
 

 
 

ABSTRACT 

BOZORGI, ARASH. Understanding the Role of Morphology, Mineralogy, and Fabric on the 
Resilient Behavior of Aggregate Base Course (Under the direction of Dr. Brina Montoya and  
Dr. Cassie Castorena) 

Aggregate base course (ABC) layer is the main structural component of a flexible 

pavement. This layer is constructed by compacting aggregate without any binding, and it derives 

its stability from particle friction and aggregate interlock. The current specification for acceptance 

of ABC materials consists of a band-type gradation, and it is based on the assumption that the 

product will achieve the desired engineering performance as long as it meets the gradation 

specifications and is placed and compacted properly in the field. However, gradation of the ABC 

alone is insufficient to adequately capture the performance of the pavement during the service life. 

ABC behavior is affected by multiple factors such as aggregate properties, moisture, and 

fabric. In this research, a comprehensive approach was developed to incorporate easy to measure 

physical and morphological characteristics of the ABC into the design process and to evaluate the 

resilient behavior of ABC under different conditions. In addition, the NCDOT band-type gradation 

was analytically evaluated using aggregate packing theories. ABC materials from five different 

sources in North Carolina were used, and the current NCDOT specification to accept ABC was 

used as a reference specification. The material and behavioral testing, and analysis results were 

used to develop a relationship between the material properties and resilient modulus, which is a 

key input to mechanistic-empirical (ME) pavement design (i.e., Pavement ME Design) 

The findings of the project indicate that the resilient behavior of ABC materials is 

influenced by aggregate morphological properties such as angularity and texture and aggregate 

abrasion. Furthermore, mechanical tests showed that resilient modulus was insensitive to the 

gradation when inside the current NCDOT gradation specification. However, the analytical 

packing theories showed that within the NCDOT band-type gradation, coarser gradations have a 

better interlock between the particles and consequently is expected to have a better mechanical 

performance. 

To evaluate the influence of saturation level on the resilient behavior of ABC, a new testing 

procedure was adapted that more realistically represents the change in moisture in the field. Also, 

laboratory tests and estimation models were used to measure and estimate suction in ABC samples 

to explain resilient behavior of ABC due to change in moisture. According to the test results, the 



 

 
 

resilient modulus results for a wide range of degree of saturation are marginally different, 

indicating that the inherent variability of the material may have a higher effect than saturation level 

on the resilient modulus results for the sources studied. The results also indicated that the suction 

in the tested ABC samples were negligible, thus any change in the resilient behavior of ABC 

samples can be related to the lubrication effect of water in the samples. 

Finally, the laboratory preparation of ABC samples showed that compaction processes 

(e.g., impact compaction) can degrade ABC materials that are susceptible to crushing. To evaluate 

the effect of compaction method on the resilient behavior, laboratory tests were performed on ABC 

samples compacted by impact and vibratory compaction methods. The testing program was 

complimented by digital 2D image analysis on bound ABC samples which were prepared using a 

novel method. The results shows that the compaction process affects the resilient modulus of the 

ABC by changing the fabric of the material.  
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Chapter 1 Introduction 

One of the main structural components of a flexible pavement is Aggregate Base Course 

(ABC). The primary function of ABC is to distribute the repeated wheel load to underlying layers. 

The ABC layer response and performance are greatly affected by material properties, composition, 

and environmental conditions. 

1.1 Research Background 

ABC is the main structural component of a pavement and is constructed by compacting 

crushed aggregate without any binding (Huang 1993). This layer is located under the asphalt or 

concrete layers in flexible or rigid pavements, respectively. ABC layer is usually underlined by a 

relatively weak subgrade layer. Therefore, the main function of ABC is distribution the wheel load 

over the weaker subgrade soils.  

The current specifications for acceptance of ABC materials mainly consists of a band-type 

gradation specification that dictates the mass percentages of the individual particle sizes 

constituting the ABC. These specifications are based on the assumption that the product will 

achieve the desired engineering performance as long as it meets gradation specifications and is 

placed and compacted properly in the field. However, ABC material from different sources can 

meet these specifications as long as the material meets the graduation requirement, and they may 

have different material properties that may affect performance. Therefore, gradation of the ABC 

alone is insufficient to adequately capture the performance of the pavement during the service life. 

Hence, incorporating easy to measure physical and morphological characteristics of the ABC into 

the material specification merits investigation to improve the current specifications by linking 

easily measured ABC properties to their mechanical behavior. In addition, the band-type 

gradations in the specifications are developed experimentally based on the fact that these 

gradations result in the maximum density; however, there was a need to analytically validate the 

gradations.  

The mechanical behavior of ABC is assessed by resilient modulus (MR). MR is a complex 

aggregate property and is affected by multiple factors including gradation, moisture, and fabric. 

The effect of these factors on MR have been extensively studied previously, however, as the results 
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are of these studies contradict to some extent, further evaluating these the effect of these factors 

on MR merits investigation (Lekarp et al. 2000a).  

1.2 Research Objective  

The primary objective of this PhD research is to relate physical and morphological 

properties of ABC to their resilient behavior and evaluate the effects of gradation and saturation 

degree on resilient behavior of ABC through experimental investigations and numerical analysis. 

Detailed objectives are summarized as follow: 

 Analyze the effect of aggregate physical and morphological properties on the resilient 

behavior of ABC, 

 Evaluate the ability of packing theory frameworks to discriminate the mechanical 

performance of ABC based on MR values within an acceptable gradation band,  

 Evaluating the effect of change in the saturation degree on MR, 

 Evaluate the influence of fabric variability due to different compaction methods on MR. 

1.3 Research Scope  

The research work performed under the scope of this study consisted of mechanical testing 

and analytical modeling.  ABC material were collected from 5 different sources in the state of 

North Carolina. Laboratory tests were performed on the ABC materials to measure their physical 

and morphological properties. MR tests were performed on the ABC materials with several 

engineered gradations. The MR test results were used to relate the measured materials properties 

to the resilient behavior of ABC. Statistical analyses were also performed on the laboratory test 

results to investigate the significant properties affecting the MR values.  

Gradation is reported to be one of the factors affecting MR. In this study, the effect of 

gradation on MR was investigated within the NC gradation specification. In addition, the tested 

gradation were evaluated using recently developed packing theory frameworks. 

 Laboratory measured MR of ABC specimens can be influenced by the compaction method 

used to prepare the ABC sample. Therefore, two compaction methods, impact and vibratory 

methods, were used to investigate the effect of compaction method on MR. In this, MR tests were 

performed on ABC samples compacted by impact and vibratory methods. To further explain the 

differences in the MR test results, fabric of ABC samples was evaluated using the digital image 
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analysis. This study was performed on bound ABC samples that were prepared using a novel 

method. 

Finally, moisture is also reported to affect the resilient behavior of ABC. In this study, the 

effect of degree of saturation on MR of ABC was evaluated within a possible field saturation range 

for ABC. The evaluation was performed following a novel method in the US that stimulate the 

change in the saturation of ABC in the field. 

The research plan implemented in this dissertation and described herein is depicted in 

Figure 1-1. 

 

Figure 1-1. Research plan for current study, broken down into three categories:  

material properties, processes, and assessment (connected using solid lines). Current work 

connection to mechanistic-empirical design is also illustrated (dashed line). 

1.4 Outline 

Background information and literature review on the MR test, packing analysis of unbound 

granular material (UGM), compaction methods, and image analysis are presented in Chapter 2. 

The adopted research approach, including measuring aggregate physical and morphological 

properties and the description of mechanical testing, is presented in Chapter 3. In Chapter 4, the 

relationship between aggregate properties and the mechanical testing of ABC are discussed. This 

chapter also includes the influence of saturation level on the resilient behavior of ABC. Chapter 5 

discusses the effect of compaction method on the resilient performance of ABC, which is evaluated 

through experimental methods and image analysis of the fabric. Chapter 6 covers the analytical 

analysis evaluating several packing theories’ ability to predict MR.  Finally, research findings and 

future work are summarized Chapter 7.  
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- Resilient Modulus

- Fabric

ME Design

Processes
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Chapter 2 Literature review 

This chapter presents an overview of UGM characteristics and ABC layer behavior under 

repeated loading. The resilient deformation of UGM is introduced as the main factor in ABC layer 

design. The laboratory measurement test and factors affecting the resilient deformation of ABC 

are also thoroughly discussed. 

2.1 ABC layer behavior under traffic loading 

The Aggregate Base Course (ABC) layer comprises one of the main structural components 

of a flexible pavement. The layer, therefore, must possess high stiffness and strength. Materials 

used in ABC construction often include unbound granular material. The unbound granular material 

derives its high stability from particle interlock and inter-particle friction.  

ABC layer is subjected to repeated load applications due to traffic. With every load 

repetition, ABC layer undergoes both elastic (known as resilient in pavement applications) as well 

as plastic (permanent) deformations, shown in Figure 2-1. The plastic deformation results from an 

accumulation of irrecoverable strains in the ABC layer. In parallel, during loading and unloading 

of the pavement, the resilient deformation takes place in ABC layer. The resilient deformation is 

a complex phenomenon and function of multiple factors. 

 

Figure 2-1. Strain in UGM during a load cycle. 

In a typical ABC layer, the accumulation of permanent deformation for each load repetition 

gradually decreases with increase in number of load application. Once the layer has been well 
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compacted to achieve a densely packed matrix, all the subsequent load applications should ideally 

result in deformations that are mostly elastic in nature. 

The relative magnitude of permanent and resilient deformations in a ABC layer depends 

on different factors, such as traffic load levels and speed of operation, thickness and quality of 

overlying pavement layers (if any), quality of aggregates used in construction of the UGL, and 

subgrade conditions. 

2.2 Resilient response of UGM 

Ideally, the deformation of a ABC layer during a pavement series life should be purely 

elastic because of two reasons. First, it is assumed that no	accumulation of permanent deformation 

should occur during its service life. Second, the repeated load applied to ABC layer is small 

competed to the strength of the material. Therefore, the deformation under each load repetition 

during the service life pavements is nearly completely elastic and proportional to the load, shown 

in Figure 2-2 (Huang 1993). Accordingly, the elastic or resilient response of UGM in ABC has 

been focused in the mechanistic-based pavement design approaches to predict the critical 

pavement responses under traffic loading. 

 

Figure 2-2. Permanent and resilient deformation of UGM under repeated traffic loading  

(Huang 1993). 

