the asphalt cement on the behavior of the 

RAP material is not fully understood. The potential for increased 

compressibility under constant stress, or creep, because of the 

asphalt cement content of RAP is one negative affect that has 

been documented. This alone limits the use of RAP in a great 

many applications, particularly with regard to its use as 

structural fill.  

1.2 Research Goals 

 Some research is available that addresses RAP material 

and its potential for use in construction applications. For 

example, Rathje et al. (2006) at the University of Texas has 

investigated the use of RAP material for use as backfill for 

mechanically stabilized earth wall systems. Consentino et al. 

(2003) at the Florida Institute of Technology has investigated 

the use of RAP material, as well as RAP soil blends as a base or 

subbase material. The previous research on shear strength and 

creep potential were performed using triaxial tests.  

The objectives for this research is to further characterize 

the material properties, shear strength and compressibility of 

RAP and RAP-soil blends. In harmony with maximizing the use of 
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RAP material, my research is focused on evaluating the behavior 

of RAP and RAP-soil blends as well as evaluating the potential 

use of RAP material as general structural fill material.  

1.3 Potential Contributions 

It is estimated that over 100 million tons of asphaltic 

concrete is removed from U.S. roads on an annual basis as a 

result of ongoing resurfacing and widening construction projects 

(Kuennen, 2007). The importance of reclaiming and reusing this 

material has grown over the past several decades as the asphalt 

construction industry gravitates towards becoming more 

sustainable and environmentally responsible. The use of recycled 

asphaltic concrete (RAP) is becoming even more important as 

the cost of oil is skyrocketing and the availability of suitable 

materials for roadway construction is declining (Eighmy, & 

Magee, 2001). For these reasons it is important to be able to 

maximize the applicable uses for recycled RAP material.  

The potential for creep is of real concern for RAP material 

and consequently has limited the practical use of RAP material in 

construction. RAP-soil blends have been proposed as a means of 

decreasing the potential for creep. Furthermore, blending soil 

with RAP, may improve the shear strength and compaction 

characteristics of the blended material over straight 100 percent 
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RAP material. The test data and conclusions of this thesis will 

help to better understand the behavior of RAP and RAP-soil 

blends. 
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CHAPTER 2 

BACKGROUND 

2.1 Literature  

Limited research has previously been done investigating 

the properties of RAP and evaluating its use in certain 

construction applications. In preparation for my own research 

and in interpreting the results of my findings, I conducted 

several literature searches and read numerous articles pertaining 

to the engineering applications of RAP material. 

 A search of the ASU library electronic catalog for the 

phrase “recycled asphalt product” resulted in 2,874 references 

pertaining to the general subject. By including the terms “RAP” 

and “Properties” in the search, the number was reduced to only 

52 publications. Of these references, 25 were journal articles, 11 

were dissertations, 9 were articles in popular trade publications, 

and 7 were newspaper articles. The majority of these references 

only refer to RAP in a limited passing context and do not address 

directly the compressive or shear strength properties of RAP. In 

all, 4 references were found that were most applicable to my 

research in that they addressed the engineering properties of 

RAP.  
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 In addition to searching for background references 

addressing RAP material, my research also addressed the 

subjects of bound in matrix material and on the effects of the 

coefficient of uniformity on the soil skeleton. These references 

were specifically targeted to help evaluate the results of my 

research on the behavior of asphalt/soil blends. A brief summary 

for each of the relevant references follows. 

 2.1.1 University of Texas studies. The University of 

Texas began characterizing RAP, as well as crushed concrete, 

and investigating its applicability for backfill of mechanically 

stabilized earth (MSE) wall systems in 2001 (Rathje et al., 

2001). This research was sponsored by the Texas Department of 

Transportation. Their first report was a state-of-the-art review of 

the design of MSE walls and the engineering issues related to the 

backfill material. This report outlined some basic characteristics 

for RAP material, including grain size distribution, specific gravity 

and compaction characteristics. 

 In 2002, a second report was completed by the University 

of Texas presenting the results of initial durability and 

geotechnical tests for RAP and crushed concrete (Rathje et al., 

2002). This report expanded the basic characterization of the 

RAP material to include consolidated-drained shear strength and 
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hydraulic conductivity from triaxial testing, in addition to some 

short term and long term corrosion studies. The triaxial testing 

was performed with 4 inch diameter and 8 inch tall specimens, 

with particles larger than 0.67 inches removed. Triaxial tests 

were performed with confining pressures ranging from 5 psi to 

50 psi. The results from this triaxial testing found the effective 

stress friction angle for RAP to be 39° and the effective cohesion 

of 8 psi. 

 In 2006, the University of Texas released a third report 

evaluating RAP and crushed concrete as backfill for MSE walls 

(Rathje et al., 2006). This report summarized the work that they 

had been performing for the past several years and put it into 

context with regards to the current specifications for MSE wall 

backfill. This report also introduced some further test data for 

RAP and crushed concrete, including pullout resistance and creep 

potential. Testing for consolidated-drained shear strength was 

performed using a large direct shear machine, having a 20 inch 

square shear box, however the results from this testing for the 

RAP were discarded due to problems with creep during the tests. 

 2.1.2 Florida Institute of Technology (FIT) study. FIT 

also performed some research with RAP to develop a 

specification for the Florida Department of Transportation for the 
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use of RAP as a base, subbase or general fill material 

(Consentino et al., 2003). Their report includes a wide range of 

test results performed on RAP, including laboratory and in-situ 

stiffness testing, dry unit weight, compaction characteristics, 

permeability, consolidated-drained triaxial shear testing and 

some preliminary measurements of creep. Triaxial tests were 

performed at confining pressure of 5 psi and 15 psi. The results 

of the friction angle for 100 percent RAP was found to be 44° 

and the cohesion was found to be 4.9 psi.  

This report also addresses RAP-soil blends. Compaction, 

shear strength and creep tests were performed with a blend of 

fine sand material at blend percentages of 80 percent RAP and 

60 percent RAP, by weight. The USCS classification of the fine 

sand used in this study is poorly graded sand to clayey sand, SP-

SC. The fine sand material was 99.9 percent passing the #40 

sieve and 10.4 percent passing the #200 sieve. The fines had a 

liquid limit of 39 and a plasticity index of 15. FIT concluded that 

the friction angle decreases and cohesion increases as the RAP 

content decreases. In addition, the 80 percent and 60 percent 

blends yielded denser materials than either the RAP material or 

the fine sand alone.  
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 2.1.3 Other pertinent studies. To investigate the 

observed behavior of RAP and RAP-soil blends based on the test 

results from my research, in which the compaction and shear 

strength properties were observed to improve when a small 

amount of soil was blended with the RAP,  I researched a 

conference paper presented by J.P. Giroud regarding geotextile 

and granular filter criteria (Giroud, 2010). In this work, Giroud 

discuses the effects of the coefficient of uniformity, Cu, on the 

soil skeleton. Giroud documents that when Cu for a soil is less 

than 3, the coarsest particles in the soil remain in continuous 

contact, forming a skeleton in which the smaller particles are 

trapped. For soils with a Cu greater than 3, the coarsest soil 

particles are not in contact with one another, and instead are 

floating within the matrix of the smaller particles. 

