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Abstract 

CAM mix design with local aggregates 

Prasad Naga Venkata Siva Rama Buddhavarapu, M.S.E 

The University of Texas at Austin, 2011 

Supervisor:  Jorge A Prozzi 

 

 Crack Attenuating Mix (CAM) is relatively a new asphalt mixture type used by 

the Texas Department of Transportation (TxDOT). These mixtures are fine graded, 

designed using relatively small stone sized aggregates and screenings with a high asphalt 

content, specifically for retarding the reflective cracking in thin asphalt overlays without 

sacrificing rutting resistance. The main goal of this study is to promote the use of local 

aggregates in CAM design. In order to achieve the goal, the development of a mix design 

procedure and aggregate quality guidelines for CAM design with local aggregates are 

essential.  Several aggregate sources were identified and characterized in terms of their 

frictional, strength, and durability properties. A refined mix design procedure is 

recommended using a Superpave gyratory compactor with the capability to measure 

shear stress during compaction. The emphasis was on preventing rutting and flushing 

resulting from overfilling of binder in these mixtures, which was observed during 

compaction by consistent shear failures. The Hamburg Wheel Tracking Device (HWTD) 

was used for performance evaluation of rutting, whereas the Overlay Tester (OT) was 

used for cracking evaluation. It is hypothesized that current performance criteria in terms 

of HWTD and OT are too severe for being applicable to CAM mixes with local 

aggregates. A modification in HWTD failure criterion is recommended and is used in 

developing new aggregate guidelines. A correlation analysis was conducted relating 

aggregate properties and CAM performance in rutting and cracking. Finally, aggregate 

quality guidelines were developed for CAM using local aggregates based on the 

correlation study. The mix design recommendations as well as aggregate guidelines and 

quality criteria provided in the report are based on laboratory investigations and field 

validation of these is strongly recommended before implementation. 
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Chapter 1: Introduction 

BACKGROUND 

A thin overlay can serve as a cost effective maintenance strategy for pavements 

with minor distresses. Typically, these overlays have been used to extend pavement life, 

improve ride quality, correct minor distresses, improve safety characteristics, enhance 

appearance, and reduce road-tire noise.  One of the most commonly observed distresses 

in these overlays is reflective cracking. It is the result of propagation of the cracks already 

present in the older pavement to the top layer of the new overlay. Reflective cracking has 

a negative impact on the utility of the overlay as a maintenance measure. Thus, cracking 

resistance is an essential property for the overlays used, especially in the maintenance of 

cracked pavements and the use of crack resistant asphalt mixes would mitigate the issue 

of reflective cracking in overlays. However, as an overlay mix, these mixes should not 

compromise the rut resistance.  Crack attenuating mix (CAM) is one such mix that can 

fortify the overlay against reflective crack propagation, while providing adequate rutting 

resistance.  

CAM is a relatively new asphalt mixture type now being used by the Texas 

Department of Transportation (TxDOT). These mixtures are fine graded, designed using 

relatively small stone sized aggregates and screenings with a high asphalt content, 

specifically for retarding the reflective cracking in thin asphalt overlays without 

sacrificing rutting resistance. The smaller size of aggregates allows for the construction 

of overlays in thin lifts. CAMs are typically placed as an interlayer between an existing 

pavement and a surface layer of hot mix asphalt (HMA), although they are increasingly 
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being placed as a thin surface course overlaying concrete and asphalt pavements to 

mitigate reflection cracking. In Texas, CAMs are currently being designed and 

constructed based on TxDOT Special Specification 3165.  

CAM essentially evolved from rich bottom layer (RBL) mixes. These mixes are 

designed specifically to attenuate reflective cracking resulting from high tensile stresses 

that develop beneath bending asphaltic layers in pavement structures. However, an 

important limitation of RBL mixes is poor shear resistance, which restricted its use as a 

surface layer. The development of CAM thus grows from the need for a crack attenuating 

mixture that is also rut resistant. The CAM was initially developed as a RBL mix, 

however, modified to exhibit rut resistance in order to qualify for surface applications as 

well. While the rut resistant CAM can be used in lieu of RBL, the reverse is not 

recommended, since RBL is not validated for rutting performance. 

Both structural and functional requirements are quite demanding in surface CAM 

applications. Based on the proposed use of CAM as an overlay mixture, it is essential that 

the design of these mixes must ensure: (1) sufficient tensile strength to resist reflective 

cracking, (2) adequate stability to resist shear failures and permanent deformation and (3) 

skid resistance, particularly when used on roads with higher posted speed limits. The fact 

that the fine CAM mix usually lacks macrotexture along with the above requirements, 

demands the use of high quality aggregates. It was found by many contractors that high 

quality aggregates are needed to meet the rutting and cracking performance specification 

requirements for CAM. Consequently, CAM becomes an expensive surface mix with rich 

asphalt contents and high quality aggregates. Another important factor which adds to the 
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cost of CAM mixes is the shipment cost of high quality aggregates from other Districts or 

States. If locally available aggregate sources do not meet the specification requirements, 

it is often required to ship better aggregates, making CAM mixes an unsustainable option 

for many maintenance jobs done in regions with no access to high quality aggregates.  

The current CAM aggregate quality specifications relating to durability and 

friction could arguably be relaxed when used as an interlayer or as a surface layer on 

roads with lower speed limits. Consequently, the aggregate quality requirements can 

possibly be reduced compared with other surface mixes. It is important to note that the 

requirement on the quality of aggregate can be relaxed if and only if the design protocol 

is adjusted accordingly. An example which highlights this fact is the survey conducted as 

part of TxDOT research project 0-6435 (Smit et al, 2011). The survey reported poor 

performance of CAM designed with local aggregates and softer (PG 70-22) binders using 

the existing design procedure. The term „local‟ was used to represent the aggregate 

sources in the „vicinity‟ of the CAM construction site. Most of the aggregate sources in 

Texas are classified as SAC „B‟ (Surface Aggregate Classification (SAC) for the Wet 

Weather Accident Reduction Program) aggregates. It is to be noted that, this thesis uses 

the term „local aggregates‟ for low quality (in terms of durability and skid resistance) 

SAC-B aggregates interchangeably. 

Overall the focus of this study was to provide a cost effective solution to improve 

the performance of CAM in Texas for specific applications. Moreover, the use of local 

marginal quality aggregates is an incentive considering the depletion of natural 

aggregates sources. In a nutshell, this thesis not only develops guidelines to use local 
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aggregates in CAM mixes, but also highlights that the use of local aggregates in 

pavement maintenance and rehabilitation works that could arguably affect their 

sustainability.  

MAIN OBJECTIVES  

The goal of this research is to develop guidelines for the use of local aggregates in 

CAM surface applications. This study is also tailored in a manner which helps TxDOT to 

make use of the available local quarries for thin overlay applications.  The two main 

objectives of this research are: 

(i) To develop a mix design procedure for the CAM mixes using local aggregate 

sources.  

(ii) To develop an aggregate quality specification required to meet the performance 

criteria.  

The above objectives will be adequate to refine the existing TxDOT Special 

Specification 3165 for incorporation of local aggregates into the CAM design. In addition 

to the above-mentioned main objectives, experimental tests were conducted to emphasize 

differences in the performance of CAM produced using local aggregates and high quality 

aggregates.  

SCOPE AND METHODOLOGY 

This study is limited to the evaluation of aggregates from 14 different quarries in 

Texas. CAM blends were prepared using aggregates from coarse and fine stockpiles 

collected from each quarry in compliance with CAM gradation specifications. Mixes 

were prepared using aggregates from all selected quarries and different binders according 
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to TxDOT Special Specification 3165. In addition to the volumetric data, shear stress 

data were also collected with a Superpave gyratory compactor (SGC). The existing CAM 

mix design procedure was refined based on the collected volumetric and shear data from 

all the mixes designed using the existing mix design procedure, thereby accomplishing 

the first objective. To accomplish the second objective, it was important to establish a 

relationship between aggregate properties and corresponding CAM performance. 

Laboratory tests were conducted to characterize local aggregates from selected quarries 

based on their strength, friction and durability properties. Hamburg Wheel Tracking 

Device (HWTD) and Overlay Tester (OT) tests were conducted on each CAM mix at 

corresponding optimum binder contents to evaluate rutting and cracking performance. 

Rutting performance was the primary focus of the study, since it was evident that the 

majority of the field CAM problems were related to shear failure. Subsequently, 

important aggregate properties were identified followed by the development of minimum 

aggregate requirements to meet the required performance criteria. It is acknowledged 

that, field verification of the developed procedures and guidelines is essential for 

validation of the recommendations but was beyond the scope of this thesis.  

DESCRIPTION OF CONTENTS 

This thesis is divided into six chapters. This chapter introduced the research 

problem and set the objectives for the study. In addition the methodology for achieving 

these objectives was presented. In Chapter 2 a thorough review of the earlier research on 

CAM is presented. It also discusses some of the literature on relating aggregates 

properties with asphalt mix performance. Chapter 3 focuses on evaluating aggregate 
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properties using numerous aggregate and filler characterization tests. In Chapter 4 the 

evaluation of existing mix design procedures using local aggregates is presented. Based 

on the evaluation, a few refinements were recommended to accommodate the use of local 

aggregates in the existing mix design procedure. A summary of laboratory performance 

test results of CAM mixes is also presented. Chapter 5 summarizes the development of 

aggregate guidelines by correlating aggregate properties with performance. In Chapter 6, 

the conclusions and recommendations of the study along with a brief discussion on the 

scope for future work are presented.  
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Chapter 2: Literature Review 

Thin overlays of CAM, prepared using the existing CAM mix design procedure 

with local aggregates, exhibited poor to unsatisfactory field performance (Smit et al. 

2011). The need to refine and update the existing CAM mix design procedure and 

aggregate guidelines, in order to accommodate local aggregates, is evident from the 

observed field performance. A deeper insight of the inherent problems in the existing mix 

design procedure specific to incorporation of local aggregates is essential to recommend 

any further refinements. A detailed study of the state-of-the-art in designing thin overlay 

mixes and existing CAM mix design procedures is essential for developing new 

procedures for local aggregates. Additionally, a review of aggregate characterization and 

the existing relationships between their properties and performance are important for 

developing aggregate guidelines.  

This chapter introduces the fundamental requirements for a mix to qualify as a 

thin overlay mix, while commenting on CAM designed with existing mix design 

procedures. Consequently, a literature review is presented, primarily focusing on the 

following three major issues.  

1. A review of thin overlay mix designs across the world and different States within 

USA was done in order to compare and evaluate the existing CAM mix design in 

Texas.   

2. Review of past research done on development of the CAM mix design procedure.  

3. Review of past research regarding the relationship between aggregate properties 

and performance was also done to identify relevant correlations.  
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Additionally, this chapter also explains various aggregate characterization tests and 

classification systems. It also comments on the suitability of the existing classification 

systems for selection of aggregates for CAM mix design.  

THIN OVERLAYS 

In Texas, CAMs are increasingly placed as thin overlays on either concrete or 

asphalt pavements with minor distresses. The use of CAM with local aggregates as a thin 

overlay is attractive from a cost point of view. As a surface mix, CAM is required to 

provide road user safety and riding comfort along with cracking and shear resistance. The 

following engineering properties are deemed essential for a pavement surface layer 

(Oliver, 1998; Pretorius et al., 2004): 

 Skid Resistance  

 Spray Generation 

 Road Noise 

 Conspicuity of Road Markings and Glare/reflection 

 Smooth Ride 

 Low Construction and Maintenance Costs 

 Avoidance of Delays during Construction and Maintenance 

 Fuel Consumption and Wear and Tear on Vehicle 

Thin layers are usually placed with thicknesses ranging from approximately 0.24 

inch to 2 inch (Acott, 1991). Newcomb et al. (2009) reported that, corresponding to the 

design thickness of the pavement layer, nominal maximum aggregate size (NMAS) for a 
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mixture is selected. Very thin overlay systems (less than an inch) cannot accommodate 

maximum aggregate sizes higher than 9.5 mm. Most thin overlays in the past consisted of 

aggregates with NMAS ranging from 4.75 mm to 9.5 mm, and a lift thickness usually 

varying between 1.5 and 3 times the NMAS size (Walubita et al., 2008).  

The use of fine graded HMA for thin overlay applications is well documented. 