The most important property for incorporating repeated load behavior of UGL behavior 

into pavement analysis has been the resilient modulus (MR). MR is defined as a secant modulus 

representing hysteretic stress-strain behavior of materials, illustrated in Figure 2-3. MR is a critical 

material input property into mechanistic-empirical (M-E) pavement design methods to compute 

pavement responses. 
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Figure 2-3. Resilient modulus illustration. 

RM is the main property of ABC layer used in mechanistic-empirical (ME) pavement 

design (pavement ME) and has a significant effect on computed pavement responses (NCHRP 1-

37A 2004).  To input MR in the Pavement ME design, MR can be directly measuring MR from the 

laboratory test, or MR correlation with other material properties, such as CBR, or typical MR values 

can be used.  

 Factors affecting RM 

The resilient behavior of ABC is affected by several factors. These factors can be 

categorized to three main factors: (1) particle properties, (2) mass properties, and (3) in-service 

factors. The particle properties consist of the gradation, particle shape, particle texture, particle 

angularity, specific gravity, chemical durability, mechanical durability, freeze-thaw durability. 

The mass properties describe the behavior of the aggregate layer as a continuum like shear strength, 

stiffness, permeability, frost susceptibility, and degree of compaction. Mass properties are also 

significantly affected by particle properties. In-service performance of ABC factors is influenced 

by moisture condition, state of stress, load duration and frequency. In the following, some of these 

factors which are studied in this research and their reported effect of the resilient behavior of UGM 

are summarized. 
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2.2.1.1 Effect of gradation 

Gradation is a key factor influencing not only the mechanical response behavior 

characterized by resilient modulus, shear strength, and permanent deformation but also 

permeability, frost susceptibility, and susceptibility to erosion. Traditionally, it was believed that 

dense-graded material with the minimum voids and maximum compacted weight has the highest 

shear strength and stiffness; however, more free draining, open graded material began to be utilized 

to reduce damages due to excessive moisture and frost action (Saeed et al. 2001).  

The gradation of a blend can be greatly affected by the amount of the material passing the 

No. 200 sieve. Limiting the amount of material passing sieve No. 200 has been usually specified 

to reduce frost susceptibility, to ensure sufficient permeability, and to prevent the development of 

pore pressure (Saeed et al. 2001). Thompson and Smith (1990) reported that for gradations that 

differ only in the permissible amount of material passing sieve No. 200, limited differences in 

resilient modulus were noted among the various granular material. Also, studies have indicated 

decrease in the resilient modulus with increase in the amount of fines content (Barksdale and Itani 

1989; Kamal et al. 1993). Adding cohesive fines to a crushed aggregate have been reported to 

initially improve the stiffness as pore space is filled, and then it leads to considerable stiffness 

reduction because gradually, excess fines displace the coarse particles so that the mechanical 

performance relies only on the fines, and stiffness decreases (Jorenby and Hicks 1986). 

Barksdale and Itani (1989) found that a finer gradation tends to show greater plastic 

deformation and a smaller resilient modulus, shown in Figure 2-4. They argued that the coarse 

portion of the aggregates is the dominant factor in the amount of plastic deformation while the fine 

portion has a relatively small effect. 

 

Figure 2-4. Effect of gradation on resilient modulus (Barksdale and Itani 1989). 
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Tian et al. (1998) studied the effect of gradation on the resilient modulus of ABC material  

(Tian et al. 1998). He stated the open-graded aggregates result in faster drainage, so it produces 

relatively higher resilient modulus values. Therefore, the open-graded aggregates are less likely to 

induce damage in pavements under saturated conditions and lead to more durable pavements. Also, 

he found that the resilient modulus is lower in finer material because interlocking of large, irregular 

shaped particles is reduced.  

Trends toward coarse and well-graded blends are not clear. On the one hand, it has been 

argued that coarser blends produced the largest resilient modulus (Tian et al. 1998; Zaman et al. 

1994). On the other hand, it has been also reported that coarse blends gave the lowest resilient 

moduli (Rada and Witczak 1981; Rada and Witczak 1982; Zeghal 2000). In contrast, it has also 

been stated that gradation has very little, less than 10%, effect on the resilient properties of the 

material. Cunningham et al. (2013) suggested that it can only be concluded from the previous 

researches that the gradation plays some role in the resilient values, especially when fines were 

involved, but their effect was very little when compared with the stress state of the material, which 

almost every author cited as the major factor in the resilient response (Cunningham et al. 2013). 

Mishra and et al. (2010) studied the effect of plasticity of the fines in a blend on the 

unbound aggregate performance (Mishra et al. 2010). The results of their tests confirmed the 

common observation that plastic fines deteriorate aggregate performance significantly. High 

amounts of plastic fines (in excess of 10% by weight) at wet of optimum moisture conditions 

quickly destroyed the aggregate load transfer matrix, resulting in drastic reductions in strength. 

However, in the case of non-plastic fines, increased amount of fines did not cause significant 

decreases in aggregate strength. It was stated that at low fine contents, the type of fines is not likely 

to play an important role. 

2.2.1.2 Effect of moisture 

The presence of moisture is reported to influence resilient modulus of ABC materials 

(Lekarp et al. 2000a). The previous studies on the resilient behavior of ABC have reported the 

decrease in MR with the increase in saturation level (Heydinger et al. 1996; Hicks and Monismith 

1971). 

Some researchers studied the influence of moisture on MR by performing the laboratory 

test on ABC materials on separate ABC samples compacted at three different moisture: 2% below 
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OMC, OMC, and 2% above UMC. According to the literature, an increase in the degree of 

saturation of ABC has been reported to typically lead to a decrease in MR. This effect has been 

attributed to the development of pore water pressure and subsequent effective stress reduction, 

lubrication effect of water at the particle contact, decrease in matric suction, and internal friction 

reduction (Lekarp et al. 2000b; Thom and Brown 1987). However, below OMC, increase in 

moisture resulted in an increase in MR has also been observed which was related to the effect of 

matric suction development in the mixture (Dawson et al. 1996; Kolisoja 1997). Above OMC, 

there is strong consensus that addition moisture will lead to a decrease in MR (Lekarp et al. 2000b; 

Kolisoja 1997; Ekblad 2007) 

The effect of moisture on ABC performance has also been related to the magnitude of 

permanent deformation and densification of the ABC during the load repeated test. Rahman et al. 

(2016) reported that in a relatively low repetition test, such as the MR test, where the each sequence 

consists of 100 repetitions, the deformation of ABC at each sequence is mostly resilient, and they 

observed a negative impact on MR as moisture increased. However, in a load repeated triaxial test 

with a high number of loading repetitions, they observed increase in MR with increase in moisture, 

and they related this to densification of material which was accelerated with the presence of 

moisture. 

Other researchers evaluated the influence of moisture on MR using more realistic methods 

that the aforementioned researches. In research carried out by Rahman et al. (2016) at KTH 

University, Sweden, samples were prepared using vibratory compaction at densities higher than 

90%×γmax.dry with a minimum moisture content for MR testing. Then, in multiple steps, they 

increased the degree of saturation in the sample by adding water and performed subsequent MR 

tests on the sample at each moisture content. Their results are shown in Figure 2-5. Their results 

confirm that increasing the saturation degree of the sample decreases MR, but the rate on decrease 

in the MR decreased as the saturation level increase. However, they did not study the effect of 

drying. 

In this study, moisture content is increased by adding water through the top plate of the 

specimen with a tube where a funnel was attached at the end. While adding the water, the funnel 

is raised about half a meter from the top plate to generate a sufficient pressure head to make the 

water flow into the sample. Rahman et al. reported that since their specimens were mostly coarse 

graded with sufficient permeability, they did not need to apply any extra pressure other than the 
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pressure head resulting from the height of the water level (personal correspondence, Rahman 

2017).  

 

Figure 2-5. MR of samples with various saturation degrees 

(Rahman and Erlingsson 2016). 

In another study performed by at Université Laval, Quebec, Canada, the influence of 

moisture on MR was evaluated following the procedure described in LC 22-400 MTQ (2004), 

Canadian standard for MR test. The Canadian standard is the only standard that specifies evaluation 

of variable moisture contents within MR testing. The Canadian standard is similar to AASHTO T-

307 in terms of loading conditions, but it requires changing a sample’s moisture and obtaining the 

MR of the sample at three different saturation degrees. Based on the Canadian standard, a MR test 

specimen is prepared and tested at a low moisture content (2 percent above aggregate water 

absorption), and then the test is performed on the sample on two other saturation degrees; 100 

percent saturation and gravitationally drained.  

The procedure to induce sample saturation described by the Canadian standard introduces 

water from the bottom platen. To monitor the amount of water added to the sample, the triaxial 

cell is installed on a scale while maintaining a constant confining pressure of 20kPa. The following 

steps are performed to saturate the sample: 

1. A vacuum of 50 kPa is first applied to the sample head drainage line while keeping the bottom 

drainage line closed ( (a)). 
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2. While keeping the vacuum on the head drainage line, a water pressure of 10 kPa is then applied 

in the bottom drainage line, and the bottom drainage valve is partially opened so that the water 

enters the sample at a rate of 5–10 g/min, which is verified by the scale. (Figure 2-6(a)). 

3. When the water begins to flow through the upper tray, the top drainage line is closed and 

saturation is continued at 10 g / min until the pore pressure becomes positive. (Figure 2-6 (b)). 

4. Once the pressure becomes positive, the top drainage line is opened and the air bubbles are 

drained off. (Figure 2-6 (c)). 

5. When the flow of air bubbles is complete, the lower tray is closed and a confinement pressure 

of 150 kPa is applied to drain the water from the upper tray. 

6. In order to prevent water movement in the sample top platen during resilient modulus 

characterization at high degree of saturation, the water level is adjusted at sample mid height. This 

is achieved by connecting a water reservoir, in which the water head is positioned at 150mm from 

the sample base, is connected to the bottom of the sample and the sample head is subjected to 

atmospheric pressure conditions. Therefore, the water in the sample head drainage line and in the 

higher part of the sample slowly equilibrates with the water contained in the reservoir under a very 

low negative water potential (Figure 2-6 (d)). 

After performing MR test at saturation, the sample is drained by raising the sample on a lift 

table and placing the water reservoir on the ground. Therefore, a suction force of approximately 

29 kPa is applied to the water inside the sample, which gradually decreases to atmospheric 

pressure. This negative pressure allows the sample to drain more easily than the procedure for the 

saturated state when the water level decreases from the sample top to the sample mid height. 
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Figure 2-6. Saturation process: (a) Suction and water entering the sample;  

(b) Suction decrease with water entering the sample; (c) Water circulation through the sample; 

and (d) Water equilibration at sample center (Bilodeau and Doré 2012b). 