 Eric Stuart Lindquist wrote a dissertation on the strength 

and deformation properties of mélange (Lindquist, 1994), a 

material composed of strong, stiff blocks inside a matrix that is 

weaker and softer. From his research he concluded that the 

internal friction angle of the mélange increased as the block 

proportion of the specimen tested increased. While Lindquist’s 

research was not directly applicable to this thesis, as with the 

case of Giroud, the background discussion about the effects of 
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the overall material matrix was valuable for the evaluation of the 

findings of my research. 

2.2 Findings  

The University of Texas and the Florida Institute of 

Technology have actively been researching the properties of RAP 

in an attempt to characterize RAP and evaluate its applicability 

as backfill material. The shear strength tests conducted so far 

have been consolidated-drained triaxial tests on RAP that has 

been scalped of the larger particles. The University of Texas 

made some attempts to test to test the shear strength of RAP 

with a large direct shear machine, however was unsuccessful 

and chose not to publish those results (Rathje et al., 2006). 

Preliminary creep testing that has been performed has concluded 

that RAP is susceptible to creep. 
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CHAPTER 3 

TESTING PROGRAM AND METHODOLOGY 

3.1 Sources of Material 

Two different materials were used in the testing program; 

recycled asphalt pavement (RAP) and a native soil material 

representative of the type of soil that is typically found in the 

Phoenix valley.   

The RAP material was obtained from a large stockpile 

located at the Arizona Department of Transportation (ADOT) Salt 

River office. This stockpile of RAP material consists of milled 

asphalt pavement that has been removed from various ADOT 

projects over the past several years.  The total volume of RAP in 

this stockpile is approximately 20,000 cubic yards. For the 

purposes of this testing program, all of the RAP material used 

was sampled from one face of the stockpile. 

RAP material was sampled on two separate occasions; July 

30, 2008 and February 11, 2009. On each occasion the RAP 

material was sampled from the same face of the stockpile and 

placed into ten five-gallon buckets. The maximum particle size of 

the sampled RAP material was approximately 3 inches, however, 

to facilitate testing and comply with the ASTM D3080 and ASTM 

D2435 requirements concerning the maximum particle size 
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relative to equipment dimensions, the sampled RAP was 

screened to remove particles greater than 1.5 inches in 

dimension. The samples were then blended to provide a uniform 

RAP material. 

The blending soil used in the testing program was obtained 

from a stockpile of export material on the ADOT Loop 202 (Red 

Mountain Freeway) Power Road to University Road project in 

Mesa, Arizona. The stockpile was located between McKellips 

Road and Brown Road, just east of the Red Mountain Freeway. 

This material was stockpiled over a period from early 2008 until 

mid-July 2008 by Pulice Construction, Inc. The approximate 

volume of material in this stockpile was about 200,000 cubic 

yards and consisted of predominantly clayey sand material taken 

from the upper 2 feet of the subsurface profile in this same area. 

Material was sampled from this stockpile also on two 

separate occasions; September 18, 2008 and February 13, 2009. 

Material was sampled from random locations throughout the 

stockpile on each occasion and blended together to provide a 

uniform material for testing. 

Six different blends of the RAP and blending soil materials 

were investigated in the testing program. The blends consisted 

of 100 percent 1.5 inch minus RAP material, 100% RAP material 
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scalped on the ¾ inch sieve, 75% 1.5 inch minus RAP and 25% 

soil, 50% 1.5 inch minus RAP and 50% soil, 25% 1.5 inch minus 

RAP and 75% soil and 100 percent soil alone. 

3.2 Testing Equipment 

The maximum particle size of the blended RAP material 

made it difficult to evaluate its potential for creep using 

traditional laboratory equipment. Typical oedometers having a 

diameter of 3 inches were not practical for testing the RAP with a 

maximum aggregate size of 1.5 inches. Because the larger 

particle sizes were mostly milled pieces of asphaltic concrete, it 

was not desirous to screen the RAP material over a sieve size 

that would have allowed for the use of traditional oedometers, as 

it is believed that the behavior of RAP is influenced by the 

asphalt on the larger particles. Instead, it was decided that the 

RAP would be tested using the 18-inch diameter direct shear 

apparatus in the Arizona State University Enamel Hogue 

Geotechnical Laboratory. This equipment is capable of handling 

the larger particle sizes and allows for the shear strength of the 

material to be evaluated in addition to its creep potential.  

Evaluations of shear strength by Rathje et al. (2002) and 

Consentino et al. (2003) were performed using triaxial 

specimens. It should be noted that there are differences between 
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the direct shear and triaxial tests. In general it is widely believed 

that the triaxial method for evaluating shear strength is more 

accurate (Bardet, 1997). This is because the direct shear test 

places non-uniform strains on the specimen and forces the 

failure on a horizontal plane. It is well documented that the peak 

friction angle obtained from direct shear tests is generally about 

2° higher than that obtained using triaxial testing (Bardet, 

1997). The advantage for using direct shear testing in this case, 

however, is the ability to test aggregate particle sizes up to 1.5 

inches. Additionally, the direct shear apparatus will allow for 

compression testing of the RAP and RAP-soil blends in the 

unsaturated drained condition.  

3.2.1 Large scale direct shear apparatus. The large 

scale direct shear apparatus consists of an 18-inch diameter 

steel shear box within a steel loading frame. An attached high 

pressure pump supplied lateral loading and a smaller pump was 

attached to provide a normal load through hydraulic actuators. A 

photo of the large scale direct shear frame is included as Figure 

3.1. 

The shear box is 18-inches in height and is divided into 

bottom and top portions along a horizontal plane, with the 

bottom portion of the box measuring six-inches in height and the 



top portion of the box measuring 12-inches in height. The top 

and bottom of the shear box can be fitted together (aligned) 

during sample preparation with four ½-inch diameter bolts. The 

bottom plate of the shear box is grooved to facilitate drainage of 

the specimen. 

 

Figure 3.1. Large scale direct shear apparatus 

 The bottom 2 inches of the shear box were filled with an 

incompressible gravel material and then capped with a steel 

plate. This was done in order to accommodate the desired 

specimen height of 8 inches. By eliminating the bottom 2 inches 

of the shear box, the shear plane would be closer to the middle 

of the 8 inch tall compacted specimen. 
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3.3 Data Acquisition 

Four variables were measured and recorded during testing; 

the normal load, the axial displacement, the lateral load, and the 

lateral displacement. The axial and lateral displacements were 

measured using two separate low-voltage digital linear variable 

displacement transducers (LVDT), each mounted to the loading 

frame. Lateral and normal loads were measured using pressure 

transducers that were mounted in line with the hydraulic system. 

All of the transducers were connected to a digital signal 

conditioning and control unit which was controlled by computer, 

as displayed in Figure 3.2. Data readings were taken at 80 

second intervals during the compression phases of testing and at 

0.1 second intervals during the shear phase. 

3.4 Specimen Fabrication 

The procedure used to fabricate specimens for large scale 

creep and direct shear tests are presented in this section.  While 

it would have been desirable to use an American Society for 

Testing and Materials (ASTM) test method for the direct shear 

and compression tests, no ASTM test method is available for the 

large scale direct shear tests.  For this reason, the following 

procedure was developed to fabricate specimens that were 

relatively consistent between tests. The general intent of this 



procedure was to follow the appropriate ASTM standard as 

closely as possible, deviating only as necessary to accommodate 

the equipment being used.     

 

 

Figure 3.2. Computer and digital signal conditioning and control 

device used during testing. 