TxDOT Types D and F, coarse matrix high binder (CMHB), stone matrix asphalt (SMA), 

ultra-thin HMA, Superpave, smooth seal and Novachip
TM

 are some of the overlay mixes 

used by various States across USA and also across different countries. A brief discussion 

of different overlay mix types is given below. 

SURVEY OF THIN OVERLAY MIXES 

TXDOT fine mixes 

TxDOT‟s fine asphalt mixes that could be used for relatively thin overlays include 

a number of alternatives, each with specific applications. The NMAS and the breakdown 

in composition for stone, sand (passing #8 sieve) and dust (passing #200 sieve) fractions 

are shown in Table 2.1 for each mix type. It can be observed that a minimum thickness 

requirement is imposed on each mix type.  

The mixes shown in the table are designed to a target laboratory modeled density 

of 96 percent and consequently have relatively low asphalt contents. On the other hand, 

CAM is designed to 98 percent to ensure higher optimum asphalt contents.  
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Table 2.1 Composition of TxDOT fine dense-graded, CMHB and SMA mixes 

Spec Item 341 341 344 344 346 346 346 
Mix Type D Type F SP D

1 CMHB F SMA D SMA F SMAR F 
NMAS 1/2" 3/8" 1/2" 1/2" 3/4" 3/8" 3/8" 

Stone, % 54 – 65 52 – 62 33 – 68 73 – 83 72 - 84 70 – 80 73 – 83 
Sand, % 33 – 39 36 – 41 30 – 57 12 – 18 8 – 16 12 – 16 12 – 18 
Dust, % 2 – 7 2 – 7 2 – 10 5 – 9 8 – 12 8 – 14 5 – 9 

Min VMA % 15 16 16 15 17.5 17.5 19 
Min 

Thickness 

(inch) 
1.5 1.25 1.25 1.5 1.5 1.25 1.5 

Fine SMA Mixes 

Cooley and Brown (2003) reported on the laboratory mix design of fine SMA. It 

was mentioned that a well-designed fine SMA mix could serve as satisfactory rut 

resistant, impermeable (as compared to conventional SMA mixes) and durable thin 

overlay mixes. High quality aggregates may be necessary to achieve the required 

structural strength and skid resistance. Australia, UK, and Europe have successfully 

placed 12.5 mm NMAS SMA mixes, in about 0.5 to 1.5 inch thick overlays, with 

reasonable field performance results up to 15 years (Nicholls et al. 2002). The German 

experience, where SMA was first developed, indicates a service life of up to 18 years for 

thin SMA overlay surfacing (Belin, 1998). New Zealand also reportedly was successful 

in utilizing thin SMA surfacing (about 0.5 to 1.2 inch thick). An average expected service 

life of at least 15 years was reported and were able to maintain texture and provide skid 

resistance under high stress environments (Watters, 2006).  

The above findings formed the basis to evaluate the option of modifying existing 

CAM gradations towards a stone-on-stone type mixture with high binder contents using 

                                                 
1 Can be used as an RBL 
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local aggregates in the present study. An evaluation of such stone-on-stone mixes with 

higher binder may result in very successful rut resistant overlays without compromising 

cracking performance. Additionally, higher costs for stone-on-stone mixes can be offset 

by the use of cheaper local aggregates.  

Ultra-Thin HMA mixes 

Ultra-thin HMA mixes were developed in Michigan, Georgia and Maryland (their 

gradations are shown in Table 2.2). The lift thickness is generally less than one inch 

which resembles a blanket of asphalt mix over the pavement. The mix design 

requirements in Michigan  include a Marshall voids in the mix (VIM) of 4.5 to 5.0 

percent, voids in the mineral aggregates (VMA) ≤ 15.5 percent, maximum filler to binder 

ratio of 1.4, a Marshall flow of 8 to 16 (in units of 0.01 inch), and a Marshall stability of 

at least 1,200 pounds (Walubita et al., 2008). Superpave mixes with No. 4 NMAS 

constitute a potential option for very thin HMA overlays equal to or less than one inch 

thick (Cooley et al., 2002).  Georgia DOT has been using such No. 4 NMAS HMA mixes 

with lift thickness of not more than one inch for overlays in low volume highways and for 

leveling purposes. Good field performance is also reported for over 30 years (Cooley et 

al., 2002). Maryland used these mixes (No. 4 NMAS) as part of their pavement 

management program for typical lift thickness of 0.75 to 1.0 inch and witnessed excellent 

rutting and cracking resistance performance (Cooley et al, 2002).  

Ohio State has also developed a hot mix asphalt treatment designed specifically 

for thin lift ( 5/8 inch to  ¾ inch) placements and named it “smooth seal”. The mix was 

only meant for preventive maintenance of structurally sound pavements that were 
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showing signs of aging, oxidation or minor surface disintegration. It is important to note 

that, smooth seal is not used to retard reflection cracks and is not promoted as a crack 

attenuating mixture. Smooth seal has two types: A and B. The Type B mix is similar to 

TxDOT‟s CAM mix but with a lower asphalt content, about 6.5 percent. The Type A mix 

is a lot finer than TxDOT‟s CAM with 80 to 100 percent passing the #16 sieve. The field 

performance was more than satisfactory (about 28 years in few places (ODOT-SS 854, 

2002) in several cities across Ohio, which encourages further investigation using Texas 

aggregates.  

Table 2.2 Gradation bands for various thin overlay mixes (Cooley et al. 2002) 

Sieve Size 
Michigan Georgia Maryland 

Ohio Smooth 

Seal Type A 
Ohio Smooth 

Seal Type B 

No.4 NMAS No. 4 NMAS 
No. 4 or 3/8" 

NMAS 
3/8" NMAS 1/2 " NMAS 

3/4" 19mm 100 100 100 100 100 

½" 12.5 100 100 100 100 100 

⅜" 9.5 99 – 100 90 – 100 100 100 95-100 

No. 4 4.75 75 – 95 75 – 95 80 – 100 95-100 85-95 

No. 8 2.36 55 – 75 60 – 65 36 – 76 90-100 53-63 

No. 16 1.18 - - - 80-100 37-47 

No. 30 0.6 25 – 45 - - 60-90 25-35 

No. 50 0.3 - 20 – 50 - 30-65 9-19 

No. 100 0.15  - - 10-30 - 

No. 200 0.075 3 – 8 4 – 12 2 – 12 3-10 3-8 

NOVACHIP
TM

 

NovaChip originated in France during the early 80’s. It is a proprietary and 

trademarked thin pavement management HMA mix that was initially developed to 

increase skid resistance and to seal old pavement surfaces. In USA, it is licensed through 

SemGroup Inc. but currently non-trademarked names and mix-design specifications, such 
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as ultrathin HMA wearing course or ultrathin bonded wearing course, are in use. 

NovaChip is a gap graded HMA mix with high quality aggregates (NMAS: 9.5mm) and a 

minimum of 5% asphalt content. It is usually placed in thin lift application with a 

thickness ranging from 0.75 inch to 1.0 inch. The Novachip application process consists 

of applying a thin liquid membrane known as Novabond
TM

 followed by Novachip HMA 

mix application. The reported expected service life of NovaChipTM is at least 10 years 

(Uhlmeyer, 2003; Cooper and Mohammad, 2004). The gap graded Novachip is a 

potentially rut and skid resistant surface mix. However, NovaChip is a relatively 

expensive product and requires specially trained contractors for construction.  

NCAT study on fine HMA mixes 

The National Center for Asphalt Technology (NCAT) evaluated the use of 

manufactured aggregate screenings as the sole aggregate portion of HMA. Factors 

included in this research study were aggregate screenings type, binder type, fiber, and 

design air void content. They concluded that fine mixes using only screenings as 

aggregates cannot be successfully designed in the laboratory with limestone sources. 

Upon evaluation of various screening mixes it was found that, on an average, the binder 

content in these mixes ranged from 4.5 to 8.5 percent. Screenings type, the existence of 

cellulose fiber, and design air void content were the significant factors which affected 

optimum binder content of the mix. It was later found that, screenings type had the 

largest impact on the optimum binder content. In the study it was also found that a 

correlation existed between percent air voids used in the mix design and rut depth. They 

found that mixes designed at 4 percent air voids had significantly higher rut depths than 
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mixes designed at 5 or 6 percent air voids. This is an important finding which suggests 

fine graded CAM designed at 2 percent air voids (as currently specified) may be 

susceptible to shear flow and rutting.   

EARLIER RESEARCH ON CAM MIX DESIGN 

CAM as a surface layer is expected to offer cracking resistance without 

sacrificing rutting performance. Zhou et al. (2005) developed a “Balanced Mix Design 

Procedure” that considers both cracking and rutting performance during the mix design 

stage. They have reported that, this “balanced” procedure generally works for designing 

fine mixes (TxDOT Type D and SMA-D), although problems have been experienced 

when using lower PG binders and low quality aggregates such as absorptive limestone. 

Most of the local aggregates considered in the present study are limestones, which raises 

the question whether this balanced mix design procedure can be applied to these 

aggregates. In general, the balanced mix design procedure resulted in 0.5 to 1.0 percent 

higher asphalt contents as compared to the normal mix design procedure, which ensures 

additional cracking resistance.  

Walubita and Scullion (2008) reported on the initial work done on CAM mix 

design and field performance of CAM in Texas. They indicated that the following mix 

design attributes are required to improve thin overlay performance and durability: 

 Highly polymer modified asphalt binder with rich content (i.e., about 6.0 to 8.5 

percent) to improve cracking resistance and durability characteristics.  
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 Use of high quality fines (such as granite or crushed gravel), preferably gap-

graded aggregates with a good interlock and stone-on-stone contact matrix for 

improved rutting resistance and durability properties. 

 Hard, durable, non-polishing, and well macro-textured low absorptive aggregates 

for improved skid resistance and surface texture. 

 High VMA and low air voids (i.e., high compaction target density of around 98 

percent) in the mix-design matrix. Low air voids minimize water and air ingress, 

consequently minimizing the potential for moisture damage and binder oxidative 

aging.  

 Increased asphalt-binder film thickness for improved durability and cracking 

resistance properties.  

 Use of additives such as lime (about 0.3 to 1.5 percent) and silicon dioxide to 

improve moisture damage (stripping) and skid resistance, respectively. 

Walubita and Scullion (2008) discussed the implementation of balanced mix 

design procedure developed by Zhou et al. (2005) for CAM together with TxDOT‟s 

CAM Special Specification 3109 (TxDOT, 2004b). The procedure involved compaction 

of specimens to 50 gyrations at four different asphalt contents using the Superpave 

gyratory compactor. The compacted volumetric specimens at four different asphalt 

contents are sliced to fabricate test specimens for HWTD and the Overlay Tester. 

Walubita and Scullion (2008) recommended a stringent cracking failure criterion (a 

minimum of 750 cycles for 93% stress reduction in Overlay Tester) for CAM mixes in 

order to ensure adequate crack propagation resistance, whereas the HWTD criterion 
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(20,000 cycles in HWTD for a rut depth less than 0.5inch) is unchanged. A window of 

allowable asphalt content is obtained to satisfy these criteria as shown in Figure 2.1.  

 

Figure 2.1 Balanced cracking and rutting requirements 

The minimum asphalt content is selected based on a cracking failure criterion 

while the maximum asphalt content is decided based on rutting criterion according to the 

balanced mix design procedure. Walubita and Scullion (2008) indicated that the window 

of optimum asphalt content (OAC) level reasonably allows for construction variability 

while satisfactorily meeting the HWT rutting and OT cracking requirements. 

Subsequently, the optimum asphalt content is selected as asphalt content required for 

98% density at 50 gyrations using the volumetrics of four trial specimens. The selected 

optimum asphalt content is then verified by repeating both rutting and cracking tests 

using standard test specimens with 93 percent density. The verification is repeated if 

necessary, using any other binder content within the window of asphalt content obtained 
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earlier. Thus, the balanced mix design provides a better optimum asphalt content 

necessary to pass rutting and cracking requirements essential for CAM mixes, especially 

when they are used as surface mixes. 

Walubita and Scullion (2008) have found it difficult in some cases (e.g., for 

limestone mixes) to meet the 98 percent target density at 50 gyrations during the balanced 

mix-design and optimum asphalt content (OAC) selection process and recommended 

reviewing the number of gyrations used in the procedure. They also found that while a 

limited number of mixes could not satisfy the OAC verification requirements at 93 

percent density, it was apparent that satisfactory results were, in almost all cases, 

obtained at 96 percent density. Therefore they recommended reviewing the verification 

compaction density for test specimens as these mixes are typically compacted to a density 

of 96 percent in the field. Walubita and Scullion (2008) also reported, superior 

performance of CAM mixes with high quality aggregates compared to CAM with local 

aggregates. They discouraged the use of absorptive aggregates (> 2 percent absorption) 

that can lead to a loss of effective binder in the mix.  