In an study performed by Doucet et al. (2004), in which the Canadian standard was 

followed for MR tests,  the increase in moisture is reported to decrease the MR values; however, 

decreasing the moisture, from close to saturation state to the gravitational.ly drained saturation, 

did not significantly increase MR. Their results are shown in Figure 2-7.  
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Figure 2-7. MR as of a sample at three saturation degrees: 30%, 86%, and 43%  

(Doucet et al. 2004). 

To better evaluate the influence of moisture on the MR trends, researchers tried to obtain 

the developed suction in the soil sample. Doucet et al (2004) directly measured the suction at the 

center of the specimen using a fiber-optic suction measurement, and their results are shown in 

Figure 2-8 versus the saturation level. Their results shows that developed suction in an ABC 

sample is negligible. It is been stated by other researchers that because MR tests are performed 

with a free drainage condition and with a relatively coarse gradation, it has been found that the 

amount of matric suction developed at drier states is negligible; therefore, the matric suction is not 

considered as a separate parameter (Fredlund and Rahardjo 1993, Theyse 2006, Ekblad 2007, 

Craciun 2009, Erlingsson et al. 2009, Cary and Zapata 2011, Salour et al. 2014). In addition, the 

pore water pressure developed during the dynamic loadings can be ignored (Rahman and 

Erlingsson 2016). 
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Figure 2-8. Granular Materials Average Soil-Water Characteristic Curve (SWCC) with Suction 

and Saturation Levels for the Initial, Saturated and Drained State. 

2.2.1.3 Aggregate properties  

 Morphological properties and traditional Methods to measure them 

The AIMS2 measures aggregate particle shape, surface texture, and particle angularity.  

Figure 2-9 depicts the geometric characteristics used to describe an aggregate particle. 

These properties influence mechanical performance of aggregate in pavements. 

 

Figure 2-9. Physical characteristics of aggregate particles (Little et al. 2003). 
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 Particle Form 

 The variations in the proportions of an aggregate particle is considered the particle 

form. The particle form of coarse aggregates is often examined to determine the quantity of flat or 

elongated particles. These particles can affect compaction and can break under compaction, (which 

can change the gradation of the aggregate) (Little et al. 2003). There is an ASTM standard test to 

determine the proportion of flat and elongated coarse aggregate particles: STM D 4791: Flat 

Particles, Elongated Particles, or Flat and Elongated Particles in Coarse Aggregates. 

ASTM D 4791 Method A classifies the particles into four groups: (1) flat particles, (2) 

elongated particles, (3) particles that meet the criteria of both groups, and (4) particles that are 

neither flat nor elongated that do not meet the criteria of either group (ASTM D 4791, 2010). A 

proportional caliper device is used to examine a representative set of coarse aggregate particles. 

For the flat particle test, the caliper’s larger opening is set equal to the maximum particle width 

and then the particle is deemed flat if the maximum thickness can be placed in the smaller opening. 

For the elongated particle test, the larger opening of the caliper is set to the maximum particle 

length and then the particle is deemed elongated if the maximum width can be placed through the 

smaller opening of the caliper (ASTM D 4791, 2010). Method B has the particles placed in only 

two groups: (1) flat and elongated or (2) not flat and elongated. The test has the larger caliper 

opening set to the maximum particle length and the particle is deemed flat and elongated if the 

maximum thickness can be placed through the smaller opening of the caliper. Once the particles 

have been classified by either method, the fraction of the sample that is considered flat and 

elongated is determined.  
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Figure 2-10. Demonstration of Method A and Method B for Particle Form. 

 Surface Texture 

 Surface texture is related to an aggregate particle’s surface irregularity at a 

microscopic scale. Surface texture does not affect the overall particle shape but does affect the 

friction between particles. In an NCHRP synthesis of “Practices of Unbound Aggregate Pavement 

Layers” there is indication that increasing particle roughness, (along with particle angularity), 

increases the resilient modulus and at the same time decreases Poisson’s ratio (Tutumluer, 2013). 

In hot-mix asphalt, a rougher texture increases strength and requires more asphalt to achieve 

workability compared to smoother aggregates. There is also a higher void content in compacted 

aggregates with a rougher texture than smooth which provides more space for asphalt cement 
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(Little, et al. 2003). Without proper surface texture in the base coarse, rutting and fatigue cracking 

can occur (Saeed, et al. 2001).  

Surface texture is difficult to measure because it relates to a microscopic level. Janoo 

(1998) reports that surface texture can be indirectly evaluated by coating the surface of a sawed 

aggregate surface with asphalt and then scraping to the surface of the aggregate. The quantity of 

leftover asphalt on the particle can be used as an indicator of surface texture.  

 Angularity  

 Angularity is the differences in the corners of an aggregate particle. Angularity is 

critical to the performance of the unbound pavement layer because angularity drive interlocking 

between particles. Interlocking of particles increases resistance to rutting and fatigue (Saeed, et al. 

2001). Angularity increases the contact points between aggregate particles which increases 

resilient modulus and distributes loads better than less angular particles (Tutumluer, 2013). There 

are two standards to quantify the angularity of an aggregate particle: AASHTO T 335: Determining 

the Percentage of Fractured Particles in Coarse Aggregates and AASHTO T 304: Un-compacted 

Void Content of Fine Aggregates.  

AASHTO T 335 requires visual inspection of a representative set of coarse aggregate 

particles. Coarse aggregates are inspected and separated into the three categories: fractured 

particles meeting the criteria, particles not meeting the criteria, and borderline particles. Criteria 

are based on a minimum number of fractured faces (AASHTO T 335, 2012). A fractured face is 

an angular, rough, or broken surface of the particle obtained by crushing or another mechanism. A 

particle is considered a fractured face when one-half or more of the projected area is fractured with 

sharp and well-defined edges (AASHTO T 335, 2012). Once the aggregate particles have been 

separated into the three categories, the dry mass is determined for each to the nearest 0.1 g. If the 

borderline category is greater than 15% of the total mass of the sample, the sorting procedure is 

repeated until it is less than 15%. AASHTO T 304 involves using a calibrated container (100 mL) 

that is filled with fine aggregate and allows the sample to flow through a funnel from a fixed height 

in the container. The mass is determined and the un-compacted void content is the difference 

between the volume of the container and the absolute volume of the fine aggregate obtained in the 

container. At least two replicates are completed and the results are averaged. A higher void content 

indicates a higher angularity, rougher surface texture, less roundness, or a combination of the three 
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factors. These inferences are only applied to Methods A and B in the standard (AASHTO T 304, 

2015).  

 Aggregate Image Measurement System (AIMS)  

 History  

The first AIMS device was developed as a prototype system to investigate the use of digital 

image analysis to classify aggregate physical characteristics (Gates et al. 2011). The original 

design focused on the development and not on operational ease of use or cost. Therefore, the 

original AIMS system was ultimately expensive and difficult to operate. As a result, the AIMS2 

was designed to meet project and industry standards. The AIMS2 is affordable, easy to use, and 

effective at classifying aggregate particle geometric characteristics.  

The original system utilized a variable magnification microscope and camera system with 

two different lighting modes in order to image aggregate particles. One of the light modes creates 

a backlit image to give the particle’s silhouette. Shape characteristics such as angularity and cross-

sectional form can be obtained from this silhouette. The second lighting mode, a top light, helps 

create a high-magnification, gray-scale image of the particle surface. From the position of the focal 

plane in the texture image, the height and a three-dimensional form of the particle is attained. The 

original system utilized an x-y-z gantry system which proved to be expensive and difficult to align 

(Gates et al. 2011).  

 Problems arose in the original system not only from the cost and operational ease, 

but also design. Multiple interconnections between the system (Figure 2-11) made set up and 

troubleshooting a challenge. There was also no component for omitting ambient laboratory lighting 

from altering the results. The original system’s lighting schemes were found to be difficult to 

control and hence led to non-uniformity in results.  

 



 

19 
 

 

Figure 2-11. AIMS1 equipment and set-up (Gates et al. 2011). 

The new system has been upgraded significantly to address the problems with the original 

system. A turntable is used for placing aggregate particles to be imaged, which decreases the size 

requirements of the backlight area. Particles can be loaded directly on the turntable in different 

slots instead of on specific points within a grid which is simpler and accommodates a greater 

number of aggregate particles. The tray system also makes cleaning easier. Fine particles can be 

placed on colored trays to see them with sufficient contrast. A better camera was employed as well 

as LED technology for the lighting. The operator interface was streamlined to address user 

difficulty. The new AIMS2 system is shown in Figure 2-12.  All of these upgrades have made the 

AIMS2 a viable option for automated determination of aggregate particle geometric properties in 

practice which can further improve specifications in asphalt pavements.   

 

Figure 2-12. AIMS2 equipment and set-up (Gates et al. 2011). 

 AIMS2 Test Procedure 

The AIMS2 employs the use of algorithms to analyze the particles being studied. The 

AIMS2 uses a variable magnification camera system and two lighting configurations to capture 
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aggregate particles. The device also utilizes a turntable within a closed box system. The device is 

simple to use in that particles are placed in the chamber on the tray and the system then 

automatically obtains the images needed for analysis.  Method A analyzes coarse aggregates using 

a 0.25X objective lens and camera to obtain images. Method B is used for fine aggregate angularity 

and a 0.5X objective lens is utilized for capturing images. A few grams of fine aggregate particles 

are uniformly spread out so that individual particles are not touching. Backlighting is used to obtain 

the images (Masad, 2005).  

 Surface Texture 

Surface texture analysis is done by wavelet analysis and used to define a texture index. A 

short-duration basis function separates fine variations in texture while long-duration functions 

provide coarse details of texture. Wavelet analysis include short, high-frequency basis functions 

and long, low-frequency basis functions. This produces images that can be blurred to remove the 

fine details while retaining the coarse details and the remaining images still have the data “lost” in 

the blurred image analysis. Through wavelet analysis, detail coefficients are obtained and a texture 

index number is calculated (Masad, 2005). Equation 1-1 shows how the texture index is calculated 

where n is the level of decomposition, and i takes a value of 1, 2 or 3 for the direction of texture 

and j is the wavelet coefficient.  
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 Angularity 

Angularity is determined in the AIMS2 using the gradient method. Gradient vectors are 

calculated at each edge-point using a Sobel mask. A Sobel mask operates at each point on the edge 

and the surrounding eight points. The angle or orientation numbers (theta) of the edge-points and 

the magnitude of the difference in these numbers for neighboring points on the edge are used to 

describe how sharp the corner is. This corresponds to large changes in theta. All the angularity 

values for the boundary points are measured. The sum of these values around the edge makes up 

the angularity index. Equation 2-2 defines how the Angularity Index is calculated. N is the total 

number of points on the edge of the particle and i is the ith point on the edge of the particle. The 
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number three is from the step-size of the particular example but represents the angle of orientation 

of every third point on the boundary of the aggregate (Masad, 2005).  
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 Particle Form 

Particle form is determined by the measurement of the three dimensions of the particle: the 

longest dimension (dL), the intermediate dimension (dI), and the shortest dimension (dS). The form 

is defined in terms of sphericity of these three dimensions (Equation 2-3).  
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AIMS2 provides a chart to determine flat and elongated particles as sphericity alone cannot 

be used. The chart is shown in Figure 2-13 (Masad 2005).  