3.4.1 Large scale specimens. The target dimension of 

the specimens used in the 18 inch diameter direct shear 

apparatus was 8 inches in height, having a total volume of 1.18 

cubic feet. Each specimen was compacted to a density of 

approximately 91 percent of the maximum dry density as 

determined using ASTM D698 Method C. The material used for 

the ASTM D698 Method C test method is screened over a ¾ inch 
  17 
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sieve, therefore to correct the maximum density and optimum 

moisture for the oversize particles, ASTM D4718 was used. The 

target moisture content for each specimen was 2 percent below 

optimum moisture. The density and moisture conditions were 

chosen to simulate field conditions. The specimens were 

fabricated directly in the large shear box, using the following 

process. 

3.4.1.1 Preparing the blended material. A specific 

blend of RAP material and soil was targeted for each specimen. 

Material for all specimens was proportioned by weight. The blend 

percentages for each specimen are outlined in the fabrication 

schedule presented in Table 3.1.   

Using the appropriate compaction characteristics for the 

desired blend (as determined per ASTM D698), the required 

weight of the specimen was calculated. Appropriate weights of 

dry RAP and dry soil were blended together to achieve the 

correct blend percentage. This material was then thoroughly 

mixed to produce a uniform matrix of RAP and soil.  Water was 

added to the mixture to bring it to the desired moisture content. 

The mixture was then again thoroughly mixed to provide a 

consistent material.  



  19 

3.4.1.2 Loading and compacting the specimen. Prior 

to loading the specimen into the direct shear device, the top 

section of the shear box was carefully lowered onto and aligned 

with the bottom section to create a smooth-wall cylinder within 

which to compact the specimen. The two shear box sections 

were bolted together at each corner to prevent the box from 

moving during compaction. The RAP-soil blend was introduced 

into the shear box in three approximately equal lifts. Three lifts 

was chosen to avoid having a lift boundary at the same location 

as the horizontal shear plane and thus potentially introduce an 

artificial weak shear plane at the shear plane location. The target 

compacted lift thickness was 2.67 inches; however, the 

compaction process was difficult and often resulted in lifts that 

were thicker than the target value after compaction. 

Each lift was compacted using the 30-pound slide hammer 

as depicted in Figure 3.3. However, a slide rod was not used 

during compaction; instead a rope handle was fastened to the 

hammer to facilitate lifting and dropping the hammer onto the 

sample. The hammer was dropped approximately 20 to 30 times 

of times on each lift as necessary to achieve a final compacted 

lift thickness as close to 2.67 inches as possible 



 

Figure 3.3. 30-pound hammer used for compaction 

Each lift was compacted using the 30-pound slide hammer 

as depicted in Figure 3.3. However, a slide rod was not used 

during compaction; instead a rope handle was fastened to the 

hammer to facilitate lifting and dropping the hammer onto the 

sample. The hammer was dropped approximately 20 to 30 times 

of times on each lift as necessary to achieve a final compacted 

lift thickness as close to 2.67 inches as possible. 

The final height of the first compacted specimen measured 

7.65 inches below the top of the shear box, indicating a 

specimen height of 8.35 inches. The percent compaction of the 

specimen based on this final achieved height is 91% of the 

maximum dry density per ASTM D698. Although slightly lower 

than the target density desired (95 percent) for testing, it 
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proved more difficult than beneficial to further compact the 

specimen and it was determined that 91% relative compaction 

would be sufficient for this testing program. The inside of the 

shear box was marked at the top of the specimen and all further 

specimens were compacted to achieve this same height. This 

process provided a level of uniformity between test specimens, 

as they all were thereby compacted to the same density. 

3.4.1.3 Placement of top caps. After compaction of the 

final lift, a steel plate and a hand level were used to assist in 

leveling the top of the specimen as much as possible. The top 

surface was checked at 6 points to insure a level surface for axial 

loading. Following leveling, two top caps were placed on top of 

the specimen. Each top cap measured 5 inches in height and 

weighed approximately 230 pounds. The two caps were 

necessary to raise the loading surface 2 inches above the top of 

the shear box. Additionally, a 2 inch thick steel spacer plate was 

placed onto the top cap to further raise the loading surface and 

to provide a surface suitable for seating of the compression 

pistons used to apply the normal load. 

The combined weight of the two top caps and the steel 

spacer plate was approximately 573 pounds, providing an initial 

overburden pressure of 325 pounds per square foot (psf) to the 
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specimen. This initial overburden pressure was considered as the 

seating pressure for the specimen, and was thereafter factored 

into the total normal pressure placed onto the specimen. 

3.4.2 Traditional specimens. In addition to the large 

scale specimens, two specimens were also prepared for 

compressibility testing using a traditional dead-weight 

consolidation frame. The first specimen consisted entirely of soil 

and the second specimen entirely of RAP material; no blends 

were tested with the traditional dead-weight consolidation frame. 

The procedure for preparing these specimens was in strict 

accordance with ASTM D2435, the standard test method for one-

dimensional consolidation properties of soils. The only deviation 

from this test method was with respect to the maximum particle 

size. In these tests, material passing a 3/8 inch sieve was 

remolded into a 2.41 inch inside diameter ring. A picture of the 

traditional dead-weight consolidation frame used for testing is 

presented in Figure 3.4. 

3.5 Fabrication and Testing Schedule 

Each large diameter specimen took approximately 4 to 6 

hours to prepare prior to the start of the compression testing. It 

was common to fabricate the specimens early in the morning so 

that the first load increment was applied by 8:00 am, and 



subsequent load increments were applied after 24 hours. There 

were two shear boxes available, however, because of the 

difficulty in preparing a specimen outside of the direct shear 

frame and then having to move the box into the frame, only one 

specimen was prepared at a time. The schedule for the large 

diameter compression and shear testing is presented in Table 

3.1. 

 

Figure 3.4. Traditional dead-load consolidation frame 
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Table 3.1 

Schedule of Specimen Fabrication 

Test 
No. 

Specimen 
Description 

σn at 
Shear 

Fabrication 
Date 

Shear 
Date 

1 100% RAP 1000 psf 08/14/08 08/15/08

2 100% RAP 2000 psf 08/26/08 08/28/08

3 100% RAP 4000 psf 08/29/08 09/01/08

4 100% RAP 4000 psf 09/02/08 09/05/08

5 100% RAP 
(Scalped) 

2000 psf 09/05/08 09/09/08

6 100% RAP 2000 psf 09/12/08 09/16/08

7 75% RAP Blend 2000 psf 09/26/08 09/29/08

8 50% RAP Blend 2000 psf 10/02/08 10/03/08

9 25% RAP Blend 2000 psf 10/09/08 10/10/08

10 100% Soil 2000 psf 10/10/08 10/13/08

11 75% RAP Blend 2000 psf 02/16/09 02/18/09

12 75% RAP Blend 2000 psf 02/20/09 02/22/09

13 50% RAP Blend 2000 psf 02/23/09 02/25/09

14 
100% Soil 
(Traditional 

Scale) 

N/A 03/01/11 N/A 

15 
100% RAP 
(Traditional 

Scale) 

N/A 03/05/11 N/A 
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CHAPTER 4 

MATERIAL PROPERTIES 

4.1 Recycled Asphalt Product 

 Although RAP itself is not a processed material, its primary 

constituent component, asphaltic concrete, is a heavily 

controlled processed material. As a result, it is expected that the 

material properties of RAP, with the exception of particle size, 

will generally be consistent regardless of the source of the 

asphaltic concrete. The particle size of the RAP, largely a 

function of the milling operation, can however vary widely from a 

very coarse granular material to a relatively fine granular 

material. 