Low design air voids (2 percent) may be desirable to prevent or reduce oxidative 

aging of the binder in the mix. This, however, leaves very little room to accommodate 

extra binder that may occur given that the thermal coefficient of expansion of asphalt 

binder is considerably larger than that of the aggregate. The voids in the mix must also 

accommodate possible higher than optimum asphalt contents given the normal variability 

associated with the manufacturing process (±0.3%) as well as over-compaction during 

construction or further in-situ densification of the mixture in the field under traffic. 
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Furthermore, while these problems may be addressed, to an extent, using stiffer binders, 

this may not be desirable and may negatively impact the workability and compactability 

of the mixture during construction. 

The findings from the earlier studies on CAM design highlight the necessity for 

improvements in the existing mix design process (even for high quality aggregates). 

Moreover, the incorporation of local aggregates requires significant modifications to the 

CAM mix design considering the high absorption of some limestone aggregates.  This 

thesis addresses the above issues in volumetric mix design of CAM in great detail. A 

brief discussion of the current design procedure is given below. This procedure was 

further refined as part of the study in order to incorporate the use of local aggregates in 

CAM. 

The current mix design procedure (TxDOT Special Specification 3165) is adopted 

from that of RBL. The asphalt content required for producing a relative density of 98% of 

maximum theoretical density for 50 gyrations using the Superpave gyratory compactor is 

selected as optimum. Additionally, the specification also restricts the minimum asphalt 

content to 7% for all CAM mix designs.  

AGGREGATE CHARACTERIZATION  

Several aggregate characterization tests were used in the study to characterize 

aggregate sources based on their surface and strength properties. Some of the most 

commonly used aggregates characterizing tests are described below.  
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Tests listed in Bituminous Rated Source Quality Catalog (BRSQC) 

In Texas, the Aggregate Quality Monitoring Program (AQMP) provides the 

requirements and procedures for monitoring aggregate products that have demonstrated 

continuing quality and uniformity over time. The AQMP allows TxDOT districts to use 

aggregates from rated sources qualified through AQMP without project specific testing 

by the Construction Division, Materials and Pavements Section (CST-M&P). Bituminous 

Rated Source Quality Catalog (BRSQC) lists the Aggregate Quality Monitoring Program 

(AQMP) rated values for bituminous aggregates. The following aggregate properties are 

listed in BRSQC. 

1. Rated Source Los Angeles Abrasion (RSLA) 

2. Rated Source Soundness Magnesium (RSSM) 

3. Rated Source Micro-Deval (RSMD) 

4. Rated Source Acid Insoluble (RSAI) 

The Los Angeles abrasion test is used to evaluate an aggregate‟s breaking 

resistance that is required during mix production, compaction and under traffic loads. The 

Micro-Deval test measures an aggregate‟s durability and resistance to abrasion by 

subjecting it to polishing and grinding with steel balls under wet conditions. The 

magnesium sulfate soundness test also measures an aggregate‟s durability and resistance 

to weathering by subjecting it to alternating cycles of soaking in magnesium sulfate 

solution followed by drying. Mixtures with durable aggregates are less prone to develop 

raveling, potholes, and pop outs. Hard and durable aggregates typically have low 

soundness values. The acid insoluble residue test is used to determine the percentage of 

non-carbonate particles present in aggregate samples. The accuracy and consistency of 
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some of the earlier discussed tests has been debated (Fowler et al., 2006), however they 

do serve to categorize or rank the general quality of aggregates in terms of strength and 

durability properties.  

Aggregate Imaging System (AIMS) 

AIMS is used to analyze the form, angularity, and texture of different aggregates. 

Masad et al. (2001) reported that there is a strong correlation between aggregate surface 

texture and angularity for fine aggregates. Fletcher et al. (2003) found that coarse 

aggregates have a significant difference in terms of their angularity and texture. Based on 

these findings the fine aggregates AIMS module is designed only to measure angularity, 

whereas the coarse aggregates AIMS module is designed for both texture and angularity 

measurements. However, form (sphericity) measurements are enabled in both modules.  

AIMS is a simple setup which has a camera fixed with two different lighting 

schemes and uses image analysis techniques to evaluate aggregate properties. The AIMS 

apparatus uses a back light scheme to capture black and white images and gather 

information about the angularity of coarse aggregates (Masad et al., 2004). On the other 

hand, a top light scheme is used to capture the grey scale images in order to determine the 

form based on three dimensional measurements of coarse aggregates. A single aggregate 

is captured in each image using a grid system in the case of coarse aggregates, whereas 

random images are captured with multiple stones in the case of fine aggregates. A video 

microscope is used to calculate the depth of the particle and the other two dimensions are 

calculated using the obtained black and white images. Masad et al. (2001), Masad (2004) 

and Mallat et al. (1989) explained the image analysis techniques used to calculate the 
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aggregate properties in detail. Masad et al. (2004) also expand on the AIMS 

specifications and operational procedure in great detail.  

In conclusion, aggregate properties collected in this study using the AIMS 

apparatus are listed as follows:  

1. Fine aggregates angularity  

2. Coarse aggregate angularity  

3. Coarse aggregate sphericity 

4. Coarse aggregated surface texture  

AGGREGATE CLASSIFICATION 

Jayawickrama and Madhira (2008) highlighted the need for research to develop 

reliable classification methods to distinguish between satisfactory and unsatisfactory 

materials for marginal materials. Among all different aggregate categories, the limestone 

and the dolomite-limestone have shown the greatest variability in aggregate properties for 

a given number of samples. Given a very large proportion of limestone quarries in Texas 

it is important to develop reliable classification methods for these aggregates.  

BRSQC includes the surface aggregate classification of each aggregate source in 

Texas. Surface Aggregate Classification (SAC) was developed as part of TxDOT‟s Wet 

Weather Accident Reduction Program (WWARP) based on aggregate texture and 

frictional characteristics for bituminous coarse aggregates. Aggregates are classified by 

the construction division of TXDOT into three different categories (A, B, and C) 

according to their effectiveness as a surface aggregate. The classification criteria chosen 

by the construction division are shown in Table 2.3.  
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Table 2.3 Surface aggregate classification criteria 

Property Test Method SAC A SAC B SAC C 

Acid insoluble residue, % min Tex-612-J 55 ---- ---- 

5-cycle Mg, % max Tex-411-A 25 30 35 

Crushed Faces, 2 or more, % 

min 
Tex-460-A 85 85 85 

 

Aggregate SAC selection is generally based on the gradation type, local conditions of the 

project and judgment of the project engineer. As an example, fine mixes such as Type F 

and CAM lack macrotexture and thus, require good quality aggregates (SAC A) as most 

of the pavement skid resistance is provided by the micro texture.  

Masad et al. (2006) used AIMS to measure aggregate polishing, abrasion and 

breakage. The AIMS aggregates properties are measured before and after the Micro-

Deval test.  They concluded that this method is more sensitive than the current methods 

and allows the aggregates to be spread more evenly in the four different classification 

categories. They recommended (and provided) revised procedures to classify Texan 

aggregates as shown in Table 2.4. Figure 2.2 shows a new classification chart provided 

by Masad (2006). The aggregates within the shaded region are classified as either SAC A 

or SAC B based on texture coefficient of variation (COV). A COV of less than 0.4 

classifies an aggregate as SAC A while a COV greater than 0.4 classifies as SAC B 

(Masad, 2006). It is also mentioned that the aggregates that are classified as SAC A had 

texture in the top 25 percent (out of 36 aggregates considered in the study by Masad 

(2006)), whereas the aggregates in the shaded region had texture values in the third 

quartile among all the aggregates tested in the study.  
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Table 2.4 Aggregate angularity and texture classifications categories (Masad, 2006) 

Angularity Surface texture 

Rounded < 2,100 Polished < 185 

Sub-rounded 2,100 – 4,000 Smooth 185 – 275 

Sub-angular 4,000 – 5,400 Low roughness 275 – 350 

Angular 5,400 – 10,000 Moderate roughness 350 – 460 

 High roughness 460 – 800 

    

 

Figure 2.2 New Aggregate Classification System (Masad et al, 2006) 

 The above aggregate properties and classification system can be used for the 

selection of suitable local aggregates for CAM mixes. However, the relationship between 

the aggregate properties used for any classification criterion and corresponding CAM 

performance results should be confirmed, otherwise the classification system may not be 

valid for the selection of suitable local aggregates for CAM. In such cases, a new 

aggregate classification system is to be developed specifically for CAM.  
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RELATIONSHIP BETWEEN AGGREGATE PROPERTIES AND HWTD RESULTS 

Aggregate is the major component in any asphalt mixture, thereby its properties 

have a substantial influence on the performance of the mixture. The aggregates used in 

overlay mixes must transmit the wheel loads to the underlying layers and also be resistant 

to abrasion and polishing. Impact of aggregate quality on long term performance has been 

assessed by many researchers especially in the case of Texan aggregates (Gandhi and 

Lytton, 1984; Kandhal and Parker, 1998; Chowdhury et al., 2001; Cooley and James, 

2003; Mahmoud, 2005; Masad et al., 2006; Fowler et al., 2006). Several studies have 

stated that the aggregate angularity has a major effect on stability (Meier et al, 1979) and 

rutting performance (Kalcheff et al, 1982) of asphalt mixes.  

Solaimanian et al (2002) attempted to relate the aggregate properties such as 

magnesium sulfate soundness, Micro-Deval loss, Los Angeles abrasion, British 

Pendulum polish value and acid insoluble residue with performance in HWTD testing. As 

shown in Table 2.5, they found that, these four properties were majorly influencing 

rutting performance of the asphalt mixes and classified HWTD performance from severe 

to mild in terms of those aggregate properties. Most of the mixes tested as part of this 

study were relatively coarse (TxDOT Type C and Type D) mixes. The classification may 

not be directly applicable for fine mixes such as CAM. However, it may be a good 

starting point to identify those aggregate properties influencing rutting performance of 

CAM and to further develop a classification system for CAM mixes with local 

aggregates.  
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Table 2.5 HWT performance related to aggregate properties (Solaimanian et al, 2002) 

Level of 

degradation 
LA Abrasion Loss, 

% 
Micro-Deval 

Loss, % 
Soundness Loss, 

% 
P.V. Loss, 

% 

Severe > 25 > 12 > 16 > 40 

Moderate 20 – 25 5 – 12 7 – 16 34 – 40 

Mild < 20 < 5 < 7 < 34 

 

 The study by Solaimanian et al (2002) highlights a potential correlation between 

the aggregate properties and HMA rutting performance. CAM being a fine mix with sand 

skeleton, the fine aggregate properties may be of greater importance in terms of rutting 

performance.  
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Chapter 3: Materials 

As mentioned earlier, the performance of an overlay using CAM depends heavily 

on the constituent aggregates. In this chapter aggregate characterizing test data for 

aggregates obtained from various local sources in Texas are presented. The list of various 

tests includes Los Angeles abrasion, Micro-Deval, Magnesium Soundness, Acidic 

insolubility and Aggregate Imaging System (AIMS).  The information presented in this 

chapter will be used in subsequent chapters for developing relationships between the 

aggregate properties and CAM performance. 

LOCAL AGGREGATE SOURCE IDENTIFICATION 

Before measuring the aggregate properties it is important to identify the available 

aggregate sources. Selecting aggregates with superior qualities is always desirable; 

however such selection defeats the whole purpose of developing guidelines for CAM 

design with locally available aggregates. Since not all of the districts in Texas have 

problems with the availability of acceptable aggregates for use with CAM, those districts 

that do not have acceptable sources and that must rely on marginal aggregate sources 

were identified using the SiteManager database and contacting TxDOT district 

construction engineers. A number of aggregate sources within each district that reported 

problematic aggregates were sampled for characterization. Table 3.1 indicates the list of 

identified aggregate sources. Also a specific effort was made in the selection process to 

ensure that the aggregate sources chosen cover a wide range of aggregate properties. 

BRSQC was used to identify the aggregate sources with SAC-B classification. Besides 



 27 

the SAC-B aggregates, one SAC-A aggregate source was also selected for a comparative 

analysis of CAM performance between two classes of aggregates. 