 

 

Figure 2-13. Chart for identifying flat, elongated or flat and elongated particles  

(Masad 2005). 
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 Applications 

The AIMS2 has the potential to allow comprehensive and efficient characterization of 

aggregate geometric properties. Two AASHTO Standards have been proposed: (1) PP64-10: 

Determining Aggregate Source Shape Values from Digital Image Analysis Shape Properties and 

(2) TP81-10: Determining Aggregate Shape Properties by Means of Digital Analysis. It was shown 

in studies done by Little et al. and Saeed, et al. that many of the geometric characteristics quantified 

affect the performance of asphalt concrete and unbound pavement layers (Little et al. 2003, Saeed 

et al. 2001).  

 Example Data 

Example AIMS2 data obtained from Pine Instruments are shown in Figures 30, 31, and 32. 

Figure 2-14 for three aggregate sources: river gravel, limestone, and crushed granite. The surface 

texture is characterized between zero and 10,000. It can be seen that the gravel has the lowest 

texture measurements with the crushed granite having the highest. Figure 2-15 shows the 

angularity chart for the same three materials as in Figure 2-14. The crushed granite has the highest 

angularity which makes sense because crushed aggregate usually has more angular surface unlike 

river gravel. Finally, Figure 2-16 is a representation of particle form characterization and presents 

the 3D data in multiple formats (Pine Instruments, Inc.) Most samples in the particle shape fall 

within the ratio of 1:3 for a less flat and less elongated particles. This goes to show that you cannot 

rely on one physical characteristic alone. Collectively the properties of an aggregate should be 

taken into account as a summation of all the properties.   

 



 

23 
 

 

Figure 2-14. Aggregate surface texture example data (Pine Instruments, Inc.). 

 

 

Figure 2-15. Aggregate angularity example data (Pine Instruments, Inc.). 
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Figure 2-16. Particle shape example data (Pine Instruments, Inc.). 

2.3 Aggregate packing theories 

Aggregates are the major components of granular materials either in bound material like 

asphalt mixture and concrete or in unbound material like ABC. One of the major factors affecting 

the performance of these structures formed by aggregate is the grain size distribution. Different 

methods are developed to achieve the ideal blend in granular materials based on the grain size 

distribution (GSD).  

The particle packing theory is a method to analytically evaluate the GSD of granular 

material.  The particle packing is a core research area in particle/powder technology, and also it is 

of prime importance to many other industries related to the material and mineral in particular 

(German 1989) The particle packing is mainly affected by three factors; particle size distribution, 

particle shape, and particle size. These factors may lead to various complex packing systems from 

mono- to multisized, spherical to nonspherical, and/or from coarse to fine particle packing. 

Understanding these packing systems and relating porosity and particle characteristics has been a 

subject of research since the beginning of 19th century when Fuller and Thompson, pioneers in this 

area of study, in 1907 proposed a relationship for an aggregate blend that provided the minimum 

void ratio for the aggregate particles in the mix: 
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where  is the percent of material by weight passing a given sieve with an opening of size ,  

is the maximum particle size of a given aggregate blend. Later on, the Fuller’s equation was 

modified by Talbot and Richard , in 1923, to incorporate finer particles into the mix: 

 

 
(2-5) 

Where n  is the fitting parameter for the optimum curve that affects the coarseness or 

fineness of the gradation, given by the slope. According to Santamarina (2001) usually n  varies 

between 0.3 and 0.5 where the smaller number correlates to a larger proportion of fine material. 

It believed that the particle density plays the main role in the performance of the granular 

material. Further studies indicated that the densest aggregate does not necessarily perform well. 

Experimental studies with photoelastic disks of granular material under compression have shown 

that under an applied external pressure most of the load is transferred through chains of particles, 

shown in Figure 2-17, and other particles play the secondary role of preventing the main chain of 

particles from buckling. Therefore, studies have moved toward evaluating the effect of particle 

packing and the material performance. 

In the following parts, methods developed based on the packing theory in order to either 

evaluate the performance of the aggregate or identify the load carrying structure and predict the 

performance of the unbound material will be discussed. 

  

(a) (b) 

Figure 2-17. Particle chain (a) Photoelastic demonstration (b) Schematic demonstration 

(Santamarina et al. 2001). 
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 Bailey method 

The Bailey Method was initially developed by Robert Bailey, now retired, who worked 

with the Illinois Department of Transportation. The purpose was to design a tool to help better 

understand the mechanics of aggregate packing and its contribution to the compressive strength of 

asphalt pavement (Vavrik 2002). 

The Bailey Method looks at particle packing based on particle size. The goal is to design a 

blend that uses the coarse particles efficiently, meaning that there is a balance of coarse particles 

and fine particles. Such a balance allows the coarse aggregate to interlock, meaning each 

(relatively) large aggregate is transferring its load to as many other large aggregate as possible. 

Also, this method allows the fine aggregate to fully support the coarse aggregate by filling the void 

spaces fully without over filling them, which would push the coarse particles apart.  

The particle packing theory used by Bailey method starts by looking at the definition of 

coarse and fine aggregate which is different from the geotechnical conventional definition. In 

geotechnical engineering, the definition of coarse and find aggregate has been globally accepted; 

aggregates retained on the 4.75 sieve are considered coarse. This division between coarse and fine 

aggregate is independent of the distribution of aggregate size in the mixture. In Bailey method, it 

is necessary to change this definition to properly analyze a mixture gradation and determine the 

packing and aggregate interlock provided by the combination of all aggregates in the mixture. 

Therefore, a different approach to divide the coarse and fine fraction in a blend is used. According 

to this method: 

 Coarse Aggregate: Large aggregate particles that when placed in a unit volume create voids. 

 Fine Aggregate: Aggregate particles that can fill the voids created by the coarse aggregate in 

the mixture. 

In these definitions of coarse and fine aggregates, there is no aggregate size associated with 

the words coarse and fine. Therefore, it is possible to have fine aggregate in a traditional coarse 

aggregate material as well as coarse aggregate in a traditional fine aggregate material. The division 

between coarse and fine aggregate depends on the nominal maximum particle size (NMPS) of the 

mix. NMPS is one sieve larger than the first sieve that retains more than 10% (as defined by 

Superpave terminology). 
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In addition to the definitions, to have a basis for dividing aggregates to coarse and fine, the 

Bailey method uses the result of two dimensional and three dimensional analysis of aggregate 

packing theory. The two dimensional analysis of aggregate shape consists of four combinations of 

geometry which yield a particle size ratio. This ratio is the diameter ratio of coarse aggregate 

creating the void and the fine aggregate perfectly filling the void. In this analysis which all the 

particles have the same size and are perfectly circular, maximum density is achieved when each 

particle is surrounded by 6 particles, shown in Figure 2-18 (a).	The void between each 3 particles 

can be fit with circular particle with diameters 0.155 times the diameter of large particles, shown 

in Figure 2-18(b). In a real blend, aggregates are not perfectly circular, irregularity of aggregates 

expands the void between the particles, so a larger small particle is needed to fill the void. 

Therefore, considering irregularity, the particle diameter ratio ranges from 0.155 (all round) to 

0.289 (all flat) with an average value of 0.22 (Vavrik 2002). The three dimensional analysis results 

to the similar results ranging from 0.15 (hexagonal close-packed spheres) to 0.42 (cubic packing 

of spheres). Therefore, based on theoretical results, it has been observed that the analysis of 

gradation is not affected if the value ranges from 0.18 to 0.28, so the 0.22 factor is chosen as an 

average condition; however, it may not be exact. 

The Bailey method used the ratio of small to large particles based on two dimensional and 

three dimensional analysis of aggregate packing to define 4 sieves as follow: 

‐ The Half Sieve is defined as the sieve closest to 0.5 times the NMPS (also known as 

Nominal Maximum Size Aggregate, NMSA), 

‐ Primary Control Sieve (PCS) which is defined as the sieve closest to 0.22 times the NMPS, 

‐ Secondary Control Sieve (SCS) is defined as the sieve closest to 0.22 times the PCS, and 

‐ Tertiary Control Sieve (TCS) is defined as the sieve closest to 0.22 times the SCS. 
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Figure 2-18. (a) Maximum density configuration of uniformly sized, (b) Fine particle filling the 

void created by coarse aggregate. 

 

Figure 2-19. Particle Shape Combinations and Resultant Void Size (Vavrik et al. 2001). 

These virtual sieves categorize the aggregate in Bailey method. Everything larger than PCS 

is considered “coarse”, and everything smaller is considered “fine”. Within fine portion, aggregate 

larger than SCS is considered “coarse part of fine aggregate”, and everything smaller is considered 

“fine part of fine aggregate”. Similarly, the TCS also separate the fine part of the aggregate. Coarse 

aggregates which are smaller than Half sieve are considered fine portion of coarse aggregates and 

referred to “interceptors”. The graphical representation of these sieves is described in Figure 2-20. 

The control sieves based on different NMSPs are shown in Table 2-1 (Daniel and Rivera 2009). 

 

Figure 2-20. Bailey Method sieves (Daniel and Rivera 2009). 
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Table 2-1. Control Sieves for Various Asphalt Mixes (Vavrik 2002). 