The RAP material used for this research was obtained from 

a large stockpile. The stockpile itself varied greatly from location 

to location. Samples were taken from a cut face on one side of 

the stockpile and then combined and split to provide some 

uniformity with the RAP material used in each specimen. The 

grain size curve for the homogenized RAP material, presented in 

Figure 4.1, indicates that the RAP material is fairly well graded 

(Cu=20, Cc=0.9). However the actual USCS classification of the 

RAP material as determined by ASTM D2485 is GP, poorly 

graded gravel with sand, due to the low value for the coefficient 



of curvature, Cc. There are very few fines in the material and 

RAP exhibits no plasticity.  
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Figure 4.1. Grain size distribution of RAP material 

The compaction characteristics of the 100 percent RAP 

material was determined using standard proctor compactive 

effort, in accordance with ASTM D-698 Method C. The maximum 

density, as shown in Figure 4.2, was determined to be 121.2 

pounds per cubic feet and the corresponding optimum moisture 

was 7.8 percent. These values are typical for granular materials 

in the Phoenix area, and suggest that the 100 percent RAP 
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material has a specific gravity of approximately 2.40 based upon 

the location of the “wet” side of the compaction curve compared 

to the zero air voids curve for Gs = 2.40. This is consistent with 

the specific gravity typically obtained for asphaltic concrete 

materials. 
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Figure 4.2. Compaction characteristics of the RAP material 

4.2 Blend Soil 

 It is anticipated that blend soil used with RAP material in 

practice would be highly variable and dependent on site 

conditions for a particular construction project. The blend soil 

used for this testing program was chosen to represent fill 
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material that is typically encountered on construction projects in 

Maricopa County, Arizona. The grain size distribution of the 

blend soil, presented in Figure 4.3, again indicates that the 

material is fairly well graded (Cu=184, Cc=1.64), however the 

USCS classification is SM to SC, silty to clayey sand. The blend 

soil exhibited moderate plasticity, with a liquid limit of 24 and a 

plasticity index of 7, resulting in a classification of ML-CL fror the 

fines. 
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Figure 4.3. Grain size curve of the blending soil used during the 

testing program 
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 The compaction characteristics of the blend soil, as 

determined using ASTM D-698, Method A, are presented in 

Figure 4.4. The zero air voids curve presented in Figure 4.4 

suggests a specific gravity of around 2.55 to 2.60. A specific 

gravity test was not performed.  
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Figure 4.4. Compaction curve for the blend soil used  

4.3 RAP Blends 

 Three different mixtures of RAP and soil were blended in 

the laboratory for testing purposes. RAP and soil were blended to 

create materials with RAP contents of 75, 50 and 25 percent by 

weight. Grain size analyses for each blend were not performed; 
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however the calculated composite gradations for each blend, as 

well as the RAP material and blend soil, are presented in Table 

4.1. The Atterberg limits for each blend were determined. The 

blend with only 25 percent RAP material still maintained some 

plasticity, but the blends with higher RAP percentages were all 

found to be non-plastic.  

Table 4.1  

Material Properties of RAP and RAP Blends 

 RAP Content 
Particle Size 100% 75% 50% 25% 0% 

1 1/2" (37.5mm) 95 96 97 99  
1" (25mm) 92 94 96 98  

3/4" (19mm) 87 90 94 97  
1/2" (12.5mm) 74 80 87 93  
3/8" (9.5mm) 66 74 83 91 100 
#4 (4.75mm) 48 61 73 86 99 
#8 (2.36mm) 35 50 65 80 95 
#10 (1.9mm) 32 48 63 79 94 
#16 (1.2mm) 25 41 57 73 89 
#30 (0.6mm) 15 30 45 60 75 

#40 (0.425mm) 11 25 39 53 68 
#50 (0.3mm) 8 21 35 49 63 

#100 (0.15mm) 4 17 30 43 56 
#200 (0.075mm) 2 14 25 37 48 

D60 7.76 4.63 1.55 0.60 0.224 
D30 1.68 0.60 0.15 0.05 0.021 
D10 0.39 0.04 0.011 0.004 0.001 
Cu 20 106 142 140 184 
Cc 0.93 1.81 1.38 0.98 1.64 

Liquid Limit       15 24 
Plasticity Index NP NP NP 3 7 

121.3 128.8 123.7 117.8 117.0 Maximum Density 
(pcf)      



The compaction characteristics for each blend were 

determined in the same manner as the RAP and soil materials 

individually, using ASTM D698, Method C. The compaction 

curves for the RAP-soil blends are presented in Figures 4.5, 4.6 

and 4.7. It is interesting to note that the maximum density of 

the 75 percent RAP blend, approximately 128.7 pcf, is 

considerably higher than either the RAP material (approximately 

121.2 pcf) or the blend soil material (approximately 117.0 pcf) 

alone.  
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Figure 4.5. Compaction curve for the 75% RAP blend 

The unit weight of the 50 percent RAP blend is also somewhat 

higher than either constituent component. It is my opinion that a 
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small amount of blend soil provides finer materials that fill the 

void spaces between the larger RAP particles and results in a 

more dense overall soil fabric. As the amount of blend soil 

increases, this effect is diminished, until the blend soil fabric 

overcomes the RAP material at percentages greater than around 

50 percent. 
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Figure 4.6. Compaction curve for the 50% RAP blend 
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Figure 4.7. Compaction curve for the 25% RAP blend 
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CHAPTER 5 

COMPRESSIBILITY OF RAP AND RAP SOIL BLENDS 

 The compressibility of the RAP material, the soil material, 

and each blend was tested using the large scale direct shear 

apparatus. All specimens were tested in the unsaturated drained 

condition. Load increments of normal pressure for each specimen 

were chosen in conjunction with the schedule for shear testing. 

The summary of these results are presented in Table 5.1. Test 

data sheets for all specimens can be found in Appendix B. 

5.1 Determining Primary and Secondary Compressibility 

 Due to the tendency of RAP to creep, a consistent method 

had to be developed to determine the end of primary 

compression and the initiation of secondary compression for 

each load increment. Fur consistency, the point of 100 percent 

primary consolidation for each load increment was estimated 

using the time-deformation curve from square root of time 

method. This method was chosen because the square root of 

time method provided a more noticeable straight line trend over 

the initial readings than the log of time method. As illustrated in 

Figure 5.1, the deformation of the specimen was plotted on the 

abscissa against the square root of time plotted on the ordinate. 
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Table 5.1  

Ccε and Cαε for RAP and RAP blends 

Specimen 
No. 