Table 3.1 Selected aggregates sources 

# 
Name of the 

Quarry 
Producer Type SAC 

1 Murphy Fordyce Co. Gravel A 

2 Marble Falls Capitol Aggregates Limestone B 

3 Beckmann Martin Marietta Mtrls. Limestone B 

4 Solms Road Martin Marietta Mtrls. Limestone B 

5 Spicewood Vulcan Materials Limestone B 

6 Yearwood R.T.I. Materials Limestone B 

7 Feld Tex Cr. Stone Limestone B 

8 Burnet Hanson Aggregates Limestone B 

9 1604 Vulcan Materials Limestone B 

10 Lone Star Dean Word Co. Limestone B 

11 Mico # 68 Lattimore Materials Limestone B 

12 Pit 365 Mine Service Ltd. Gravel B 

13 Tehuacana Vulcan Materials Limestone-Dolomites B 

14 Luckett Trinity Mtrls. Gravel (partly crushed) B 
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TXDOT CURRENT CAM AGGREGATE QUALITY SPECIFICATION 

TxDOT special specification 3165 requires that aggregates used for CAM are 

furnished from sources that conform to the requirements shown in Table 3.2. Aggregates 

for CAM must be mechanically crushed gravel or stone and the use of reclaimed asphalt 

pavement (RAP) is not permitted. These criteria emphasize the need for high quality 

aggregates with superior friction, strength and durability characteristics.  

Table 3.2 CAM special specification 3165 aggregate quality requirements 

Property Test Method Requirement 

Coarse Aggregate 

Surface Aggregate Classification (SAC) AQMP As on plans 

Deleterious material, %, max Tex-217-F, Part I 1.0 

Decantation, %, max Tex-217-F, Part II 1.5 

Micro-Deval abrasion, %, max Tex-461-A Note 1 

Los Angeles abrasion, %, max Tex-410-A 30 

Magnesium sulfate soundness, 5 cycles, %, max Tex-411-A 20 

Coarse aggregate angularity, 2 crushed faces, %, min Tex 460-A, Part I 95 (Note 2) 

Flat and elongated particles @ 5:1, %, max Tex-280-F 10 

Fine Aggregate 

Linear shrinkage, %, max Tex-107-E 3 

Combined Aggregate (Note 3) 

Sand equivalent, %, min Tex-203-F 45 

 

Notes: 

1. Not used for acceptance purposes. Used by the Engineer as an indicator of the 

need for further investigation. 

2. Only applies to crushed gravel. 

3. Aggregates, without mineral filler, or additives, combined as used in the job-mix 

formula (JMF). 
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BRSQC DATA  

Table 3.3 shows the reported aggregate properties which include the surface 

aggregate class (SAC), Rated Source Los Angeles Abrasion (RSLA), Rated Source 

Soundness Magnesium (RSSM), Rated Source Micro-Deval (RSMD) and Rated Source 

Acid Insolubility (RSAI). Sample aggregate tests were carried out on a few aggregate 

sources to verify the BRSQC listed values. Upon achieving conformance between 

experimental results with existing BRSQC values, any required aggregate test results 

were then directly obtained from the existing BRSQC data. 

Table 3.3 Aggregate quarry BRSQC data 

# Quarry Producer SAC RSLA RSSM RSMD RSAI 

1 Murphy Fordyce A 19 5 6 84 

2 Marble Falls Capitol B 28 9 10 1 

3 Beckmann Martin Marietta B 30 30 25 1 

4 Solms Road Martin Marietta B 27 10 18 1 

5 Spicewood Vulcan B 22 8 8 4 

6 Yearwood R.T.I. B 27 16 19 1 

7 Feld Texas Crushed Stone B 33 24 25 2 

8 Burnet Hanson B 26 4 9 5 

9 1604 Vulcan B 37 30 30 1 

10 Lone Star Dean Word B 29 23 22 1 

11 Mico # 68 Lattimore B 29 10 18 1 

12 Pit 365 Mine Service B 24 28 20 4 

13 Tehuacana Vulcan B 35 17 24 12 

14 Luckett Trinity B 23 14 12 35 

 

The values from Table 3.3 were compared to the current aggregate quality criteria 

for CAM shown in Table 3.2. It can be seen that five of the aggregate sources failed the 

current magnesium sulfate soundness loss criterion (maximum permissible value is 20 

percent). Also, aggregates from the Vulcan Materials and Texas Crushed Stone quarries 
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failed to meet current permissible Los Angeles value (max 30 percent). With the 

exception of the Trinity Materials aggregates, all the aggregates are crushed stone which 

qualifies them in terms of the existing coarse aggregate angularity requirement. The table 

highlights that a wide range of aggregate properties are covered in the analysis of local 

aggregate performance with CAM. It is interesting to see that some of the aggregate 

sources satisfy the current CAM specification requirements. 

AGGREGATE IMAGING SYSTEM (AIMS) 

Form, angularity and texture parameters of the aggregates are measured using the 

AIMS apparatus. It is to be noted that the current CAM specification does not utilize the 

AIMS parameters for aggregate qualification.  Table 3.4 summarizes the results of 

sphericity in terms of mean and standard deviation from AIMS image analysis for all the 

coarse aggregate stockpiles used in the study.  

Table 3.4 AIMS sphericity of coarse aggregate 

# Quarry Producer Avg StDev 

1 Murphy Fordyce 0.71 0.11 

2 Marble Falls Capitol 0.70 0.12 

3 Beckmann Martin Marietta 0.69 0.09 

4 Solms Road Martin Marietta 0.66 0.10 

5 Spicewood Vulcan 0.65 0.12 

6 Yearwood R.T.I. 0.68 0.09 

7 Feld Texas Crushed Stone 0.68 0.09 

8 Burnet Hanson 0.62 0.09 

9 1604 Vulcan 0.69 0.12 

10 Lone Star Dean Word 0.67 0.10 

11 Mico # 68 Lattimore 0.69 0.12 

12 Pit 365 Mine Service 0.72 0.10 

13 Tehuacana Vulcan - - 

14 Luckett Trinity 0.68 0.13 
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Higher sphericity values indicate more cubical particles while lower values 

indicate elongated or flaky aggregate. Fordyce and Marble Falls aggregates stand highest 

in terms of the sphericity values, while Burnet followed by Spicewood have the lowest. 

The sphericity for coarse aggregate from Tehuacana (Vulcan) was not reported because 

only a fine aggregate stockpile was collected from this aggregate source.  

Table 3.5 summarizes angularity results from the AIMS image analysis. The 

Hanson (Burnet) aggregate source has the highest angular fine aggregates compared to all 

other aggregates as shown in Table 3.5. It can be classified as sub-rounded or sub-angular 

from Table 2.4. CAM made from Hanson aggregate source is expected to show better 

performance in terms of resistance to permanent deformation than the other aggregates 

keeping everything else constant. Marble Falls and Lattimore mixes are similar to the 

Hanson aggregates (Burnet) in terms of fine aggregate angularity. Texas Crushed Stone 

aggregates have the highest value of coarse aggregate angularity among all the aggregate 

sources considered.  
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Table 3.5 AIMS angularity of coarse and fine aggregates using gradient angularity 

# Quarry Producer Avg StDev Avg St.Dev 

1 Murphy Fordyce 3220 1681 3382 1584 

2 Marble Falls Capitol 3555 1273 4578 1666 

3 Beckmann Martin Marietta 3052 1384 4186 1997 

4 Solms Road Martin Marietta 3544 1614 3848 1694 

5 Spicewood Vulcan 3373 1041 3716 1420 

6 Yearwood R.T.I. 3009 1172 3906 1585 

7 Feld Texas Crushed Stone 4785 1835 - - 

8 Burnet Hanson 4573 1841 4983 2096 

9 1604 Vulcan 4626 2275 3663 1633 

10 Lone Star Dean Word 4612 2030 - - 

11 Mico # 68 Lattimore 3631 1794 4652 2075 

12 Pit 365 Mine Service 2525 797 2818 1512 

13 Tehuacana Vulcan - - 4640 1779 

14 Luckett Trinity 1882 1375 - - 

 

Table 3.6 shows the aggregate surface texture results. It is observed that all the values 

are less than 185 which classifies them into the category of polished in terms of surface 

texture as per Table 2.4. It is important to note that these local aggregates with very poor 

surface texture may not be suitable for surface mixes. The lower surface texture may 

provide a lower microtexture for the road surface. Additionally, CAM being a fine mix 

provides a lower macrotexture as well. Hence, CAM surface may have very low skid 

values especially during wet conditions.  
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Table 3.6 AIMS surface texture of coarse aggregate 

# Quarry Producer Avg St.Dev 

1 Murphy Fordyce 66.8 54.1 

2 Marble Falls Capitol 72.6 26.6 

3 Beckmann Martin Marietta 47.4 26.9 

4 Solms Road Martin Marietta 46.8 21.0 

5 Spicewood Vulcan 160.8 69.8 

6 Yearwood R.T.I. 72.6 19.1 

7 Feld Texas Crushed Stone 71.1 39.7 

8 Burnet Hanson 133.8 47.4 

9 1604 Vulcan 64.8 39.4 

10 Lone Star Dean Word 66.6 39.4 

11 Mico # 68 Lattimore 87.5 68.2 

12 Pit 365 Mine Service 70.7 24.6 

13 Tehuacana Vulcan - - 

14 Luckett Trinity 40.7 21.0 

 

An aspect to consider is the COV of the above properties. The actual variability of 

the AIMS apparatus and the variability within the aggregate source are components of 

this variability. It is to be noted that the aggregate testing was done on limited number of 

sources with no replication. Hence, it may be difficult to comment regarding the validity 

of the above results. It is assumed that the above results are representative of the real 

scenario in the present thesis.  

SUPERPAVE FINE AGGREGATE ANGULARITY  

In addition to the AIMS, the Superpave method was also applied to measure the 

fine aggregate angularity based on aggregate packing characteristics. ASTM C 1252 

(Method C) was used as a guideline for experimental procedure. The results are shown in 

Table 3.7. It was found that Hanson aggregate has the highest fine aggregate angularity 

value which is in agreement with corresponding AIMS results. However, it is unexpected 
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to see that Marble Falls has the lowest angularity contradicting the corresponding AIMS 

finding.  

Table 3.7 Fine aggregate angularity results (uncompacted voids) 

# Quarry Producer FAA 

1 Murphy Fordyce 51 

2 Marble Falls Capitol 36 

3 Beckmann Martin Marietta 46 

4 Solms Road Martin Marietta 47 

5 Spicewood Vulcan 46 

6 Yearwood R.T.I. 53 

7 Feld Texas Crushed Stone - 

8 Burnet Hanson 77 

9 1604 Vulcan 39 

10 Lone Star Dean Word - 

11 Mico # 68 Lattimore 42 

12 Pit 365 Mine Service 47 

13 Tehuacana Vulcan 46 

14 Luckett Trinity - 

 

The fine aggregate angularity (FAA) test measures angularity based on the 

packing properties of the aggregates. Packing of aggregates is generally a function of 

surface texture, shape and gradation of the fine aggregates in addition to angularity. Also, 

the fine aggregate angularity measure obtained from the Superpave method is based on a 

mass of aggregates whereas the angularity measure obtained from AIMS apparatus is 

based on individual aggregate particles. Angularity measures obtained from packing of an 

aggregate mass may not be same as that obtained by averaging the angularity values of 

the individual aggregates. Hence the poor correlation between the AIMS results and FAA 

result is justifiable to some extent. Masad et al. (2003) also reported that uncompacted 
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voids do not relate to the AIMS angularities or surface textures measured on the fine 

aggregate.  

FILLER CHARACTERIZATION  

Filler (aggregate passing #200 sieve) size and density are important variables 

which impact filler-binder interaction. At mixing temperatures, the filler floats in the 

viscous binder and forms a colloidal which lubricates the coarse and sand components 

during the mixing and compaction process. The filler-binder medium is responsible for 

cohesion in the asphalt mix and therefore influences the rutting and cracking properties as 

explained earlier. Because CAM is a fine mix with considerable filler content it is 

important to characterize the filler particles. Filler characterization was done by two 

different approaches: Rigden voids evaluation and Hydrometer testing.  

Rigden Voids Evaluation 

Rigden (1947) described the volumetric properties of dry compacted fillers. 