 
NMSP (mm) 

37.5 25 19 12.5 9.5 4.75 

Half size 19 12.5 9.5 6.25 4.75 2.36 

PCS 9.5 4.75 4.75 2.36 2.36 1.18 

SCS 2.36 1.18 1.18 0.6 0.6 0.2 

TCS 0.6 0.3 0.3 0.15 0.15 0.75 

Bailey method uses the density of coarse aggregate to achieve the balanced blend in terms 

of particle size. The balanced blend is defined as a blend in which the coarse aggregates form the 

complete skeleton and has enough fine aggregates to fill the voids created by coarse aggregates, 

without over filling. The density of coarse aggregate, Chosen Unit Weight (CUW), is a percentage 

of the measured loose unit weight (LUW) of the coarse aggregate. The LUW of an aggregate is 

the amount of aggregate that fills a unit volume without any compactive effort applied. CUW 

results in calculating the amount of void in the blend which affect the distribution of the amount 

of aggregate in each section between the control sieves. Bailey Method uses these weights to 

calculate three weight ratios that help to understand and predict the aggregate behavior. These 

ratios are defined: Coarse Aggregate ratio (CA), Fine Aggregate Coarse Ratio (FAc), Fine 

Aggregate Fine ratio (FAf). Using these parameters, Bailey method controls the aggregate blend 

with controlling the void in the blend. The definition of these ratios are shown in Table 2-2.Also, 

the range for the parameters are shown in Table 2-3. 
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Table 2-2. Bailey method parameters. 

Parameter Formula * 

CA ratio 
 

FAc ratio 
 

FAf ratio 
 

*Formulas are based on percent passing the control sieves. 

Table 2-3. Recommended Ranges of Aggregate Ratios (Vavrik 2002). 

Ratios 
NMSP (mm) 

37.5 25 19 12.5 9.5 4.75 

CA ratio 0.80-0.95 0.70–0.85 0.60–0.75 0.50–0.65 0.40–0.55 0.30–0.45 

FAc ratio 0.35–0.50 0.35–0.50 0.35–0.50 0.35–0.50 0.35–0.50 0.35–0.50 

FAf ratio 0.35–0.50 0.35–0.50 0.35–0.50 0.35–0.50 0.35–0.50 0.35–0.50 

Changed in CA influences the mixture structure. The packing of the coarse aggregate 

fraction, observed with the CA ratio, is a primary factor in the constructability of the mixture. For 

dense-graded mixtures, this ratio is desired to be between 0.40 and 0.80 to ensure balance in the 

coarse portion of the aggregate structure. As the CA Ratio decreases, compaction of the fine 

aggregate fraction increases because there are fewer interceptors to limit compaction of the larger 

coarse aggregate particles. Therefore, a mixture with a low CA ratio requires a strong fine 

aggregate structure to maintain adequate mixture volumetric. Experience with mixtures designed 

under these concepts has shown that mixtures with a low CA ratio also tend to segregate during 

construction. As the CA ratio increases and approaches 1.0, the coarse aggregate fraction becomes 

“unbalanced” because the interceptor size aggregates are attempting to control the coarse 

aggregate skeleton. Although this blend may not be as prone to segregation, it contains such a large 

quantity of interceptors that the coarse aggregate fraction packs differently than desired. The result 

can be a mixture that is difficult to compact in the field, as it tends to move under the rolling 

compaction. With larger NMPS mixtures, it becomes possible for the CA ratio to increase 
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considerably above 1.0, which can cause problems in design and construction. With an increasing 

CA ratio, it becomes possible for the fine portion of the coarse aggregate to actually dominate 

formation of the coarse aggregate skeleton. At this point, the fine portion of the coarse aggregate 

creates the aggregate skeleton. The coarse portion of the coarse aggregate is then considered as 

“pluggers,” as the coarse particles do not make up part of the aggregate skeleton and instead float 

in a matrix of finer particles. 

Moreover, change in FAc and FAf affects the blend. The FAc and FAf ratios compare the 

fine and coarse parts of the fine aggregates and fine part of fine aggregate, respectively. The coarse 

part of fine aggregate fills the void created by coarse aggregate of the blend. Similarly, the fine 

part of fine aggregate fills the void created by coarse part of fine aggregate of the blend. Also, the 

finer portions of the fine aggregate act as a dry lubricant to the larger particles allowing easier 

compaction. If either the FAc or the FAf ratio increases, above 0.5, then the fine aggregate push 

their way between the larger ones, overfilling the gaps in the coarse aggregate. Therefore, the blend 

will be too flexible and easily deformable as the large particles slide around on their coating of 

tiny particles. When the FAc or FAf ratios drop too low, then the small gaps are under filled. This 

causes the VMA to rise, but also deprives the mix of the lubricating effect of the fine particles, 

which may make it difficult to compact the mix to the proper level. 

In this method, a unit weight (CUW) is chosen as a fraction of loose unit weight (LUW) to 

ensure the coarse aggregate interlock, then based on that, the voids in the coarse aggregate of the 

blend. Then, evaluation of aggregate gradation with the given ratios helps to provide insight into 

packing of the aggregate structure. In Figure 2-21, the upper bound of the aggregate unit weight is 

also depicted which is the rudded unit weight (RUW). The RUW of an aggregate is the amount of 

aggregate that fills a unit volume with compactive effort applied, and it is considered the upper 

limit of coarse aggregate interlock. 

 Figure 2-21 represents how the selection of a chosen unit weight affects the mixture in 

terms of aggregate size. The LUW is the lower limit of coarse aggregate interlock. Theoretically, 

it is the dividing line between fine-graded and coarse-graded mixtures. If the mix designer chooses 

a unit weight of coarse aggregate less than the loose unit weight, the coarse aggregate particles are 

spread apart and are not in a uniform particle-to-particle contact condition. Therefore, a fine 

aggregate skeleton is developed and properties for these blends are primarily related to the fine 

aggregate characteristics.  The RUW is generally considered to be the upper limit of coarse 
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aggregate interlock for dense-graded mixtures. This value is typically near 110-125% of the loose 

unit weight. As the chosen unit weight approaches the rodded unit weight, the amount of 

compactive effort required for densification increases significantly, which can make a mixture 

difficult to construct in the field. 

 

Figure 2-21. Determination of Mix Type (Kim et al. 2006). 

 Dominant aggregate size ranges (DASR) 

The Dominant Aggregate Size Range (DASR) aggregate packing theory was developed by 

Kim et al (2006), initially for the evaluation of aggregate gradations used in asphalt mixtures. The 

DASR theory was developed based on two dimensional packing theory of spherical particles of 

multiple sizes. The DASR approach identifies the size particle size which interact to form the 

primary load bearing structure of an aggregate blend, termed the “dominate aggregate size range”. 

Correspondingly, the approach allows for identification of the porosity within the DASR, which 

is assumed to control deformation resistance of the aggregate blend. The theory states that porosity 

of the DASR must be below 50% for the particles to be in contact with each other and hence, have 

sufficient loading resistance.  

The DASR method is based on the well-known fact in soil mechanic that the porosity of 

granular material in a loose state is generally between 45% to 50%, regardless of size or gradation. 

This implies that for particles within an aggregate mixture blend to be in contact with each other 

the porosity of the blend must not exceed 50%. It also indicates that the porosity can be used to 

evaluate the contact between large particles within a blend that contribute to resistance to 

deformation. As discussed, the Bailey method uses the same general approach, which requires the 
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density to be a percentage of loose density which is based on laboratory result. This method and 

its criterion would preclude the need for laboratory compaction of coarse aggregate. 

The DASR can either consist of a single particle size or a range of particles sizes in the 

blend. Thus, the porosity is calculated for the dominant sieve size or any two or more dominant 

contiguous sieve sizes within the blend. The porosity of a range of particle size in a blend can be 

determined based on the definition given in soil mechanics, which is the ratio of the volume of 

voids to total volume. The total volume of the blend consisting of particles that are equal to or 

smaller than the size of interest is determined as: 

 
 (2-6) 

where = the size of interest; = smaller aggregate size next to  sieve; = total 

volume available for particles retained on the  sieve and passing the  sieve ;  = Total 

volume of blend; = Volume of particles larger than the  sieve. 

The volume of voids within  includes the volume of aggregates passing the 

sieve, and the volume voids can be determined as follows:  

 
 (2-7) 

where = volume of voids within ; = Total volume of voids in the blend 

(referred to Voids in Mineral Aggregate (VMA) in asphalt concrete volumetrics); = 

volume of particles passing the  sieve. 

Correspondingly, the porosity of this range of aggregate sizes is calculated as follow: 

 

 
(2-8) 

where  = Volume of particles retained on the  sieve. Similar calculations can be 

performed for any other particle size (or range of particle sizes) within the blend. 

As a preliminary evaluation of how the porosity criterion relates to the performance of 

aggregate blends within asphalt concrete, three aggregate blends with known performance in 

asphalt concrete were utilized. The aggregate gradations considered included coarse–graded (C1), 

fine-graded (F1), and Stone Matrix Asphalt (SMA) as shown in Figure 2-22. The porosity of each 

individual particle size in the blends was calculated and results are shown in Figure 2-23.  
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Figure 2-22. Example Gradations (Kim et al. 2006). 

 

Figure 2-23. Individual Porosity Results (Kim 2006). 

The results showed that with the exception of the 9.5 mm particle size in the SMA, none 

of the individual particle sizes in these gradations had a porosity less than the 50% criterion. The 

coarse gradation is known to perform well within asphalt concrete. Therefore, it was concluded it 

is not logical that the coarse aggregate in this blend exists in a state where the particles are not in 

contact with each other as reflected by the porosity being much greater than 50%. Rather, there 

must be a range of contiguous coarse aggregate particle sizes that form a network of interactive 

particles with a porosity less than 50% (i.e., form the DASR). Note that the 50% porosity criterion 

is equally applicable to a range of interactive particle sizes as to single size particles. 
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To develop the method to define the DASR , a physical model was used to describe the 

asphalt mixture, depicted in Figure 2-24. The model includes the following components: 

‐ Dominant Aggregate Size Range (DASR): the interactive range of particle sizes which has 

the particle-to-particle contact and forms the primary structural network of aggregates. It 

was assumed that the porosity of the DASR must not be greater than 50% 

‐ Interstitial Volume (IV): aggregates and voids existing within the interstices of the DASR. 

The components within this volume are referred to Interstitial Components (IC). This 

volume serves to hold the DASR together. 

‐ Interstitial Surface (IS): This surface is defined by an approximately straight plane taken 

through the interstitial volume. The characteristics of this surface, including its roughness, 

protrusion of different size aggregate particles, and presence of fines strongly influence the 

mixture's performance. Rougher interstitial surfaces with larger particle protrusions will 

result in mixtures with greater shear resistance. Therefore, determination of the 

characteristics of this interstitial surface, which are controlled by gradation, should provide 

useful parameters for asphalt mixture evaluation and design. An example of an Interstitial 

Surface is shown in Figure 2-24. 

 

Figure 2-24. DASR and IV in (a) SMA, (b) C1, (c) F1 (Kim 2006). 