% 
RAP 

σn 

(psf) 
Cαε Ccε Cαε/Ccε 

1 100% 1000 0.004 - - 

1500 0.001 0.062 0.012 
2 100% 

3250 0.002 0.062 0.036 

1180 0.037 0.432 0.087 

2000 0.028 0.432 0.064 3 100% 

4000 0.038 0.432 0.087 

1000 0.025 0.320 0.079 

2000 0.022 0.320 0.070 4 100% 

4000 0.030 0.320 0.094 

1000 0.021 0.251 0.085 5 
(scalped) 

100% 
2000 0.021 0.251 0.084 

1000 0.020 0.299 0.067 
6 100% 

2000 0.024 0.299 0.081 

1000 0.021 0.233 0.089 
7 75% 

2000 0.017 0.233 0.074 

8 50% 2000 0.009 - - 

9 25% 2000 0.023 - - 

10 0% 2000 0.008 - - 
 

A line was drawn through the initial readings exhibiting a straight 

line trend and the slope of that line was determined. A second 

line was then drawn extending from the point where the straight 

line portion of the plot crossed the vertical axis (i.e., time equal 

to zero) and at a slope equal to 1.15 times the slope of the initial 



straight line. The intersection of this second line with the 

compression curve represents the point of 90 percent primary 

compression. The deformation at this point, designated as d90, 

represents 90 percent of the primary compression. An additional 

10 percent was added to d90 to determine the amount of 

deformation at 100 percent primary compression, d100. The time 

required to reach d100, designated as t100 was then determined 

from the plot. The secondary compressibility index, Cαε, was then 

obtained from the time-deformation curve from log of time 

method. The slope of a straight line between the deformation at 

t100 and the final deformation measurement was considered to 

represent Cαε. 

  

Figure 5.1. Determination of d100 using the square root of time 

method (Lambe and Whitman, 1967). 

  36 



  37 

 The primary compressibility index, Ccε, was obtained from 

the primary compression values for the specimens tested at 

multiple normal pressures. From a chart of the percent of strain 

plotted along the abscissa versus the normal pressure plotted on 

a log scale along the ordinate, Ccε was calculated as the slope of 

the line formed by the points. In all cases, the points obtained 

between 1,000 psf and 4,000 psf of overburden pressure formed 

a relatively straight line. Since it is highly unlikely that the RAP 

material has ever experienced 4,000 psf of overburden pressure, 

it is reasonable to assume that this line represents the virgin 

compression line. 

5.2 Compressibility of RAP 

Specimen 1, composed of 100 percent RAP only was tested 

at a single normal pressure of 1,000 psf. This first specimen 

experienced several problems during the compression phase. 

These issues were related to maintaining the pump pressure 

during the test. It was learned during this early test that the 

pump has a difficult time maintaining pressures for an extended 

period of time, particularly at low pressures. This problem was 

not until late into the test and likely resulted in a lower than 

expected secondary compressibility index, Cαε, due to the pump 

fluctuations. 
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 Specimen 2 was the first specimen tested at more than 

one overburden pressure. As with specimen number 1, problems 

with the pump resulted in difficulty achieving the desired normal 

pressures of 1000 psf and 2000 psf.  As a result, the normal 

pressures ended up being 1500 psf and 3250 psf. Furthermore, 

the pump pressure was not constant throughout the test and 

likely resulted in lower than expected primary and secondary 

compressibility.  

Following the first two trial specimens, the operation of the 

pump was significantly improved and proved to be much more 

reliable for the remainder of the specimens tested. Specimens 3 

and 4 were both tested at normal pressures of 1,000 psf, 2,000 

psf and 4,000 psf. Specimen 6 was tested at normal pressures of 

1,000 psf and 2,000 psf. Reasonably consistent primary and 

secondary compressibility results were obtained from these three 

specimens. Specimen 5 was also tested at overburden pressures 

of 1,000 psf and 2,000 psf, but the specimen was prepared using 

RAP material that was scalped on the ¾-in. (19.0 mm) sieve, so 

the results are not directly comparable to the results for the 

other tests. 

Based on the results of specimens 3, 4 and 6, the primary 

compressibility index for the 1.5 inch minus RAP material is 



between 0.30 and 0.43, as presented in Figure 5.2. The 

secondary compressibility index was observed to be in the range 

of 0.02 to 0.038. The ratio of Cαε/Ccε is commonly reported as a 

material property that remains reasonably constant over the 

range of normal stresses encountered in practice (Holtz and 

Kovacs, 1981). For RAP material, my research demonstrates that 

Cαε/Ccε is approximately 0.08, which indicates that RAP material 

does indeed have high secondary compressibility, as this value is 

within the range reported for organic soils and peats (Mesri and 

Godlewski, 1977). 
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Figure 5.2. Primary compression curves for 1.5 inch minus RAP 
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In addition to the large scale compression testing, a single 

test was performed on scalped RAP material using a traditional 

oedometer. The specimen was fabricated in a 2.41-inch inside 

diameter ring and at a unit weight and moisture content similar 

to that of the corresponding large scale specimens. The RAP 

material used for this test was screened over a 3/8 inch sieve 

prior to testing to accommodate the smaller ring. The results of 

the traditional compression test are presented in Table 5.2. Ccε 

was found to be 0.011. Cαε was found to be 0.006 at a normal 

stress of 1,000 psf and 0.001 for normal stresses of 2,000 and 

4,000 psf. The ratio of Cαε/Ccε was calculated as 0.054 at a 

normal stress of 1,000 psf and 0.091 at normal stresses of 2,000 

and 4,000 psf.  

Table 5.2  

Ccε and Cαε for RAP tested in a 2.41 inch diameter oedometer  

Specimen 
No. 

% 
RAP 

σn 

(psf) 
Cαε Cc Cαε/Cc 

1000 0.0006 0.011 0.054 

2000 0.0010 0.011 0.091 14 100% 

4000 0.0010 0.011 0.091 
 

5.3 Secondary Compressibility Index of RAP Blends 

 Beginning with specimen 7, the RAP material was blended 

with a various percentages of soil and then tested for 
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compressibility. Specimen 7 consisted of 75 percent 1.5 inch 

minus RAP and 25 percent soil. Specimen 8 consisted of equal 

amounts of 1.5 inch minus RAP material and soil. Specimen 9 

contained 25 percent 1.5 inch minus RAP and 75 percent soil.  

 Beginning with specimen 8, problems with maintaining a 

constant pump pressure at low pressures during testing 

prevented obtaining compression data at the 1,000 psf 

overburden pressure. Specimens 8 and 9 were only tested at 

2,000 psf and therefore Ccε data for these two blends is 

unavailable. 

The 75 percent RAP blend still exhibited considerable 

secondary compression, but for the 50 percent RAP blend, the 

secondary compressibility dropped off significantly. This was not 

the case, however, for specimen 9 (25 percent RAP), which 

exhibited an unusually high amount of primary compression. It is 

believed that the large primary compression resulted in t100 

occurring earlier than it should have and ultimately resulted in 

larger than normal secondary compression. 

5.4 Compressibility of the Blend Soil 

For reference, the compressibility of the blend soil alone 

was also tested. The blend soil was tested both using the large 

scale apparatus as well as using a traditional oedometer. The 
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large scale test of the blend soil was performed only at 2,000 psf 

and, as a result, Ccε data is not available. Using the traditional 

oedometer, Cαε and Ccε were both obtained. The results of the 

large scale test can be found in Table 5.1, while the traditional 

test results are presented in Table 5.3. 

Table 5.3  

Ccε and Cαε for the blend soil tested in a 2.41 inch diameter 

oedometer  

Specimen 
No. 

% 
RAP 

σn 

(psf) 
Cαε Cc Cαε/Cc 

1000 0.0006 0.011 0.057 

2000 0.0006 0.011 0.057 15 0% 

4000 0.0002 0.011 0.018 
  

 The large scale test indicates that the secondary 

compressibility index of the blending soil is about 3 to 4 times 

lower than that of the RAP material. This result further supports 

the observation that RAP material exhibits high secondary 

compressibility. 