Fillers compacted to maximum density without breaking the particles will have some air 

voids entrapped in the filler particle skeleton. The bitumen required to fill these entrapped 

voids is called fixed bitumen as shown in Figure 3.1. The bitumen in excess of the fixed 

bitumen is called free bitumen and it is used to lubricate the filler particles within the 

filler-binder medium as shown in Figure 3.1. Rigden hypothesized that the filler-binder 

mix with a bitumen content less than that of the fixed bitumen content (which is a bare 

minimum binder volume required to fill the voids inside the filler) becomes stiffer and 

results in dry mastic. Hence, the determination of voids in the mineral filler (Rigden 
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voids or bulk density of mineral filler) is essential required to calculate the free binder 

content.  

 

Figure 3.1 Filler-binder spatial model (Anderson, 1987) 

The Rigden apparatus was used to calculate the voids in the filler and it is shown 

in Figure 3.2. The apparatus consists of a small compaction hammer and a filler holding 

mold with perforations at the bottom to prevent entrapped air. Filter paper is used in order 

to avoid the passage of the filler particles through the perforations. About 1.0 to 1.3 gm 

of filler is compacted using a 100 gm hammer falling freely from a height of an inch 

using 25 blows.  
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Figure 3.2 Rigden compaction hammer 

The following filler properties are calculated using the data collected during the test.  

     
       

   
 

     
   

      
     

              

Where, 

    Volume of Filler 

    Volume of free binder 

     Percent bulk volume of filler 

   Volume of Binder 

    Bulk volume of compacted filler 

     Percent voids in compacted filler (Rigden Voids) 

     Percent free binder  
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Table 3.8 shows the Rigden voids for all the fillers used in the CAM mixes 

prepared from the different aggregate sources. The fillers from the Feld, Lone Star and 

Luckett sources were not tested because the fine aggregate stockpiles were not used in the 

mix design of CAM.  

Table 3.8 Rigden voids of CAM fillers 

# Quarry Producer AVG 

1 Murphy Fordyce 29.72 

2 Marble Falls Capitol 34.00 

3 Beckmann Martin Marietta 38.89 

4 Solms Road Martin Marietta 34.22 

5 Spicewood Vulcan 42.44 

6 Yearwood R.T.I. 38.91 

7 Feld Texas Crushed Stone - 

8 Burnet Hanson 36.66 

9 1604 Vulcan 31.70 

10 Lone Star Dean Word - 

11 Mico # 68 Lattimore 30.16 

12 Pit 365 Mine Service 37.81 

13 Tehuacana Vulcan 37.81 

14 Luckett Trinity - 

 

Hydrometer Analysis 

The hydrometer test is generally used to establish the particle size distribution in 

fine soils (clays and silts). ASTM D 422 was followed for hydrometer analysis in the 

present study. The test uses the technique of sedimentation in a long vertical cylinder of 

specific diameter. The hydrometer results are obtained as per the calculations given in 

ASTM D422. The diameter of the particle is calculated for each hydrometer reading 
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taken at various time intervals starting from the onset of the sedimentation process. The 

following equations from ASTM D422 are used in this calculation.  

  √[             ][  ⁄ ] 

Where,  

D = Diameter of the particle (mm) 

n = Coefficient of Viscosity of the suspending medium (water) in poises  

L = Distance from the surface of the suspension to the level at which the density of the 

suspension is being measured, cm.  

T= Interval of time from beginning of sedimentation to the taking of the reading, min 

G = Specific gravity of soil particles, and 

   = Specific gravity of suspending medium (value is 1.000 for all practical purposes)  

The percentage of soil remaining in suspension at the level at which the hydrometer is 

measuring the density of the suspension is calculated as follows.  

  [          [        ]       

Where, 

P = percentage of soil remaining in suspension at the level at which hydrometer os 

measuring the density of the suspension 

R = Hydrometer reading (151 H hydrometer in this case) 

W = Oven dry mass of soil in a total test sample represented by mass of soil dispersed 

G = Specific gravity of the soil particles  

  = Specific gravity of suspension medium  
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The particle distribution obtained for the various filler types tested is shown in 

Figure 3.3. The percentage of particles in suspension at varying time intervals from the 

start of sedimentation (which corresponds to the different sizes of filler particles) is 

plotted. The percentage of particles in suspension with less than 10 micron size was 

selected as a filler characterizing parameter in the present study. It is interesting to see a 

significant difference in the hydrometer particle distribution for Burnet and Marble Falls 

aggregates when compared with other fillers. It was found that fillers with a high 

percentage of very fine material require higher binder contents. 

 

Figure 3.3 Hydrometer particle distribution 

AGGREGATE GRADATION 

The individual properties of the aggregates are not sufficient to describe their 

influence on asphalt mixture performance. Aggregate gradation plays a vital role in 

mobilizing the properties of the individual aggregate particles. In general, a blend of two 

aggregate stockpiles (including screenings and D/F blend) in specific proportions is used 



 41 

to obtain a CAM mix with gradation complying with the current specification limits 

(TXDOT Special Specification 3165). The gradations obtained for various blends using 

different aggregates sources are shown in Figure 3.4. The CAM gradations used in the 

present study are similar but differ slightly in terms of filler and sand contents.  

 

Figure 3.4 Gradations of CAM blends 

The Richardson triangle shown in Figure 3.5 is used to classify asphalt mixtures 

based on the dust (filler), sand and coarse aggregate components in the mix. Mixtures 

with coarse skeletons (such as SMA and PFC) generate aggregate interlock through 

stone-on-stone contact. Mixtures with sand skeletal aggregate structure have coarse 

aggregates floating in the sand mastic. Mixtures with filler skeletons have higher filler 

contents and their aggregate structure is similar to that of sand skeletal mixes. CAM 

gradations have at least 50 percent passing the #8 sieve size which makes them fall under 

the category of sand skeleton. The coarse aggregates in these CAM mixes are floating in 

the sand mastic, which undermines the influence of coarse aggregates on performance. 
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Fine aggregates properties are expected to play a vital role in the stability of CAM mixes 

with sand skeletal gradation. 

 

 

Figure 3.5 CAM aggregate structure 
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Chapter 4: CAM mix design with local aggregates 

 The new mix design procedure for CAM with local aggregates was developed by 

refining the existing procedure. Evaluation of the existing procedure was required to 

identify and implement required changes. The first part of this chapter discusses the 

evaluation of the existing mix design procedure of CAM with a few local aggregates. The 

potential for rutting failure of the CAM mixes designed with existing specifications was 

identified using shear stress measurements with the Superpave gyratory compactor 

(SGC). Consequently, the essential refinements that may improve performance are 

recommended to be incorporated into the existing mix design procedure as will be 

detailed in the next chapter. The later part of this chapter discusses the performance test 

results of CAM in terms of cracking, rutting and moisture susceptibility. The 

relationships between the performance results and the corresponding volumetric 

properties are also described towards the end of the chapter.  

VOLUMETRIC DESIGN (TXDOT SS 3165) 

TxDOT Special Specification 3165 was used for the initial mix design of CAM 

with local aggregates. It recommends 50 gyrations as the design number of gyrations and 

optimum binder should be selected to achieve 2% voids in the mix (VIM) or 98 percent 

relative density as mentioned in Chapter 2.  

Six aggregate sources with PG 76-22 binder were initially used for validating the 

suitability of the current CAM specification for local aggregates in this study. In order to 

determine the optimum asphalt content for the CAM mixes, all aggregate blends were 

compacted with varying asphalt contents. Two specimens were compacted for each 



 44 

mixture type. A Servopac SGC with the capability to measure the shear stress was used 

for these compactions. The mixtures were subjected to short term oven aging for 2 hours 

prior to compaction as per Tex-241-F. Anti-stripping agent (lime) was also added at 1% 

by mass to all the mixtures.  

Figure 4.1 through Figure 4.6 show compaction characteristics for a total of 

twenty six (six aggregate sources types with varying filler and asphalt contents) CAM 

mixtures. The curves were plotted with density of the specimen (%Gmm) against the 

number of gyrations. The figures indicate the asphalt contents at which the mixes were 

compacted. These density curves are indicators of the compaction process and relate to 

compaction of the mix during construction and in service. The higher initial slope of 

these curves indicates that these CAM mixes were compacting with more ease in the 

beginning of the compaction. The voids in the mix were closing up very rapidly within 

the first ten to fifteen gyrations for most of the CAM mixes. Subsequently, the 

compaction slope was becoming closer to zero and such flattening of density curves is 

due to increased resistance to compaction, which is mainly due to closure of voids in the 

mix. A typical compaction in any asphalt mix involves breakage of aggregates with 

further compaction beyond this point of closure. However, in the case of CAM mixes 

there was no evidence of such aggregate breakage. Instead, the air voids within the sand 

skeletal aggregate structure were completely filled with asphalt. Such overfilled CAM 

mixes are susceptible to bleeding and shear failures in the field. It can be seen that mixes 

with lower asphalt contents were not overfilled with asphalt content. 
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Figure 4.1 %Gmm Vs number of gyrations for Fordyce gravel mix 

 

Figure 4.2 %Gmm Vs number of gyrations for of Marble Falls mix 
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Figure 4.3 %Gmm Vs number of gyrations for of Beckmann mix 

 

Figure 4.4 %Gmm Vs number of gyrations for of Solms Road mix 
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Figure 4.5 %Gmm Vs number of gyrations for of RTI mix 

 

Figure 4.6 %Gmm Vs number of gyrations for of Spicewood mix 
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Loss in Shear Resistance 

Anderson et.al (2002) attempted to determine the relationship between mix 

properties measurable during Superpave gyratory compaction and rutting performance of 

the pavement in service. Analysis of compaction data indicated a good correlation 

between resistance to permanent deformation and the number of gyrations at maximum 

shear stress (Anderson et al, 2002). They also recommended further research as the above 

parameter seems to be promising in identifying rut resistant mixes.  

The Servopac gyratory compactor applies a constant vertical stress of 600 kPa in 

addition to a shearing action through an angle of 1.25 degrees which is constantly 

maintained. The compactor used in the present study has the capability of measuring 

shear resistance offered by the asphalt specimen during the compaction process. Pressure 

transducers installed in the pressure lines of the three gyratory actuators enable the 

measurement of shear resistance (Anderson et.al, 2002).  

Figure 4.7 through Figure 4.12 shows the shear stress variation during the 

compaction process for all the above twenty six CAM mixtures. It was interesting to 

observe consistent shear failures during the compaction in most of the CAM mixes tested 

as part of initial mix design. The shearing reaction increased with number of gyrations 

and reached a peak beyond which it decreased. The reduction in shearing reaction 

indicates the material‟s inability to resist the applied shear force. Based on this finding it 

is evident that poor CAM performance in rutting is expected with the current mix design 

procedure. The number of gyrations to reach the peak shear reaction was found to be 

varying in different CAM mixes. However, in most of the cases (especially with higher 

asphalt content) it was close to ten gyrations. In general, both overfilling (flattening of 
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density curve) and the peak shear stress occurred at about the same number of gyrations. 

A possible explanation behind this process is discussed below.  

An asphalt mix has three major components: aggregates, binder and entrapped air. 