The process to determine the aggregate sizes comprising the DASR of an aggregate blend 

consists of two steps: (1) analyzing the spacing of the particles to detect the contiguous sizes 

interacting as a unit, and (2) calculating the porosity of the interacting particle size ranges to 

determine the DASR. 
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2.3.2.1 Spacing analysis 

The analysis used to define contiguous sizes of interacting particle is based on the particles’ 

center-to-canter spacing on the interstitial surface. A theoretical procedure is developed to 

determine the spacing for specified gradations and thus determine which particles within the 

gradation interact to form the DASR. The procedure assumes that particles are distributed 

according to a hexagonal pattern on the interstitial surface with the larger particles uniformly 

distributed over the entire area and smaller particles distributed within the remaining area between 

the larger particles, as shown in Figure 2-25. Under this assumption, the particle spacing ( ) can 

be calculated using the following equation: 

 

 
(2-9) 

where is the number of hexagonal layers required to accommodate the particles, and

is the area of the hexagonal. 

 

(a) (b) 

Figure 2-25. The representative areas based on the hexagonal pattern (Kim 2006). 

(a) The biggest particles distribution, (b) The 2nd size particles distribution (Kim et al. 2006) 

The procedure is based on the fact that in a uniform aggregate blend, where all particles 

have the same size, the spacing between particles is equal to the diameter of the particles. 

Uniformly distributing particles with the smaller diameter to the uniform mixture affects the 

spacing of its initial particles. In the new blend with two particle sizes, the center-to-center spacing 

of the larger particles is influenced by the proportion of larger/smaller particles. In other words, 

particle spacing is influenced by the ratio of the larger to smaller particles. Decreasing this ratio, 
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increases the center-to-center spacing of the larger particles. This phenomena is shown in 

Figure 2-26, where the effect of increasing particles with diameters of 4.75 mm on the spacing 

between particles with diameters of 9.5 mm is depicted. It can be seen that the spacing of one 

group starts to increase dramatically once the relative proportions of different sized aggregates 

reaches a critical level. The effect of the ratio of particle sizes can be best understood from 

Figure 2-27, which depicts the slope of the spacing of large (small) particles versus the percent of 

the small (large) particles in the blend.  

Note that results shown for the spacing analysis of particles 9.5 mm and 4.75mm applies 

to any blend of particles of two different sizes with a size ratio of 2:1, which is generally the size 

ratio used between consecutive size sieves in asphalt mixture design. Therefore, it can be 

concluded that in any two particle sizes having a size ratio of 2:1, one particle size will significantly 

disrupt the ability of another particle size to interact once the relative proportions of the particle 

sizes is about 70/30. In other words, once the proportions exceed this value, the spacing of the 

particles with the smaller proportion increases so much that these particles are simply floating in 

the matrix and are no longer an effective part of the aggregate structure, which means the particles 

are not part of the DASR. Conversely, at proportions less than 70/30 (e.g., 40/60, 50/50, 60/40), 

as shown in Figure 2-26 and Figure 2-27, each particle size maintains a fairly stable spacing, so 

both are part of the DASR. All contiguous particle sizes determined to be interactive are considered 

part of the DASR, and are considered to act as a unit for determination of porosity. 

 

Figure 2-26. Spacing Result for the Binary Blend with 9.5, 4.75mm (Kim 2006). 
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Figure 2-27. Slope (spacing change) for the Binary Blend (Kim 2006). 

Based on the findings presented in Figure 2-27, identification of all particle sizes contained 

within the DASR is accomplished using a diagram entitled the “Interaction Diagram.” The 

Interaction Diagram consists of plotting the relative proportion of particles corresponding to 

successive sieve sizes on the IS Figure 2-28 presents the interaction diagram for the three blends 

described in Figure 2-22. Based on the Figure 2-27, contiguous particle sizes interact if their 

relative proportion is between 30/70 and 70/30. Therefore, based on Figure 2-28, it can be 

concluded that the following contiguous particles sizes interact in the blends:  

‐ Coarse-graded and SMA:  

o The aggregate passing 4.75 mm sieve and retained on 2.36 mm, and 

o The aggregate passing 2.36 mm sieve and retained on 1.18 mm 

‐ Fine-graded: 

o The aggregate passing 9.5 mm sieve and retained on 4.75 mm, 

o The aggregate passing 4.75 mm sieve and retained on 2.36 mm, and 

o The aggregate passing 2.36 mm sieve and retained on 1.18 mm. 



 

39 
 

 

Figure 2-28. Interaction Diagram (Kim 2006). 

It should be mentioned that the smallest particle coarse enough to contribute to aggregate 

interlocking was selected as the particle size passing the 2.36 mm sieve and retained on the 1.18 

mm sieve because generally, in asphalt mixtures, coarse and fine aggregate are separated at the 

2.36 mm sieve. Also, based on soil mechanics, particles finer than 1.18 mm have little internal 

friction. In addition, in the Bailey method, for a nominal maximum particle size (NMPS) of 

12.5mm, the PCS is 2.36mm, based on a packing factor of 0.22. 

2.3.2.2 Evaluating the Porosity criterion 

The DASR of a blend is the set of interactive (or single) particles that results in the lowest 

porosity in the blend. The porosity of the detected interactive range of particles in the blend is 

calculated using Equation 2-8.  The porosities of the interactive ranges of particles corresponding 

to the coarse, fine, and SMA aggregate blends previously discussed is shown in Figure 2-29 which 

also includes the minimum porosities in the blends without considering the DASR. The dramatic 

effects of interaction on the porosity of DASR are clearly evident. For example, the minimum 

porosity of the coarse-graded material without considering the DASR is 65%, shown in 

Figure 2-23. However, when the DASR and interaction is taken to account, the porosity of the 

dominant aggregate is 36% which meets the 50% porosity criterion. 
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Figure 2-29. Porosity Result before and after Considering Interaction (Kim 2006). 

It should be noted that the DASR approach is based on packing theory of spherical particles 

of multiple sizes in two dimensions. Consequently, the criteria developed is probably most 

applicable to aggregates that are not flat or elongated. However, the authors saw no reason why it 

would not be possible to extend the concepts and theoretical calculations developed to particles 

that are not spherical. In addition, it is recognized that aggregate angularity and texture can affect 

the quality of aggregate interlock and these factors were considered. However, gradations that 

result in better interlock are beneficial regardless of the aggregate angularity or texture. 

 Yideti et al. method  

Yideti et al. (2013; 2014) presented a packing theory to permanent deformation and 

resilient modulus of unbound granular materials based on their gradation. Their framework, unlike 

the previously discussed theories, generalizes the theory to the performance evaluation of unbound 

granular materials, without the presence of bitumen. 

Similar to the previously described frameworks, Yideti et al. (2013) propose a 

methodology to identify the load carrying aggregate from the aggregate size distribution. Their 

method takes into account the porosity and contact points between the aggregate particles in 

evaluating performance. A modified DF was developed, entitled disruption potential (DP), to 

investigate the stability nature of load carrying aggregate particles. Finally, the authors 
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demonstrate that the developed framework is related to the mechanical properties of unbound 

materials: resistance to permanent deformation and resilient modulus. 

The basic concept and assumption of the framework is that aggregates of different sizes 

contribute differently to the load carrying capacity of the granular mix. Fine grained particles fill 

the gaps between coarse particles and provide stability for the load carrying structure. The 

interactive range of coarse aggregate particles is called primary structure (PS). A range of grain 

sizes smaller than the PS is called secondary structure (SS) which resides in between the PS 

particles and depending on its proportion may provide stability to the load carrying skeleton or in 

case of excessive amount of SS it will compromise the load carrying capabilities of the PS as 

shown in Figure 2-30. In order to ensure good performing load carrying structure, the porosity 

limit for PS particles not exceed 50%, assuming the shape of the particles as spherical. 

 

Figure 2-30. Interplay between PS and SS particles (Yideti et al. 2013). 

A packing theory was used to identify the interactive PS aggregate particles. Similar to the 

framework developed by Lira et al (2012) for asphalt mixtures, the particle-to-particle interaction 

analysis was performed for two consecutive sieve sizes, and the densest and loosest possible 

packing arrangements in three dimensional space were used (shown in Figure 2-31). To ensure 

stone-to-stone contact between particular sieve size in the PS, the porosity of the particles must 

not be greater than the simple cubic packing arrangement. Also, the maximum concentration of 

spheres of two consecutive different particle sizes was assumed to be equivalent to 

hexagonal/cubic close packing. 

As mentioned previously, PS was defined as a range of interactive coarse grain sizes that 

forms the main load carrying network in unbound granular materials. Secondary structure (SS) is 

a range of grain sizes smaller than the PS, providing stability to the aggregate skeleton. There are 
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also oversized particles larger than the PS, which are not playing a relevant role in the load carrying 

system. 

 

Figure 2-31. Schematic diagram for volumetric composition of unbound granular material. 

The interaction analysis determines the upper and lower limit of PS particles. This analysis 

was conducted between two contiguous sieve sizes to be able to interact rather than to have one 

size to dominate in the mix. Equation 2-10 defines the analytical upper and lower limits for the 

interaction between particles on two contiguous sieve sizes. 

 

 
(2-10) 

where  is the maximum void size between the weighted average PS spherical particles 

( ) in three-dimension simple cubic packing which are defined as follow: 

  (2-11) 

 
 

(2-12) 

where = Weighted average void diameter (particle diameter within PS); = weighted 

average particle diameter;  and = consecutive sieve sizes;  and = the percentage 

retained on the two consecutive sieve sizes 

The stability of unbound granular materials can be affected by several factors. In addition 

to the shape of the grains, grain size distribution, and type of the granular material, porosity of the 

aggregate and the number of particle to particle contact points have major impacts on the stability 
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of the blend. In this framework, similar to the previous packing theory based frameworks, it is 

assumed that to ensure the contact of the PS, the PS porosity ( ) must not exceed 50%. The 

particle contact point between aggregates in a granular blend can largely influence the bearing 

capacity of the overall structure. The porosity of spherical particles depends on the arrangement 

of the spheres. According to Table 2-4 the theoretical porosities of spherical particles are shown. 

In addition, the number of contact points per particle and their unit cell volume for the four major 

packing arrangements (Cubic, Orthorhombic, Tetrahedral and Rhombohedral) are calculated. 

The PS porosity ( ) is defined as the fraction of the void volume in the PS over the total 

volume of the blend (skeleton). The volume of the granular skeleton can be calculated by 

subtracting the volume of the particles larger than PS from the total volume of the blend. The 

volume of voids in the PS is everything in the skeleton that is not considered to be part of PS, 

which includes the volume of SS and the volume of voids in the mix.. In the volumetric 

calculations, a constant dry density and specific gravity of aggregates throughout each sieve size 

should be assumed. 