5.5 Discussion 

The ratio of Cαε/Ccε for the 100 percent RAP indicates that 

RAP does exhibit high secondary compression. While the 

research of others such as Rathje et al. (2006) and Consentino 

et al. (2003) did not use the ratio of Cαε/Ccε to evaluate 
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secondary compressibility, we all agree that the potential for 

creep with RAP is high. Incorporating blending soil with the RAP 

material had a significant impact on the secondary 

compressibility at a blend of 50 percent RAP with 50 percent soil. 

The test data shows that the secondary compressibility of the 

RAP-soil blend at the 50 percent blend is approximately the 

same as the soil alone. Consentino et al. (2003) had similar 

findings with a 20 percent blend of RAP and soil. While there is 

disagreement between my test results and the results of 

Consentino as to the blend percentage where the creep 

associated with the RAP material is mitigated, we both agree 

that blending soil with RAP material has the potential to 

significantly reduce the large deformations associated with 

secondary compressibility. 

The values for both the primary and secondary 

compressibility indexes obtained with the traditional oedometer 

for 100 percent RAP are considerably lower than those obtained 

using the large scale test. While the wide discrepancy between 

the large scale tests and the traditional scale test raises 

questions as to the validity of the large scale testing, it seems 

more likely that it indicates the inadequacy of using scalped 

material to test RAP compressibility. Even though the absolute 
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values of Cαε, and Ccε were different, the ratios of Cαε/Ccε are 

relatively similar and still suggest that the RAP material has high 

secondary compressibility.  

The ratio of Cαε/Ccε using the traditional oedometer is 

within the range for inorganic soils, 0.025 to 0.060, as 

suggested by Mesri and Godlewski (1977). Since Ccε was not 

obtained for the blending soil using the large direct shear 

apparatus, there is no correlation with the traditional oedometer 

for Ccε or the ratio of Cαε/Ccε. For the value of Cαε, as with the RAP 

material, there is not a good correlation between the large scale 

test and the traditional scale test for the blending soil alone. 

Again, this may suggest a problem with the large scale 

equipment.  
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CHAPTER 6 

SHEAR STRENGTH OF RAP AND RAP SOIL BLENDS 

The shear strength for thirteen large scale test specimens 

was evaluated using the direct shear method under 

consolidated-drained condition. The direct shear test method is 

an appropriate method for determining the shear strength of the 

granular RAP material and blended soils, as these materials will 

likely be free draining and should completely consolidate under 

relatively rapidly under applied normal stresses.  

At the conclusion of secondary compression and at the 

desired normal stress for each specimen, the upper portion of 

the shear box was lifted approximately ½ inch to facilitate 

shearing the specimen without excessive frictional resistance 

between the top and bottom of the shear box. The normal load 

and the height of the specimen were closely monitored and 

maintained as much as possible while lifting the top portion of 

the shear box. For specimens 1 and 2, the top portion of the 

shear box was only lifted approximately ¼ inch. However in both 

cases the gap between the top portion and the bottom portion 

closed during shearing. For this reason it was chosen to go with 

a ½ inch gap for all subsequent tests.  
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All specimens were sheared at a constant rate of lateral 

displacement of 0.2 inches per minute; approximately 1.1 

percent of the 18 inch diameter specimens per minute. 

Measurements were taken until lateral displacements reached 20 

percent of the specimen diameter, or 3.6 inches. The shear 

strength data for the 100 percent RAP material, RAP-soil blends 

and the soil alone are summarized in Table 6.1. 

Table 6.1  

Shear Strength of RAP and RAP Blends. 

% 
RAP 

Specimen
# 

σn 

(psf) 
Фsec 

3 4000 61.5 

4 4000 60.0 100% 

6 2000 61.2 

100% 
(Scalped) 

5 2000 62.2 

7 2000 71.4 

11 2000 74.1 75% 

12 2000 73.0 

8 2000 65.7 
50% 

13 2000 63.9 

25% 9 2000 64.9 

0% 10 2000 52.3 
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6.1 Shear Strength of RAP 

 The first four specimens consisted entirely of 1-1/2 inch 

minus RAP material and were sheared at 1,000 psf, 3,250 psf, 

and 4,000 psf normal stresses. Duplicate tests were conducted 

at the 4,000 psf normal stress. Specimen 6 also consisted 

entirely of 1-1/2 inch minus RAP material and was sheared under 

a normal stress of 2,000 psf. Together the direct shear results 

for the five 100 percent RAP specimens are plotted on the Mohr-

Coulomb diagram in Figure 6.1. Based upon the data shown in 

Figure 6.1, the shear strength envelope for the 100 percent RAP 

compacted to 91 percent relative compaction per ASTM D698 

Method C was determined, as represented by a friction angle, Ф, 

of 42.4° and a cohesion, c, of 3500 psf. 

The results of these five direct shear tests contain some 

inconsistencies that should be noted. The cohesion of 3,500 psf 

appears to be significantly higher than normally expected for a 

granular material. While it is anticipated that the asphalt cement 

contained in the material will provide some level of true 

cohesion, it is unlikely that the true cohesion is as high as these 

results indicate.  
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Figure 6.1. Ф and c for RAP material 

In addition to the questionably high cohesion, the shear 

strength of the first two specimens, tested at 1,000 psf and 

3,250 psf normal stresses respectively, seem to have resulted in 

shear strengths that are significantly higher than expected when 

presented with the rest of the data. This is likely the result of the 

top section of the shear box coming into contact with the bottom 

section during the shearing operation, which would undoubtedly 

result in higher shear strengths. This problem was corrected with 

subsequent specimens by increasing the gap between the top 

and bottom sections to ½-inch. 
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Figure 6.2 presents two alternative shear strength 

envelopes for the 100 percent RAP material after removing the 

problematic data for the first two tests. For the first 

interpretation, the secant friction angle, Фsec, was used. The 

secant friction angle assumes that the material is cohesionless. 

While this may not be strictly correct, the secant friction angle 

provides a good basis for comparison of the shear strength 

between specimens tested at a similar normal stress using 

different percentages of RAP. Using this method, Фsec for the RAP 

material is 60.8°. A second shear strength envelope was 

developed after discarding the problematic data by assuming 

cohesion equal to 1,150 psf, the value found by Rathje et al 

(2006). This second method of interpretation yielded a friction 

angle of 55.7° to go with the cohesion of 1,150 psf. 

 To evaluate the sensitivity of the tests results to particle 

size, it was decided to also evaluate the shear strength of 100 

percent RAP material that was scalped over a ¾ inch sieve. The 

shear strength of the RAP material scalped over a ¾” sieve was 

tested under a single normal stress of 2,000 psf with Specimen 

5. The resulting secant friction angle, as presented in Figure 6.3, 

is 62.2°. The secant friction angle for the scalped material is 



slightly higher than but consistent with the shear strength of the 

1.5 inch minus RAP specimens. 
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Figure 6.2. Фsec for RAP material 

6.2 Shear Strength of RAP Blends 

 Six specimens, representing the three separate RAP 

blends, were tested for shear strength. Each of the RAP blend 

specimens were tested at a normal stress of 2,000 psf. Three 

tests were conducted on specimens with 75 percent RAP, two 

tests were conducted on the 50 percent RAP-soil blend, and one 

test was conducted at the 25% RAP-soil blend. The shear 

strength envelopes for the 75, 50 and 25 percent blends are 

presented in Figures 6.4, 6.5 and 6.6 respectively.  
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Figure 6.3. Фsec for RAP material scalped over a ¾-inch sieve  
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Figure 6.4. Фsec for the 75% RAP blend material 
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 The secant friction angle of the 75 percent RAP blend 

material was 72.9°. This secant friction angle is significantly 

higher than that obtained from the RAP material alone. It is 

believed that this is the due to the blend material filling in the 

voids of the RAP soil, resulting in an overall stronger soil matrix. 