During the compaction process, a given volume of asphalt mix is compressed into the 

compaction mold to a smaller volume. Consequently, a portion of entrapped air (VIM) in 

a given mass of the asphalt mix is displaced by the asphalt viscous liquid under 

compaction at constant stress.  For instance, the above volumetric results demonstrate the 

overfilling of asphalt binder in the available air voids. During further compaction beyond 

the closure of air voids (close to 0% VIM), entrapped incompressible binder starts 

exerting pressure on the aggregates. Moreover, the increased volume of binder at higher 

temperatures further increases the pressure on aggregates. The pressure exerted would be 

an internal stress similar to the pore water pressure buildup in saturated soils. Such 

internal stresses reduce the shear capacity of the mix and thereby render the mix more 

susceptible to rutting failure. A similar theoretical concept from soil mechanics is 

Terzaghi‟s principle which suggests that the effective strength reduces with an increase in 

pore pressure. 
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Figure 4.7 Shear curves of Fordyce gravel PG76-22 mix 

 

 

Figure 4.8 Shear curves of Marble Falls mix 
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Figure 4.9 Shear curves of Beckmann mix 

 

Figure 4.10 Shear curves of Solms Road mix 
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Figure 4.11 Shear curves of RTI mix 

 

 

Figure 4.12 Shear curves of Spicewood mix 
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Optimum Binder Content 

Optimum binder content was initially selected in accordance with Special 

Specification 3165 for 98% density at 50 gyrations. Some of the CAM aggregate blends 

were designed at 97%, specifically to reduce the optimum binder content of these mixes 

to control over filling. Table 4.1 indicates the optimum asphalt contents selected for each 

aggregate. The Fordyce gravel with PG 70-22 binder has the lowest optimum binder 

content (less than 7%). The ease of compaction at softer binder grades causes the voids to 

close rapidly at very low number of gyrations, thus resulting in a lower optimum binder 

content. On the other hand, the CAM blend with Texas Crushed Stone aggregate and 

Vulcan Materials (from Tauhucana) fine aggregates has the maximum optimum binder 

content which can be due to a larger fraction of filler content (passing #200). It is 

interesting to see that most of the aggregates have a minimum optimum binder content 

above 7%, which is the minimum asphalt content as per the current CAM specification. 
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Table 4.1 Optimum binder content 

Sl.No

. 
Aggregate Source  

Optimu

m 

Binder 

content  

Density 

@ 

Ndesig

n (%) 

1 Fordyce (at Murphy) (PG 76 -22) 7.1 98 

1 Fordyce (at Murphy) (PG 70 -22) 5.8 98 

2 Capitol (at Marble Falls) (PG 76 -22) 7.2 98 

4 Beckmann  (Martin Marietta Mtrls) (PG 76 -22) 8.0 98 

5 Martin Marietta Mtrls (at Solms Road ) (PG 76 -22) 7.2 98 

6 R.T.I. Materials (at Yearwood) (PG 76 -22) 7.1 98 

7 Vulcan Materials (at Spicewood) (PG 76 -22) 8.4 98 

8 Lattimore Materials (at Mico#68) (PG 76 -22) 7.8 97 

9 Vulcan Materials (at Loop1604) (PG 76 -22) 7.1 97 

10 Hanson Aggregates (at Burnet) (PG 76 -22) 7.6 97 

11 
Trinity Mtrls.(at Luckett) & Vulcan (Tehuacana) (PG 76 -

22) 
7.3 97 

12 Tex Cr. Stone (at Feld) & Vulcan (Tehuacana) (PG 76 -22) 10.0 97 

13 
Dean Word Co. (at Lone Star) & Mine service Ltd. (PG 76 

-22) 
8.8 97 

14 Mine Service Ltd. (at Pit 365) (PG 76 -22) 9.0 97 

PERFORMANCE TESTING  

Hamburg Wheel Tracking Device 

The Hamburg Wheel Tracking Device (HWTD) was used to evaluate the rutting 

performance of CAM mixes as specified in TxDOT current CAM specification (SS 3165) 

using TxDOT test procedure Tex-242-F. A total of ten different CAM mixes were 

prepared from various aggregates sources at their corresponding optimum binder 

contents. Two (four gyratory compacted) HWTD specimens each with 93±1 % air voids 

and 63±1 mm high were used. The number of cycles to failure is defined as number of 

cycles required for a half-inch rut depth.  
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The results of the HWTD tests on the different CAM mixes in the study are 

summarized in Table 4.2. It is to be noted that Fordyce, Marble Falls, and Beckmann 

mixes are tested at multiple asphalt contents. In addition to cycles to failure, the table also 

includes other HWTD rutting parameters such as the creep and stripping slopes, cycles at 

the stripping inflection point (SIP), the deformation at 5,000 cycles and the deformation 

at the SIP. Figure 4.4 illustrates these parameters. The SIP is defined as the number of 

cycles at the intersection of the creep and stripping slopes. 

The HWTD results indicate poor rutting performance of the CAM mixes with 

local aggregates. In general, CAM failed before achieving 10,000 cycles with most of the 

aggregate sources. CAM prepared using Burnet aggregate sources sustained 20,000 

cycles (although about 12mm rut depth was obtained) at an optimum asphalt content of 

7.6%, which was selected using the 97 percent density criterion at 50 gyrations. The 

Burnet aggregates, however, had excellent properties – higher angularity and surface 

texture along with low filler content compared to the other mixes. This emphasizes the 

importance of evaluating potential relationships between aggregate properties and 

performance. 
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Table 4.2 HWTD results 

Mix AC,

% 
Cycles Creep 

Slope 
Stripping 

Slope 
Stripping 

Inflection 

Point 

Rut depth 

at 5,000 

cycles 

Rut depth 

at 

Stripping 

Inflection 

Point 
Fordyce 6.0 10,800 0.0004 0.0016 4,800 3.7 3.5 

7.0 9,433 0.0005 0.0016 3,500 5.4 3.5 

8.0 7,550 0.0007 0.0021 3,600 7.0 4.8 

Marble Falls  6.0 20,000 0.0002 0.0013 11,350 2.1 3.5 

7.0 12,550 0.0004 0.0014 7,350 3.6 5.0 

8.0 10,300 0.0007 0.0013 5,400 5.9 6.3 

Beckmann 6.0 11,250 0.0004 0.0014 4,050 3.6 2.9 

7.0 10,250 0.0004 0.0016 3,150 2.6 5.5 

8.0 8,750 0.0006 0.0015 2,150 6.7 2.7 

Solms Road 7.2 7,150 0.0009 0.0018 2,950 8.9 4.5 

RTI 7.1 6,050 0.0008 0.002 1,150 9.2 2.4 

Spicewood 8.4 7,800 0.001 0.0017 3,900 7.5 5.8 

Lattimore 7.8 8,100 0.0006 0.0017 2,000 2.3 6.4 

1604 7.1 10,500 0.0005 0.0014 2,600 5.5 2.5 

Burnet 7.6 20,000 0.0003 0.0006 11,200 3.8 5.8 

Luckett/Tehuacana 7.3 10,200 0.001 0.001 NA 7.0 NA 

 

 

Figure 4.13 HWT parameter definitions 
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Failure of the CAM tested in the HWTD may be categorized as severe. Shoving 

and stripping are major modes of failures.. The maximum deformation was observed at 

the edges of the specimens along the wheel path, where the wheel comes to a complete 

stop and changes direction. The fine graded sand skeletal CAM blends cannot support 

heavy loads for longer durations at higher temperatures, resulting in shoving. Figure 4.5 

and Figure 4.6 show plots of HWTD rut depth and number of cycles indicate stripping 

initiation at very low number of cycles. Stripping of coarse and fine aggregate in all the 

CAM mixes was visually evident. Despite the inclusion of an anti-stripping agent (1% 

lime), stripping was the failure mode consistently for all the CAM mixes. A possible 

stripping mechanism during wheel tracking of CAM mixes is discussed below. 

 

Figure 4.14 HWT of Fordyce gravel with PG 76-22 (6% and 8% asphalt content) 
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Figure 4.15 HWT of Marble Falls limestone with PG 76-22 (6%, 7% and 8% asphalt 

contents) 

  At the beginning of the test, both HWTD specimens have 7% air voids. The 

probability of moisture ingress into the specimens during the conditioning period (30 

minutes at 50 degrees Celsius) is high because of two reasons: (1) 7% air voids in the 

specimens and (2) higher conditioning temperature. The high number of interconnected 

pores can be expected in a specimen with higher air voids, which facilitates the moisture 

ingress into the specimen.  Additionally, the hot water (50 degrees Celsius) with reduced 

surface tension accelerates the moisture ingress through the interconnected micro pores 

within the specimen.  Specimens are compacted (densified) very rapidly under the heavy 

steel wheel loads. During this process the air voids are closed very rapidly because of the 

sand skeletal structure of CAM mixes. The moisture already entrapped in the air voids 

during the conditioning phase may now be generating very high pore pressures due to 

densification. The pore pressures acting on the aggregates may have the capability to strip 
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the binder off the aggregate. This suggests that a stronger anti-stripping agent is required 

for these CAM mixes.  

The HWTD results highlight the fact that CAM with local aggregates is highly 

susceptible to moisture damage and shoving.  

Deviation from Tex 242 –F HWTD test procedure 

In general, CAM mixes in the field are compacted to 94% relative density 

(especially in surface applications). Hence, the suitability of current HWTD specification 

is arguable for thin CAM overlays. HWT specimens with 4  % air voids were tested 

instead of conventional specimens (7  % air voids) to quantify the influence of air voids 

on rutting performance. CAM mixes are generally placed in very thin lifts of about one 

inch to one and half inches thickness. Hence, another pair of specimens with one inch 

height was tested to investigate the suitability of thin specimens.  Base specimens for 

supporting one inch specimens were prepared with 1.5 inch height using a rut resistant 

asphalt mix. 

The results of HWTD tests on these specimen are shown in Figure 4.17, which 

indicates that there was no influence of air voids on performance. This suggests that the 

requirement on the specimen air voids does not necessarily have to be changed to 96%, as 

it has no influence on HWTD performance. The rapid densification and moisture failure 

as indicated previously may be the main reason behind this finding. On the other hand, 

the thickness had a considerable impact on performance. The thinner specimen failed 

more rapidly than the thicker specimen, which suggests that the current HWTD criterion 

is overestimating the CAM laboratory rutting performance. The CAM mixes applied on 
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cracked concrete pavements (or any other base with higher stiffness) may be highly 

susceptible to rutting.  

 

Figure 4.16 HWT tracking of Marble Falls II (with higher filler) with varying thickness, 

density 

Overlay Tester 

The Overlay Tester (OT) was used in the present study for cracking performance 

evaluation of CAM, in accordance with TxDOT test Method Tex-248-F. Current CAM 

cracking performance criteria require at least 750 cycles for 93 percent stress reduction in 

the Overlay Tester. Table 4.5 summarizes the cracking test results for all the aggregates 

tested in the present study. The average of three overlay test cycles (for 93% stress 

reduction) is reported for different aggregates along with their coefficient of variation 

(COV). Aggregates from Fordyce, Marble Falls and Beckmann sources are tested at three 

different asphalt contents whereas other aggregates are tested at their optimum binder 

contents. 
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Table 4.3 Overlay test results 

Mix AC, % Tests Mean Stdev COV, % 
Fordyce 6 3 5 0 0.0 

7 3 31 2 5.0 
8 3 286 168 58.8 

Marble Falls  6 3 138 101 72.9 
7 3 557 188 33.7 
8 3 1,200 0 0.0 

Beckmann 6 3 31 7 21.2 
7 3 125 59 47.1 
8 3 479 241 50.3 

Solms Road 7.2 3 573 161 28.1 
RTI 7.1 3 167 78 46.8 

Spicewood 8.4 3 1,104 166 15.1 
Lattimore 7.8 3 386 287 74.3 

1604 7.1 3 95 35 36.8 
Burnet 7.6 3 1,200 0 0 

Luckett/Tehuacana 7.3 3 423 248 58.7 

 

In general, most of the CAM mixes failed to meet the current OT cracking 

criterion. The CAM prepared using Spicewood and Burnet aggregates (Class B 

aggregates) sustained the required number of OT cycles at optimum binder content. It is 

interesting to see a high coefficient of variation (COV) for fine graded CAM mixes that is 

typically associated with the OT testing of dense-graded mixes.  
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Chapter 5: CAM specification refinements 

In this chapter a few refinements are recommended for the mix design procedure 

of CAM with local aggregates along with revised performance criteria. The later part of 

the chapter presents a correlation study between various aggregate properties and CAM 

performance to identify the aggregate properties with a significant influence on 

performance. Aggregate guidelines are also developed towards the end of the chapter for 

selecting suitable aggregate sources for use with CAM.  

SPECIFICATION REFINEMENTS IN CAM MIX DESIGN 

The essential volumetric properties in asphalt mix design are Voids in The Mix 

(VIM), Voids in the Mineral Aggregates (VMA) and Voids Filled with Asphalt (VFA). 

In general, asphalt mix design specifications are based on these volumetric properties. 

Under the current mix design procedure for CAM, 2% VIM for 50 design gyrations is 

specified for selection of optimum binder content. This was causing overfilling of asphalt 

in CAM mixes with local aggregates as presented in Chapter 4. A plot between volume of 

effective binder and VIM is shown in Figure 5.1 to further understand this overfilling 

process. The two dashed black lines represent lines of equal VMA. The red line 

corresponds to the path of densification. In this case, the asphalt content is selected to 

allow the densification to 98% percent with a minimum VMA of 17%. Blue lines 

represent lines of equal VFA ranging from 70 to 90 percent. CAM compacted to a 2 

percent air voids cannot achieve a VFA less than 85 percent based on the point of 

intersection shown in Figure 5.1. Hence, overfilling is inevitable with such high VFA 

levels in CAM mixes with the existing specification. A possible alternative to avoid the 
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overfilling is to increase the design air voids to 3% which ensures a lower VFA based on 

Figure 5.1. Additionally, further increasing VMA helps in providing more space for a 

given binder content and thereby reducing overfilling. Figure 5.1 suggests that a 

minimum VMA level of 18% ensures a lower VFA level.  