 

 
(2-13) 

Table 2-4. Characteristics of Packing of Uniform Spheres. 

Packing type Coordination number Porosity 

Cubic 6 47.64 

Orthorhombic 8 39.54 

Tetrahedral 10 30.19 

Rhombohedral 12 25.95 

In the current framework, a relationship between the PS porosity and PS coordination 

number ( ) was developed by fitting the theoretical number of contact points per particle to 

their corresponding porosities. The theoretical porosities and their corresponding coordination 

numbers for materials having porosity between 25.95 % and 47.64 % are presented in Table 2-4. 

The developed mathematical relationship and the fitting curve are shown in Equation 2-14 and 

Figure 2-32, respectively. 
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(2-14) 

 

Figure 2-32. Relationship between the coordination number and porosity for theoretical 

porosities (Yideti et al. 2014). 

The volume of the SS particles can affect the stability of the PS particles. As shown in 

Figure 2-30, small percentages of the SS particles may fail to provide an adequate support to the 

PS particles, while too high percentages of SS particles may result in PS particles losing contact 

with each other, thus reducing load carrying capacity of the materials and eventually the PS 

aggregates likely to disrupt.  The disruption potential (DP) evaluates the ability of SS to disrupt 

the PS. DP is defined as the ratio of the volume of potentially disruptive SS over the free (available) 

volume within the PS. The volume of potentially disruptive SS includes the SS particles larger 

than 0.225 times the smallest grain size of the PS. The Bailey method also used this factor to 

establish control sieves to separate coarse and fine aggregates. The DP can be obtained for any 

material regardless of its porosity. Equation 2-15 mathematically illustrates the DP. 

 

 
(2-15) 

where  is the volume of the disruptive material and  is the free volume within the primary 

structure. 
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2.3.3.1 Evaluation of the framework 

As discussed, the authors believed that the porosity and contact points of the load carrying 

aggregate particles combined with the DP should provide sufficient information to evaluate 

unbound material resistance to permanent deformation and resilient modulus.  In order to validate 

the framework, the physical and mechanical properties of nineteen unbound granular materials 

were collected from two different countries (Sweden and USA). Among these, seven materials 

data were collected from the results of the experiments performed on Swedish originated materials 

composed of granite (Granite 1-4, GR), sand and gravel (S&G) and crushed concrete materials 

(CONC). Sand and gravel materials typically used as a subbase materials but the remaining 

materials are mainly used ABC. The experimental data for the remaining thirteen USA granular 

base materials, including three Louisiana State base materials and ten Missouri base materials were 

used in the model validation.  The maximum grain size for the different gradations were between 

25 mm and 90 mm. The PS of the collected gradations were defined using Equation 2-10. 

Subsequently, the porosity and coordination number of the PS and the DF of the blends were 

calculated. 

It was hypothesized that increasing DP values negatively influences the stone to stone 

contact between the load carrying particles and leading to higher permanent deformation. 

However, when there are insufficient fine particles there will not be enough fines material that can 

support the load carrying particles and eventually the granular material composition becomes less 

resistant to permanent deformation. Figure 2-33 shows the relationship between the normalized 

permanent strains values with respect to compressive resilient strain in the blends and the DF. 

Results demonstrate that the DP values are a predictor of the materials’ resistance to permanent 

deformation. Low resistances to permanent deformation were exhibited by granular materials 

having very low and high DP value whereas blends with the optimum DP values demonstrated 

lower permanent deformation.  

Figure 2-34 shows how the volume of SS can affect the permanent deformation. High and 

low values of SS leads to poor performance in terms of permanent deformation. Good performance 

is reached with optimum amount of SS to support the PS. 
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Figure 2-33. Relationship between the disruption potential and permanent deformation 

(Yideti et al. 2013). 

 

Figure 2-34. Relationship between the volume of Secondary structure and permanent 

deformation (Yideti et al. 2013). 

The framework can also be used to evaluate the resilient modulus of unbound granular 

material. The PS porosity and PS coordination number are used to predict the resilient modulus. 
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As discussed, the porosity of the load carrying PS approximately should not be greater than 50% 

to ensure the contact between aggregates in PS. In Figure 2-35, the measured resilient moduli of 

the materials are plotted versus the PS porosity. The result confirms that increasing the PS porosity 

resulted in the lower resilient modulus values. In addition, Figure 2-36 depicts how change in PS 

coordinate content is related to resilient modulus. As expected, higher PS coordination numbers 

correspond to lower PS porosity which leads to higher resilient moduli.  

 

Figure 2-35. Relationship between PS porosity and Resilient Modulus (Yideti et al. 2014). 
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.  

Figure 2-36. Relationship between PS coordination number and MR (Yideti et al. 2014). 

2.4 Compaction method 

Soil compaction is a mechanical densification process to improve the strength, reducing 

the compressibility, and enhance the rigidity of the soil matrix by lowering voids within the matrix 

(Chilukwa 2013). The compaction is performed in field and laboratory to achieve a certain degree 

of compaction. The compaction degree is a ratio of the maximum dry density (MDD) of the 

material in a certain gradation.  

Compaction methods in the lab can be classified to three categories: (1) Impact compaction 

hammer drops), (2) static compaction, and (3) kneading compaction (Shahin 2010). These methods 

simulate the field condition to prepare test specimens and evaluate the properties. Impact 

compaction method is the most common method in the laboratory two obtain the moisture-density 

relationship and also to compact specimens for mechanical testing. The popularity of the impact 

method is because it is was the first stabilization method, and it was simple and inexpensive (Kaya 

et al. 2012).  

However, the impact method can negatively affect the MR test results because it breaks the 

aggregate and changes the GSD of specimens and consequently increases the fine particles in the 

sample, and it is proven that increase the fine particles significantly changes the mechanical 
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behavior of granular material. Because of these, the United States Bureau of Reclamation (USBR) 

restricts using the impact method to compaction granular material with less than 15% fines. 

Although AASHTO T-307 recommends using the vibratory compaction to prepare ABC 

specimens for the resilient modulus test, many researchers and agencies prefer to use the impact 

compaction because of its simplicity (RW.ERROR - Unable to find reference:239). 

2.5 Image analysis 

Digital Imaging Analysis (DIA) is a technique that can be used to visualize aggregate 

packing characteristics. An ABC’s behavior is largely determined by its fabric and structure. The 

aggregate fabric is considered the arrangement of the particles, particle groups, and pore spaces in 

the aggregate specimen (Yang et al. 2003). The aggregate structure is considered the fabric, 

composition, and inter-particle forces combined (Yang et al. 2003). The geometric layout and the 

physical properties of the aggregate particles is important as it influences the loading resistance of 

the Aggregate Base Course (Kuo 1994). The aggregate skeleton is formed by the interconnected 

particles in the loading direction. Without proper interconnection, the load will not be transferred 

effectively, resulting in deformation. During loading, contact forces are formed between particles 

and if the resistance to shear is lower than the forces applied, permanent deformation can occur. 

The packing characteristics of the ABC will be influenced by the gradation and geometric 

characteristics of the aggregate (Yideti et al. 2014). 

The DIA procedure uses a two-dimensional surface to visualize layout of aggregate 

particles in a compacted aggregate sample. The information obtained includes the number of 

contacts among particles within the skeleton, the orientation of the contacts, the length of the 

contacts, and the particle orientation and distribution.  

Various methods exist within the framework of digital imaging analysis. Methods can 

either be destructive or non-destructive. The non-destructive method utilizes X-ray computed 

tomography (Sefidmazgi 2011). The destructive method will involve cutting the specimen to 

display the internal structure of the unbound material. The main outcomes will be aggregate 

orientation, segregation, contact points, and air void distribution (Coenen et al. 2012) 

There are three methods that can be classified as automated, semi-automated, and manual 

to describe the process of processing the images. Automated processing uses pre-written 

algorithms with limited pre-processing of inputs of the mixture characteristics. Semi-automated 
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methods requires the user to change the numerical values of filters and operators that are applied 

by pre-written algorithms. Finally, manual methods usually require the user to identify the 

perimeter of each coarse aggregate particle and changing the color intensity of individual pixels to 

differentiate between each phase (Coenen et al. 2012) 

DIA is generally conducted on a stiff cut cylindrical sample; therefore, the firs challenge is using 

a method to allow slicing of a sample without destroying the particle structure. Evans (20015) used 

an impregnation method to create a stiff mold using a resin. The impregnation process is illustrated 

in Figure 2-37. 

 

Figure 2-37. Glue impregnation process (Evans 2005). 

After the sample is prepared, images can be taken and processed. During processing, the 

image is converted into gray scale due to difference in color intensity of the phases (resin and 

aggregate). Once converted to gray scale, it will be converted to black and white to allow isolation 

of individual aggregate particles. To convert to black and white the gray scale intensity of the 

pixels of the image are categorized. The higher intensity pixels are considered aggregates. During 

processing, the images used should be from the middle as outside edges can provide erroneous 

results. 

Certain basic measurements are obtained for each aggregate particle: area, perimeter, ferret 

diameters, and coordinates. In addition to those measurements important fabric quantities are: the 

number of aggregate contact points, the contact length/area, the normal to contact plane 

orientation, and the stress paths within the skeleton (Sefidmazgi 2011).  



 

51 
 

Previous research has applied DIA to study aggregate structure in sands and in asphalt 

mixtures. However, these techniques can also be applied to ABC. The internal structure is crucial 

as it determines the ability of the aggregate to resist deformation upon loading. 

Asphalt concrete is a mixture of asphalt binder, air, and aggregates (fine and coarse). 

Studies have shown that the spatial distribution of aggregate particles is an important factor in the 

rutting performance of asphalt mixtures (Coenen et al. 2012). Sefidmazgi (2011) found that rutting 

performance of asphalt mixtures is dependent upon the internal structure and that digital imaging 

can be used to effectively quantify that structure. The number of aggregate contact points has a 

key influence on the load distribution to prevent permanent deformation.  

Coenen (2011) found that despite asphalt mixtures having the same aggregate gradation 

and compaction effort, aggregate structure still varied greatly. The variation was found to differ 

with binder types indicating that binder type has a significant impact on aggregate structure within 

the mixture. The binder’s lubricity plays a controlling part in the initial aggregate structure 

formation instead of viscosity (Sefidmazgi 2011). 

 

Figure 2-38. The aggregate skeleton with non-skeleton aggregates being neglected  

(Sefidmazgi 2011). 

In sands, the digital imaging process allows for analyzing internal structure and pore space. 