A similar effect was observed with the compaction characteristics 

for the 75 percent blend, as discussed in Chapter 4. Evaluating 

the extent of this benefit is beyond the scope of my research; 

however it does suggest that a small amount of fine material can 

significantly improve the strength of RAP-soil blends.  
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Figure 6.5. Фsec for the 50% RAP blend material 
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Figure 6.6. Фsec for the 25% RAP blend material 

 The 50 percent and 25 percent RAP blends both have 

similar secant friction angles, 64.8° and 64.9°, respectively. As 

in the case of the scalped RAP material, these secant friction 

angles are slightly higher than but consistent with the secant 

friction angle for the RAP material alone.  

6.3 Shear Strength of the Blending Soil 

 Specimen 10, consisting of only blending soil material was 

also tested in direct shear under a normal stress of 2,000 psf 

and at a relative compaction of 90 percent per ASTM D698 

Method A. This test was performed to provide a point of 

reference as to the shear strength of the blend soil alone when 
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tested in the same large direct shear apparatus. The result of 

this test, presented in Figure 6.7, yielded a secant friction angle 

of 52.3°. This shear strength would seem to be somewhat high 

for a well graded silty sand. However, as noted earlier, the 

secant friction angle does not necessarily provide a 

measurement of the actual shear strength parameters as it 

ignores the cohesion component. The intent of using the secant 

friction angle is to provide a basis for comparison between the 

specimens. With that in mind, it can be seen that the blend soil 

is substantially weaker than the RAP material or any of the RAP-

soil blends. 
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Figure 6.7. Фsec for the blending soil used 
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6.4 Discussion 

The shear strength of the RAP material, as determined 

using the large direct shear apparatus, appears to be somewhat 

higher than other research performed using triaxial specimens. 

The secant friction angle for the 1.5 inch minus RAP alone was 

found to be 60.8°. Research performed at the University of 

Texas by Rathje et al. (2006) using consolidated-drained triaxial 

specimens found the effective friction angle of RAP to be 37° and 

the cohesion of RAP to be around of 1,150 psf. The Florida 

Institute of Technology found the friction angle of RAP to be 44° 

and the cohesion to be around 700 psf. As shown in Figure 6.2, 

when using the same cohesion for RAP as determined by the 

University of Texas, the friction angle was found to be 55.7°. 

This result is still significantly higher than that obtained by either 

Rathje et al. (2006) or Consentino et al. (2003). 

The friction angles presented in Table 6.1 are all secant 

friction angles and are therefore not direct comparisons with the 

results obtained by past research. The cohesion term of the 

shear strength is assumed to be zero when evaluated using a 

secant friction angle. Neglecting the cohesion term of the shear 

strength of RAP and RAP blends is not entirely appropriate. It 

has been documented that RAP does have real cohesion; a result 
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of the asphalt binder fusing the particles together (Rathje et al., 

2006). Table 6.2 presents friction angles for the various RAP 

blends for three different assumed cohesions; 0 psf, 1,150 psf as 

documented by Rathje et al. (2006), and 3,500 psf as presented 

in Figure 6.1. The results for the friction angles presented in 

Table 6.2 indicate that the friction angle of RAP is relatively high, 

even with a cohesion term included.  

Table 6.2 

Ф for Varying Amounts of Cohesion 

 
Percent RAP (by weight) 

c, psf 100% 75% 50% 25% 

0 60.8 72.9 64.8 64.9

1150 55.7 69.6 57.3 57.5

3500 39.3 56.7 21.7 22.6

 

It would appear from the results of the direct shear tests 

performed on the RAP blends that a significant improvement to 

the shear strength occurs when RAP is blended with soil. This 

finding is contrary to what was observed by Consentino et al. 

(2003), in which the friction angle of a 20 percent RAP-soil blend 

decreased from 44° to 41°. Consentino et al. (2003) also 

observed, however, that the cohesion of the RAP-soil blend 
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increased from 605 psf to 1,325 psf with the 20 percent RAP-soil 

blend. Due to the increase in cohesion, Consentino et al. (2003) 

concludes that the shear strength of the 20 percent RAP blend 

was comparable with that of 100 percent RAP that they tested. 

It is important to note that the consolidated-drained direct 

shear tests performed on the RAP and RAP-soil blends for this 

thesis have not been scalped of the larger particles (except for 

specimen 5 which was scalped on the ¾ inch sieve). The 

inclusion of these larger particles may have a significant impact 

on the shear strength of the RAP and RAP-soil blends. All of the 

comparative shear strength data has been scalped to 

accommodate testing in 4 inch diameter triaxial cells. For this 

reason, additional testing with the large scale direct shear 

apparatus should be performed to verify the impact that the 

larger particles may have on the shear strength properties of 

RAP and RAP-soil blends. 

 



  58 

CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary 

 Based on the findings of my research, several general 

conclusions can be drawn about RAP and RAP blends. The 

findings presented herein represent only a very limited testing 

program, and further testing should be performed to further 

confirm these conclusions. That being said, I believe the 

following conclusions can help to further the understanding of 

material properties and strength characteristics of RAP material 

and RAP-soil blends. 

 7.1.1 Compaction characteristics of RAP and RAP 

blends. The density of the RAP-soil blends was significantly 

higher than that of either the RAP material or the blending soil 

alone. This is likely due to the resultant grading of the RAP-soil 

blends being more well-graded than the RAP material alone. 

With the 75 percent and 50 percent RAP blends, the finer 

material of the blending soil is able to fill in the voids of the RAP 

material. With the 25 percent blend, it would appear that the 

RAP particles are floating in the matrix of the blending soil, and 

the resultant density is very similar to the blending soil alone. 

The results of my research are confirmed by the findings of 
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Consentino et al. (2003), which also found increased densities 

for the 80 percent and 60 percent RAP blends. This suggests that 

blending RAP into soil, at blend percentages of 50 percent or 

more RAP by weight, could significantly increase the density of 

the soil and could be used as a means of improving the shear 

strength of general fill materials where perhaps creep potential is 

not of great concern.  

7.1.2 Compressibility of RAP and RAP blends. RAP 

material by itself is fairly well documented as exhibiting high 

secondary compressibility, or creep, potential and this fact has 

further been substantiated by my research. The parameter used 

to quantify the level of secondary compressibility was the ratio of 

Cαε/Ccε. Mesri and Godlewski (as cited in Holtz, & Kovacs, 1981) 

summarized data on the ratio of Cαε/Ccε and determined that the 

range for inorganic soils is about 0.025 to 0.06. The results of 

the RAP material tested in this research yield higher values than 

that, values around 0.08. Comparison with typical values from 

Mesri and Godlewski cited in Holtz and Kovaks (1981) suggests 

that RAP exhibits secondary compressibility of around the same 

magnitude as organic soils.  