 

Figure 5.1 Design chart with CAM volumetric criterion (Smit et al, 2011) 

It is important to relate the performance with the mix design parameters for 

developing mix design guidelines. Figure 5.2 shows variation in HWTD and OT 

performance with different densities at design number of gyrations. The plot indicates 

that HWTD results are not sensitive to the density level at design number of gyration, 

whereas the OT results are significantly sensitive. The higher design density corresponds 

to higher binder content and thereby improves the cracking resistance. It is interesting to 

see that both the trend lines (HWTD and OT) intersect at 97% density level, which 

suggests it as the design density level to optimize both rutting and cracking resistance. A 

similar plot is shown in Figure 5.3 with the shear stress parameter in place of HWTD 
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rutting. Significant sensitivity of shear stress values with respect to the design density 

was evident. Based on the above discussion 97% design density may be regarded as a 

qualified recommendation. 

 

Figure 5.2 Comparison of HWT and OT with compaction density (Smit et al, 2011) 

 
 

Figure 5.3 Comparison of shear strength and OT with compaction density (Smit et al, 

2011) 
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Table 5.1 shows a summary of CAM volumetric and performance measures from 

different aggregate sources tested as part of the present thesis. The table presents %Gmm 

at two different compaction levels, VMA & VFA at the design number of gyrations (50), 

HWTD and OT performance data and peak shear stress measures obtained from the SGC. 

An average VMA level of 18% is observed commonly in all the CAM mixes shown in 

the Table 5.1. Hence, the VMA level of 18% can be regarded as achievable in these 

CAM mixes, which further reinforces the earlier proposal for a minimum VMA level of 

18%.  

Table 5.1 Summary of CAM volumetric and performance measures 

 AC %Gmm 

@50 

%Gmm 

@75 

VMA 

@50 

VFA 

@50 

HWT OT SS 

Fordyce 6 91.2 91.4 21.4 54.4 10,800 5 341 

7 96.2 96.4 18.8 79.7 9,433 31 324 

8 98.7 98.8 18.4 92.9 7,550 286 229 

Marble Falls  6 96.0 97.3 17.7 77.6 20,000 138 731 

7 98.4 99.6 17.8 91.2 12,550 557 578 

8 99.4 99.8 19.0 96.9 10,300 1200 332 

Beckmann 6 94.0 95.9 18.8 68.1 11,250 31 727 

7 94.8 96.8 19.7 73.7 10,250 125 724 

8 97.9 99.8 19.4 89.0 8,750 479 606 

Solms Road 7.2 96.4 97.8 21.1 82.9 7,150 573 707 

RTI 7.1 94.6 95.9 17.2 68.8 6,050 167 628 

Spicewood 8.4 98.4 98.6 20.4 91.9 7,800 1104 315 

Lattimore 7.8 96.1 97.4 17.0 77.6 8,100 386 675 

1604 7.1 96.3 97.3 17.7 78.9 10,500 95 609 

Burnet 7.6 96.3 97.5 19.9 81.3 20,000 1200 726 

Luckett/Tehuacana 7.3 97.6 97.7 18.0 86.6 10,200 423 218 

 

Since asphalt mix continues to compact under traffic loading post construction, 

there is a risk of overfilling during the later part of the mixes life, so it is important to 
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ensure that the risk of overfilling is avoided during the design life of the overlay. The 

density level at 75 gyrations may correspond to a future field density after many years in 

service. Hence, a restriction on density at 75 gyrations may resolve the post construction 

overfilling problem. An additional criterion restricting the compaction density at the 

maximum number of gyrations (75) is recommended. In this regard, the average 

difference between the compaction density levels at 50 gyrations and 75 gyrations is 

calculated and found to be one percent. A density of 98 percent may be a realistic option 

based on the data in Table 5.1.  

In conclusion, the following recommendations are made for the design of CAM 

mixes with local aggregates. These recommendations are based on limited volumetric 

designs and laboratory performance testing. Nevertheless, the consistency of the CAM 

behavior with different aggregates supports the following recommendations.  

1. The design VIM at 50 gyrations for CAM is recommended to be increased from 2 

to 3 percent. The resultant lower optimum asphalt content would arrest the 

overfilling and improve shear resistance. It is also recommended to maintain a 

VIM of at least 2% at the maximum number of gyrations (75 gyrations). 

2. The minimum design VMA is recommended to be increased from 17% to 18%. 

The increased VMA allows for more voids within the mix for a given asphalt 

content. Thus, it contributes towards reducing overfilling and thereby improving 

shear resistance.  

3. Most of the CAM mixes which exhibited shear stress failure in the compaction 

trials did not perform well in the HWTD. Hence, it is recommended to ensure that 
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there is no shear stress failure during the compaction of CAM before applying the 

design number of gyrations (50).  

Modified Performance Criteria 

The current performance criteria specified for CAM mixtures is in terms of both 

Hamburg Wheel Tracking Device (i.e., less than 12.5 mm after 20,000 cycles for 

mixtures with PG 76-22) and Overlay Tester (i.e., more than 750 cycles for a 93 percent 

stress reduction).  

The HWTD results for CAM indicate that the mixes tested, in general, fail before 

reaching 10,000 cycles. This level of performance is acceptable for dense-graded mixes 

with PG 64-22 binders. Increasing the design VIM to 3 percent at 50 gyrations will result 

in lower optimum asphalt contents with improved rutting resistance – it is anticipated that 

these mixes will therefore be appropriate for applications similar to dense graded HMA 

with PG 64-22 binders. Low temperature regions and low volume traffic areas may be 

suitable for CAM construction using local aggregates. The variability of the Overlay 

Tester raises the credibility issues in developing a performance criterion. Indeed, there 

was no specific reason for changing the current cracking performance criterion. The 

revised performance criterion is given below.  

1. HWTD cycles (regardless of binder PG grade) >= 10,000 at 12.5 mm rut  

2. Overlay Tester cycles > = 750 to 95% stress reduction.  
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RELATION BETWEEN AGGREGATE PROPERTIES AND PERFORMANCE 

CAM mixes can be distinguished using aggregate, filler, gradation and mix 

related properties. A list of such properties used in the present study to characterize CAM 

mixes is given below.  

1. Coarse and Fine Aggregate Properties: 

a. Rated Source Los Angeles Abrasion (RSLA) 

b. Rated Source Soundness Magnesium (RSSM) 

c. Rated Source Micro-Deval (RSMD) 

d. Rated Source Acid Insoluble (RSAI) 

e. Sphericity (AIMS) 

f. Surface texture (AIMS) 

g. Coarse aggregate angularity  (AIMS) 

h. Fine aggregate angularity (AIMS)  

i. Fine aggregate angularity (Super pave) 

2. Filler Properties 

a. Rigden Voids  

b. Percentage of particles finer than 10 microns (Hydrometer test result) 

3. CAM Blend Properties  

a. Fineness modulus (a measure of fineness of an aggregate blend based 

on cumulative percentage passing through the standard sieves) 

b. Coarse component  

c. Sand content  
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d. Filler content  

e. F/B ratio 

f. Free binder 

 CAM performance indicators are obtained from HWTD and Overlay Tester data. 

Additional rutting performance indicators are obtained from the HWTD rut data apart 

from the number of cycles for 12.5 mm rut depth. 

A statistical correlation study was done to investigate the relationship between the 

various aggregate properties as listed and the performance of the CAM mixes in terms of 

rutting and cracking as measured using the HWTD and OT respectively. The strength of 

the relationship between aggregate/mix properties and performance is measured by the 

corresponding correlation coefficient. Several pairs of performance and aggregate/mix 

characteristics were evaluated for their relationship using correlations. Tables 5.2 and 5.3 

indicate a matrix of the above properties and the corresponding correlations found. A few 

important observations from the correlation analysis are discussed below. Most of the 

aggregate tested in the present study were limestones. The variability in aggregate 

properties measured from different samples should be kept in mind while drawing 

inferences about the relationship between those properties with CAM performance. 
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Table 5.2 Correlations between aggregate properties and performance 

  

HWTD 

cycles 

Creep 

slope 

Stripping 

slope 

Overlay  

cycles 

Aggregate Properties 

Rated Source Los Angeles Abrasion 

(RSLA) 0.01 -0.30 0.06 -0.25 

Rated Source Soundness Magnesium 

(RSSM) -0.23 -0.01 0.03 -0.27 

Rated Source Micro-Deval (RSMD) -0.24 -0.06 0.09 -0.34 

Rated Source Acid Insoluble (RSAI) 0.02 -0.06 -0.15 -0.42 

Sphericity (AIMS) -0.53 -0.03 0.48 -0.74 

Surface texture (AIMS) 0.35 -0.08 -0.17 0.63 

Coarse aggregate angularity  (AIMS) 0.46 -0.64 -0.14 -0.13 

Fine aggregate angularity (AIMS)  0.61 -0.28 -0.65 0.18 

Fine aggregate angularity (Super pave) 0.61 -0.26 -0.51 -0.19 

Filler Properties 

Rigden Voids  -0.07 0.54 0.09 0.62 

Percentage of particles finer than 10 

microns (Hydrometer test result) -0.49 0.19 0.31 -0.16 

CAM Blend Properties 

Fineness modulus  -0.41 0.34 0.41 0.11 

Coarse component  0.08 0.27 -0.26 0.45 

Sand content  -0.12 0.08 0.06 0.48 

Filler content  -0.51 0.48 0.54 0.04 

F/B ratio -0.49 0.41 0.56 -0.18 

Free binder  0.52 -0.49 -0.54 0.07 
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Table 5.3 Correlations between aggregate properties and performance 

 

Cycles at 

Stripping 

inflection point 

Deformation 

at 5000 

cycles 

Deformation at 

stripping 

inflection point 

Aggregate Properties 

Rated Source Los Angeles Abrasion 

(RSLA) -0.18 -0.12 -0.32 

Rated Source Soundness Magnesium 

(RSSM) -0.48 0.14 -0.70 

Rated Source Micro-Deval (RSMD) -0.50 0.06 -0.56 

Rated Source Acid Insoluble (RSAI) -0.01 -0.08 -0.16 

Sphericity (AIMS) -0.57 0.00 -0.44 

Surface texture (AIMS) 0.49 -0.22 0.64 

Coarse aggregate angularity  (AIMS) 0.54 -0.37 0.23 

Fine aggregate angularity (AIMS) 0.62 -0.54 0.57 

Fine aggregate angularity (Super pave) 0.58 0.00 0.16 

Filler Properties 

Rigden Voids 0.11 0.53 0.12 

Percentage of particles finer than 10 

microns (Hydrometer test result) -0.58 0.32 -0.56 

CAM Blend Properties 

Fineness modulus -0.24 0.51 -0.37 

Coarse component 0.04 -0.25 0.62 

Sand content 0.01 0.14 -0.06 

Filler content -0.45 0.52 -0.22 

F/B ratio -0.44 0.53 -0.28 

Free binder 0.47 -0.57 0.31 
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Aggregate properties 

Los Angeles abrasion value (RSLA) and Acidic insolubility value (RSAI) are 

found to be uncorrelated with any of the CAM performance parameters related to rutting 

and cracking. The sand skeletal structure of CAM may undermine the influence of the 

coarse aggregate toughness on performance, which may possibly lower the correlation of 

RSLA with performance. RSAI values are very similar for most of the local aggregates 

used in the present study with an exception of Fordyce aggregates (classified as Class 

‘A’), which may cast doubt on the validity of the corresponding correlation coefficients. 

The negative correlation between the stripping inflection point location parameters with 

RSSM and RSMD values is an important finding. It suggests a delay in stripping phase 

for CAM consisting of aggregates with lower RSSM and/or RSMD values.  

Most of the AIMS parameters are found to be correlated to performance 

indicators of both rutting and cracking. A negative correlation of AIMS sphericity value 

with most of the rutting performance indicators is an unexpected finding. In general, 

asphalt mix with spherical aggregates is expected to perform better than that of flakier 

aggregates. However, for sand skeletal mixes like CAM, the influence of coarse 

aggregate shape on performance may be negated. It is also interesting to see that 

sphericity is negatively correlated with overlay cycles. It is acknowledged that the AIMS 

sphericity values are very similar for aggregates considered in the present study, which 

limits the reliability of the conclusions regarding the AIMS sphericity.  