Due to experimental difficulties, the only blend specimens 

that I was able to obtain a ratio of Cαε/Ccε for were the 75 
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percent RAP blends. At this blend ratio the material still had a 

Cαε/Ccε ratio representative of organic soil, measuring around 

0.08 as well. Unfortunately, equipment problems prevented me 

from being able to determine Ccε for the 50 percent and 25 

percent blends. In looking at only the secondary compressibility 

index, Cαε, for the 50 percent blend, there does seem to be an 

indication that Cαε is approaching that of the blend soil. It seems 

logical that as the soil becomes dominant in the RAP-soil blend, 

Cαε should approach that of the soil. It may be that a 50 percent 

blend of RAP and soil mitigates the negative potential for 

excessive creep that RAP material alone exhibits. 

7.1.3 Shear Strength of RAP and RAP blends. It would 

appear as though the shear strength of RAP material is high, on 

the same order of magnitude or greater than other granular 

materials. It may also be concluded that RAP material can 

significantly improve the shear strength properties of soils when 

blended together. This is best exemplified with the 75 percent 

RAP-soil blend, in which the friction angle was found to be 

substantially higher than either of the constituent components. 

Even at low RAP contents, however, the shear strength of the 

resultant blend was found to be at least as high as RAP alone 

and higher than the soil. Because of this, RAP may be considered 
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as a viable material for improving the shear strength of low 

strength soils used in general fills.  

 Due to the large size of the RAP particles it is absolutely 

important to use a large scale direct shear machine to determine 

the shear strength of RAP. The correlation that I performed 

between a large scale test and a traditional sized test was not 

very good. However, refinement of the procedures used and 

additional testing may help to improve the correlation.  

 7.1.4 Evaluation of RAP as Structure Backfill.  One of 

the original objectives for this testing program was to evaluate 

the potential for using RAP as backfill material for structures. 

Past research by Rathje et al. (2006) has evaluated the use of 

RAP as an MSE backfill material. However, these investigators 

did not address the use of RAP blends as MSE wall backfill or the 

use of RAP or RAP Blends as a general structure backfill material. 

Rathje et al. (2006) rejects RAP material for use as MSE backfill 

for permanent structures due to the creep potential of the 

material, but, as shown in this research, blending RAP with soil 

may mitigate creep effects. 

The data from this research agrees with the conclusion 

that RAP exhibits considerable potential for creep. However, for 

the backfill of structures where some long-term settlement can 
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be tolerated, RAP is likely a suitable material. RAP can be milled 

and crushed to meet virtually any material gradation 

requirements, and is a dense material that compacts easily. With 

the addition of a small amount of soil, as with the 75% RAP 

blend, the density and compaction of the resultant blend was 

even better. RAP and RAP blends exhibit relatively high shear 

strength, which is typically desirous for backfill material behind 

structures. Furthermore, even though RAP is a cohesive 

material, RAP is very different from clay. RAP material is a free 

draining material and does not require drainage considerations 

behind structures as typical cohesive materials do. Hydraulic 

conductivity tests were not performed as part of this research. 

However, Rathje et al. (2006) report that the RAP tested at the 

University of Texas had a hydraulic conductivity equal to 5.5 

x10-4 cm/s at a confining pressure of 50 psi.  

7.2 Recommendations 

I have several recommendations with regards to further 

research efforts at Arizona State University on the general topic 

of the characteristics of RAP and RAP blends. These 

recommendations have been developed based on a working 

knowledge of the current equipment available for use during the 
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testing and on several ideas that may be worth exploring in a 

broader research program. 

7.2.1 Limitations of the test equipment. During the 

testing for this research a couple of issues were experienced with 

the equipment that should be addressed before further research 

is conducted. The first issue involves the preparation of the 

specimens inside the shear box for the large direct shear 

apparatus. The size and weight of the shear box and top caps 

made them prohibitively difficult to move around. A hydraulic 

hand lift was available to assist in moving these components. 

However, the combined weight of the mold, sample and top caps 

really pushed the limits of the lift. The first sample was prepared 

and compacted on the ground, outside of the direct shear frame. 

For safety reasons, it was decided that subsequent specimens 

would be prepared with the mold already in the direct shear 

frame. This made it difficult to compact the specimens as there 

was limited room above the shear box to raise and drop the 

compaction hammer. I would recommend that a fork lift be used 

in the future to accommodate the preparation of the specimens 

outside of the frame. Due to limited space in the geotechnical 

lab, this may also involve moving the large scale direct shear 

apparatus to another location. 
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Due to the surface area of the specimen, fairly large pump 

pressures were required to produce the desired axial and lateral 

stresses on the specimens. This required the use of the large 

pump in the basement for the lateral loads and a smaller pump 

for the axial loads. During my testing, I experienced numerous 

problems with the smaller pump and its associated equipment. 

The ability to hold a constant pressure for 24 hours or more was 

the biggest problem. This problem seemed to be exaggerated at 

lower pressures. The only way to maintain constant pressure 

with the pump was to keep constant watch on the pump 

pressure and make adjustments as needed. For testing that 

spans several days, this was just not practical. I would strongly 

recommend that these issues be resolved before any further 

testing is performed. 

Because of the problems with the pump, it would have 

been ideal to perform long term compression testing on the 

ground using dead loads. This was not performed for my 

research because of a couple of issues. First and foremost was 

the safety factor of trying to move a loaded shear box into the 

direct shear frame for shear testing following the compression 

testing. Secondly, a large amount of weight is necessary to 

produce the desired pressures due to the size of the specimen. 
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For example, in order to produce 2,000 psf of pressure on the 

surface area of an 18 inch diameter circle (1.76 square feet), 

3,520 pounds of dead load is necessary. This is the equivalent of 

placing a small car on top of the specimen. Again this is not 

practical and would not be necessary if the smaller pump was in 

good working order. 

7.2.2 Recommendations for further research. The 

limited testing performed during the research for this thesis 

really just scratches the surface of the testing that is required to 

truly characterize RAP blends. At a minimum, I would 

recommend additional compression and shear strength tests at 

the same blend ratios as performed for this research to further 

confirm the validity of the results. I would also recommend, if 

possible, that tests for compressibility span several days up to a 

week. This would help to better evaluate the secondary 

compressibility of the blends. Additionally, compression testing 

performed over a wider range of overburden pressures would 

help to better evaluate Ccε. Direct shear testing should also be 

performed over a wider range of overburden pressures to 

develop a more accurate shear strength envelope. 

Since the end goal for researching RAP blends is to 

hopefully identify an easy solution for mitigating the potential for 
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creep, I recommend that further methods for potentially 

mitigating the creep potential of RAP also be evaluated. Future 

research should include varying the moisture content during 

compaction to evaluate the effect this might have on creep, 

varying the type of blend soil added to the RAP as well as 

investigating the effects of applying heat during compaction, 

which could perhaps have the effect of fusing the material 

together.  

7.3 Conclusions 

 RAP is an abundant material that is finding its way onto 

construction projects all over the country. While this may be due 

in part to the diligent promotion of incorporating recyclable 

materials into construction, the real driving factor behind this is 

its availability as a cheap construction material. Research such 

as this will help us to understand how RAP material will function 

in a variety of construction applications. Hopefully the end result 

will be the successful use of RAP material in the future for 

applications that are presently not being considered because of a 

lack of understanding about RAP behavior. 
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APPENDIX A  

MATERIAL PROPERTIES DATA SHEETS  
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APPENDIX B  

COMPRESSIBILITY TEST DATA 
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APPENDIX C 

SHEAR STRENGTH TEST DATA 
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