It is interesting to see a positive correlation between AIMS surface texture value 

and stripping inflection point location parameters. Hypothetically, stripping initiation 

may be dependent on the surface microtexture of the aggregate. The binder strips off 
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more readily from a smoother aggregate surface. Higher value of AIMS surface texture 

index corresponds to a rougher surface. Hence, it is reasonable to conclude that higher 

surface texture corresponds to delayed stripping initiation. The CAM mix with aggregates 

of larger surface texture value is expected to sustain more number of cycles before the 

stripping phase in the HWTD test.  

The total number of HWTD cycles is positively correlated with AIMS coarse 

aggregate angularity value, while a negative correlation is evident with the creep slope. It 

suggests that the rate and extent of deformation is lower for CAM mixes with angular 

coarse component. Intuitively, aggregate interlock is more probable with angular 

aggregates, which provides resistance to permanent deformation. It is noted that the 

coarse aggregate interlocking in a sand mastic structure is contingent on the number of 

contacts between the coarse aggregates. It is also interesting to observe the poor 

correlation between the post creep phase parameters such as stripping slope and coarse 

aggregate angularity. The aggregate stripping initiation beyond the creep phase reduces 

the integrity of the mix. This suggests that coarse aggregate angularity has no influence 

on the stripping phase parameters.  

AIMS fine aggregate angularity is found to be correlated with several rutting 

performance indicators. The number of cycles until failure in the HWTD test is found to 

be positively related to the angularity of fines (passing #8 sieve or smaller than 2.36mm) 

in the mix. It is interesting to see a poor correlation between creep slope and fine 

aggregate angularity, while coarse aggregate angularity is correlated. A strong correlation 

between the fine aggregate angularity and stripping slope highlights its importance during 
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the stripping phase. The stripping phase involves shear flow which depends largely on the 

fine aggregate portion of the sand mastic. Similar correlation results are obtained for fine 

aggregate angularity measured using the Superpave method. Despite the poor correlation 

between the AIMS fine aggregate angularity and Superpave fine aggregate angularity 

measurements, it is interesting to see a similar trend with respect to their influence on 

performance. 

Filler and Mix Properties 

The percentage of particles in filler which are finer than 10 microns is found to be 

negatively correlated with the rutting performance indicators, suggesting that finer 

particles in filler are detrimental to rutting performance. The finer particles have more 

surface area and thus absorb more asphalt resulting in lower binder film thickness over 

coated aggregates. In turn, it results in a reduction in both rutting and cracking resistance 

due to a loss of adequate cohesion.  The aggregate blend properties like coarse 

component, sand component and fineness modulus (FM) are found to be poorly 

correlated with most of the performance indicators. However, sand content is found to be 

positively correlated with overlay cycles.  

The negative correlation of filler content with the HWTD cycles and a positive 

correlation with both creep and stripping slopes was found. A similar trend is observed in 

terms of correlation between filler-binder ratio and CAM rutting performance. This 

suggests that high filler content is detrimental to rutting performance and needs to be 

strictly controlled during CAM design with local aggregates.  
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A portion of binder occupies the voids between the filler particles in a filler-

binder mixture. Any excess binder in a filler-binder mixture creates a floating condition 

for filler particles in the binder medium. The volume of binder in excess of the volume of 

voids in the filler is termed as free binder as explained in a previous chapter. Free binder 

is the binder available to coat the rest of the particles apart from the filler in an asphalt 

mixture. Free binder is found to be positively correlated with number of cycles and 

negatively correlated with the creep and stripping slopes. The correlations suggest that 

higher free binder is advantageous to CAM rutting performance. It is noted that the 

relationship between performance and free binder is in contrast to that of filler content. 

This is because higher filler content creates more volume of voids in the filler particle 

matrix and thereby reducing the freely available binder for a given asphalt content. The 

free binder content is the key for improving CAM rutting performance. It can be 

controlled during CAM mix design by restricting the maximum filler content of the mix 

for a given optimum asphalt content. 

AGGREGATE GUIDELINES  

A few refinements to the existing aggregate quality criteria, in terms of aggregate 

quality, are recommended based on the correlation analysis study of the aggregate and 

mix properties. Initially, all the aggregate properties which are correlated with 

performance are identified. The minimum aggregate quality requirements are developed 

based on the corresponding correlation plots. The new performance criteria are used 

along with engineering judgment in deciding acceptable properties of local aggregates for 

CAM. As an example, a correlation plot for soundness loss (RSSM) and HWTD cycles to 
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failure is shown in Figure 5.4. A minimum RSSM criterion is obtained by calculating the 

RSSM value (15% from figure 5.4) corresponding to 10,000 HWTD cycles, which is the 

new performance criterion established for CAM with local aggregates, using the trend 

line equation. A similar approach is used to develop guidelines for the other aggregate 

properties (RSMD, AIMS fine and coarse aggregate angularity value, percentage of 

particles smaller than 10 micron size and filler size) as well. A list of such minimum 

aggregate requirements is given below.  

 

Figure 5.4 Magnesium soundness Vs HWTD cycles 

1. Los Angeles abrasion does not appear to influence CAM performance and 

although the analysis was based on aggregates with a limited range in LA 

abrasion values, it is recommended that it not be considered a specification 

criterion for CAM with local aggregates.  

2. The current maximum allowable magnesium sulfate soundness loss  is 20 percent. 

A reduction is recommended to better control the aggregate for improved 
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performance. A maximum magnesium soundness loss of 15% for 5 cycles is 

recommended.  

3. The evidence of consistent stripping failures in the HWTD encouraged the use of 

Micro-Deval instead of Los Angeles abrasion test (current CAM specification). A 

maximum percentage loss of 15 percent in Micro-Deval abrasion is recommended 

for better quality control to avoid any possible stripping failures caused due to 

aggregate quality.  

4.  Current angularity and flakiness specifications do not need to be changed. 

However, inclusion of AIMS criterion that requires a minimum fine aggregate 

angularity of 4500 is recommended.  

5. The percentage of particles smaller than 10 micron size should not be more than 

30 percent. 

6. The filler content (passing #200 sieve) should not be more than 7 percent. 

(Current specification allows up to 10 percent).  

The above guidelines are based on limited aggregate testing and laboratory 

performance evaluation. Field validation of the above developed guidelines is essential 

before implementing them in the specification refinements. 
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Chapter 6: Summary and Conclusions 

The main focus of this study was the development of a mix design procedure and 

aggregate quality guidelines for CAM with local aggregates.  Several aggregate sources 

were identified and characterized in terms of their frictional, strength, and durability 

properties. The current CAM design procedure was thoroughly evaluated and refined to 

incorporate the use of local aggregates with suitable binders. The emphasis was on 

preventing rutting and flushing resulting from overfilling of binder in these mixtures. For 

successful application, the performance of these CAMs must satisfy both rutting and 

fatigue requirements. The current performance criteria in terms of HWTD and Overlay 

Tester are too severe for being applicable to CAM mixes with local aggregates. A 

reduction in the number of cycles to failure in the HWTD from 20,000 to 10,000 for 

acceptance purposes is recommended and was used in developing new aggregate 

guidelines. A correlation analysis was conducted relating aggregate properties and CAM 

performance in terms of rutting and cracking. Finally, aggregate quality guidelines were 

developed for CAM using local aggregates based on the correlation study.   

RESEARCH FINDINGS 

The most important research findings obtained during each stage of the research 

are summarized. It is to be noted that, the findings mentioned below are based on limited 

laboratory testing of local aggregates. Several findings, obtained as byproducts of the 

main research, are also mentioned. 
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Mix design and performance of CAM with local aggregates 

The density curves from CAM mix design highlighted a rapid closure of air voids 

followed by increased resistance to compaction at very low number of gyrations. A 

reduction in shear resistance was evident for most of those CAMs. The reduction in shear 

stress appears to be related to pore-pressure generated due to overfilling of effective 

binder in the voids. A reduction in design density and an increase in VMA allow more 

space (air voids) for a given optimum binder content. A criterion on density at maximum 

number of gyrations restricts the risk of overfilling with binder over the mixes design life 

due to further consolidation under traffic loading.  

Most of the CAM mixes with local aggregates failed severely in the HWTD test 

as well as Overlay test, with a few exceptions. The only CAM mix passing current 

HWTD criterion (20,000 cycles) and Overlay Tester criterion (750 cycles) is the mix with 

Burnet as the aggregate source (Hanson Aggregate). Creep slope, stripping slope, number 

of cycles and deformation at stripping inflection point were also measured from HWTD 

rutting data. Air voids in the specimen have no influence on the performance in the 

HWTD test for CAM mixes. It is observed that thinner specimens fail more rapidly than 

thicker specimens. Very high variability was evident in the overlay tester results even for 

fine CAM mixes.  

The failure of most of the CAMs in the HWTD suggested modifying the failure 

criteria of the test. The failure criterion for CAM mixes was reduced to 10,000 cycles in 

HWTD, while the recommendation for the Overlay Tester was unchanged from current 

criteria (750 cycles). The new performance criterion is acceptable for dense-graded mixes 
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with PG 64-22 binders. Hence, it is anticipated that these mixes will be appropriate for 

applications similar to dense graded HMA with PG 64-22 binders.  

Development of aggregate guidelines 

Aggregate specification in terms of magnesium soundness and Micro-Deval  is 

essential, while Los Angeles abrasion and acid insolubility criteria may not be as 

important for CAM mixtures prepared with local aggregates. Most of the AIMS 

parameters (sphericity, coarse and fine aggregate angularity and surface texture) are 

found to be correlated to performance indicators of both rutting and cracking. Despite the 

poor correlation between the AIMS fine aggregate angularity and Superpave angularity 

measurements, it is interesting to see the similar trend with respect to their influence on 

performance. Filler content is detrimental to rutting performance and needs to be strictly 

controlled during CAM design with local aggregates.  

RECOMMENDATIONS 

The recommended refinements to the current CAM mix design and aggregate 

guidelines, which are developed based on extensive laboratory testing in this study, are 

given below. Field validation of these procedures may warrant their immediate 

implementation in CAM specification.  

Mix Design Procedure 

It is recommended that CAM with local aggregates be designed using the 

Superpave gyratory compactor with shear measuring capability. These mixes are 

compacted by applying 75 gyrations, measuring both the densification and shear strength 

during compaction. This procedure will require determination of the maximum 
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theoretical density of the mixes at the varying asphalt contents and the bulk specific 

gravity of the aggregate blend. Hamburg Wheel Tracking Device (HWTD) and Overlay 

Tester (OT) tests should be run on the mix prepared at this OAC per standard procedures. 

The recommended mix design criteria as shown in Table 6.1 should be followed for 

CAM mixes with local aggregates.  

Table 6.1 CAM mix design criteria 

Criterion Level 

Relative density at Ndes (50 gyr) = 97 % 

Relative density at Nmax (75 gyr) <= 98 % 

Minimum VMA at Ndes >= 18 % 

No shear failure before Ndes Check shear stress curve 

Maximum VFA* at Ndes <= 85 % 

HWTD (regardless of binder PG grade) >= 10,000 cycles at 12.5 mm rut 

OT >= 750 cycles to 95 % stress reduction 

 

Ndes = Design number of gyrations = 50 

Nmax = Maximum number of gyrations = 75 

Aggregate Guidelines 

The aggregates used in the CAM mixes should meet the following quality specifications.  

 The maximum percentage loss in magnesium sulfate soundness test for 5 cycles 

should not be more than 15%.  

 A maximum percentage of Micro-Deval abrasion should not be more than 15 

 AIMS Fine aggregate angularity should not be less than 4500 

 The percentage of particles smaller than 10 micron size should not be more than 

30%. 

 The filler content should not be more than 7 percent. 
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FUTURE WORK 

Construction and monitoring of successful CAM mixes in the field with local 

aggregates is essential since the above recommendations are developed solely based on 

laboratory testing. The AIMS results highlight the fact that local aggregates have very 

low texture values. Hence, these fine mixes may have very low skid values due to lack of 

microtexture. Chip seal might be necessary over the CAM overlay mixes. Further 

research on such composite overlay construction can help improve sustainable 

construction practices as low quality aggregates are being consumed in the process. A 

new aggregate classification system based on aggregates tests including AIMS should be 

developed for screening local aggregates meeting volumetric and structural requirements.  
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