Yang (2003) used the two step impregnation procedure to look at sand triaxial samples. This was 

necessary as the first bonding was weaker but reduced the shrinkage during the epoxy 

impregnation. Also, to impregnate the sample with resin without damaging the equipment, the glue 

allowed for smaller specimens to be extracted. This reduces the amount of resin needed, thus, the 

cost (Yang et al. 2003). 
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Chapter 3 Experimental materials and methods 

This chapter outlines the scientific approach adopted during the current research to evaluate 

the effect of morphological and mineralogical properties on the mechanical behavior of ABC. The 

experimental plan established to achieve the objectives of the research is described in detail. The 

aggregate properties selected and methods to measure them are also discussed in this chapter. The 

laboratory methods commonly used to evaluate the mechanical performance of ABC are 

explained, followed by the laboratory test matrix in this research. 

3.1 Research Framework 

A research framework was developed to investigate the effect of aggregate properties on 

mechanical performance of ABC. Based on extensive review of technical literature (outlined 

inChapter 2) and available tools, a series of aggregate physical and morphological properties were 

chosen to be measured which are described in this chapter. The mechanical properties of ABC 

were obtained using the resilient modulus (MR) test, which is widely used to measure the ABC 

stiffness and is a key factor in mechanistic-empirical pavement design (Pavement ME).  

3.2 Material source and selected gradation band 

Aggregate material was collected from five different material sources widely used in 

ABC construction in NC. As shown in Figure 3-1, NC is geologically divided to three main 

sections: mountain, piedmont, and Coastal sections. Based on a preliminary survey of potential 

aggregate sources in NC, to cover a wide range of aggregate properties and mineralogy the 

material sources are chosen from different sections, shown in  

Table 3-1.  
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Figure 3-1. NC geologic map and selected sources’ locations (www.ncpedia.org). 

Table 3-1. ABC sources selected for the research. 

Quarry Geology 

Arrowood Piedmont 

Jamestown Piedmont 

Franklin Piedmont 

Fountain Coastal Plain 

Belgrade Coastal Plain 

Each agency accepts ABC material within a gradation band. This gradation band is usually 

identical or close the gradation bands suggested by ASTM D2940 and AASHTO M147. Some of 

the gradation bands commonly specified by ASTM and AASHTO are shown in Figure 3-2. In this 

research, the NC specification band, which is close to band B, was chosen. To evaluate the effect 

of gradation on the ABC performance, the gradations used in the ABC mechanical tests were 

designed to be within the NC band. Upon receiving the material from the respective sources, the 

material was oven-dried for sieve analysis. Sieve analysis was conducted in accordance to ASTM 

C136 on all of the ABC materials. The list of the sieves considered and the NCDOT specification 

for upper, middle and lower is shown in Table 3-2. 
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Figure 3-2. Upper and lower limits suggested by ASTM D2940 and AASHTO M147. 

 

Figure 3-3. NC gradation band - upper and lower limits. 
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Table 3-2. NCDOT upper and lower limits. 

Sieve 
No. 

Diameter     
(mm) 

Percent Passing (%) 

Upper Limit Lower Limit 

1 1/2" 38.10 100% 100% 
1" 25.40 75% 97% 

1/2" 12.70 55% 80% 
#4 4.75 35% 55% 

#10 2.00 25% 45% 
#40 0.42 14% 30% 

#200 0.074 4% 12% 

3.3 Laboratory characterization of aggregates 

To achieve the objective of this research, a series of common index tests were chosen to 

measure the aggregate physical and morphological properties. These tests are outlined in detail in 

this section. 

 Aggregate physical properties 

3.3.1.1 Specific gravity test 

The specific gravity of the aggregates was obtained according to ASTM D854-14, for the 

particles finer than 4.75 mm (No.4), and ASTM C127-15, for particles coarser than 4.75 mm 

(No.4).  The specific gravity for each material was determined for gradations used in this research, 

and it was done in duplicate. Then, the average value of specific gravities ( ) from the two 

methods was calculated based on Equation 3-1. 

 
 

(3-1) 

where : the percent of soil retained on the 4.75-mm sieve, : the percent of soil passing the 4.75-

mm sieve, : the apparent specific gravity of soils retained on the 4.75-mm sieve as 
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determined by Test Method C127, corrected to 20°C, : the specific gravity of soil solids 

passing the 4.75-mm sieve as determined by Test Method C854. 

3.3.1.2 Atterberg limits 

Atterberg limits, specifically the plastic limit, of material passing the No. 40 sieve was 

measured to better understand the behavior of these fine material in reaction with water. Fine 

material are able to control the overall behavior of the soil, especially within the gradation band 

used in the research where up to 12% of the total mass can be made of fines. This can be seen with 

the USCS classification system with the inclusion of plasticity in classification after fines reach a 

total of 12% by mass. ASTM D4318 was used to perform the test.  

3.3.1.3 Moisture-density relationship 

The compaction characteristics of all the ABC materials in gradations used in this research 

were performed following the procedure similar to the modified compaction test (AASHTO  

T-180) but with the total of 86 blows applied to each layer with a 10-lb hammer and 18-in drop 

height. Also, the compaction test was performed in a CBR mold (6-in diameter and 

7-in height) in five equal layers. For each gradation, up to four test were performed and used to 

plot the moisture-density curve.  It should be mentioned that the addition of 30 blows per layer in 

the compaction test was chosen to be consistent with the procedure traditionally used in NCDOT 

Material and Testing unit.  

3.3.1.4 Los Angeles Abrasion Test 

To assess the change in the aggregate gradation due to compaction, the resistance to 

degradation of aggregate by abrasion and impact was studied using the Los Angeles Abrasion 

machine, in accordance to ASTM C131-14. This test is a measure of degradation of mineral 

aggregates of standard grading resulting from a combination of actions including abrasion or 

attrition, impact, and grinding in a rotating steel drum containing a specified number of steel 

spheres, the number depending upon the grading of the test sample. As the drum rotates, a shelf 

plate picks up the sample and the steel spheres, carrying them around until they are dropped to the 

opposite side of the drum, creating an impact crushing effect. The contents then roll within the 

2@ 20 C
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drum with an abrading and grinding action until the shelf plate picks up the sample and the steel 

spheres, and the cycle is repeated. After the prescribed number of revolutions, the contents are 

removed from the drum and the aggregate portion is sieved on a 1.70 mm (No.12) sieve to measure 

the degradation as percent loss. The percent loss is calculated based on Equation 3-2.  

 
 (3-2) 

where M0: mass of original test sample, M1: final mass of sample retained on  1.70 mm (No.12) 

sieve. 

 Aggregate morphological properties 

Aggregate morphological properties such as angularity, texture, and aspect ratios (flat and 

elongated) were measured using an imaging measurement machine. Although these aggregate 

properties can be measured through traditional methods, the traditional methods have shown to be 

difficult, time-consuming, and subjective (Gates et al. 2011). Thus, using an image analysis 

method, these properties can be obtained consistent, quick, and efficient.  

In this research, the Aggregate Imaging Measurement System 2 (AIMS2) device was used 

to characterize the geometric properties of aggregate particles. It is a simple, quick and a non-

destructive procedure. It can measure physical properties such as texture, surface angularity, and 

particle form. Through its implementation, aggregates can be classified using an objective and 

automated procedure.  

The AIMS2 device is a system including a computer, image acquisition hardware, 

microscope, aggregate trays, and lighting system. Components of a particle shape include particle 

form, angularity, and surface texture, shown in Figure 3-4.  The particle form characterizes the 

sphericity, flatness and elongation of aggregate particles. The aggregate properties obtained by 

AIMS2 are summarized in Table 3-3 for coarse (larger than 4.75 mm) and fine (smaller than 4.75) 

particles. In summary: 

‐ Particle form quantifies the relative from of fine particles from 2D images, ranging from 0 (a 

perfect circle) to 20, 

‐ Angularity of particles describes variations at the particle boundary that influence the overall 

shape, ranging from 0 (a perfect circle) to 104. 
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‐ Surface texture describes the relative smoothness or roughness of coarse particles’ surface, 

ranging from 0 (a smooth polished surface) to 103. 

‐ Sphericity of coarse particles describes the overall 3D shape of a particle by measuring the 

particle’s shortest (dS), intermediate (dI), and largest (dL) dimensions. Sphericity is calculated from 

the following equation: 
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‐ Flatness and elongation ratios represent the ratio of a particle dimensions. 
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Figure 3-4. Components of a particle shape. 

Table 3-3. Measurements performed by AIMS2 on different particles. 

Test Coarse Aggregate Fine Aggregate 

Particle form 
 

× 

Angularity × × 

Texture × 
 

Sphericity × 
 

Flatness and elongation ratios × 
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3.4 Aggregate mechanical test 

The mechanical properties of ABC material is evaluated using the resilient modulus, MR, 

test. MR test is performed in accordance to AASHTO T-307. ABC samples are prepared with three 

different gradations within the NC gradation band: upper band (UB), middle band (MB), and lower 

band (LB). Samples were compacted with impact and vibratory methods to achieve their 100% 

dry density at their optimum moisture content. Each sample was compacted using multiple layers 

of equal mass to achieve the desired density by controlling the compacted height. The specimen 

preparation technique used in this study is consistent with the protocol used within the NCDOT 

Materials and Testing Unit. 

3.5 Summary 

This chapter outlined the experimental methods used to achieve the research objectives.  

The research work consists of a series of laboratory tests to measure the aggregate physical and 

morphological properties and evaluate the mechanical performance of the materials.  The most 

important physical properties affecting ABC material were identified from literature (i.e., specific 

gravity, moisture-density relationship to achieve a target density in samples, resistance to 

degradation) and their measurement methods were described. ABC material from five different 

laboratory experimentation. An accepted gradation band for ABC construction was chosen, and 

experimental tests were run on engineered gradations within the selected band to eliminate the 

influence of gradation differences on aggregate behavior.  MR test was used as the most common 

test to measure the resilient characterizations of ABC at different combination of tests factors. The 

next chapter will present the sensitivity of MR test to the test factors. 
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Chapter 4 Relating aggregate properties and moisture to the resilient behavior of ABC 

4.1 Introduction 

ABC is a critical structural component of most pavements. The ABC layer is constructed by 

compacting well-graded granular material. The deformation in this layer under the traffic loading 

is generally assumed to be recoverable because the magnitude of cyclic load is small compared to 

the strength of material (Huang 1993). The ratio of the cyclic stress to the recoverable resilient 

strain in one repeated dynamic loading cycle is defined as resilient modulus (MR). The MR is the 

primary ABC mechanical property used in Mechanistic-Empirical (M-E) pavement design 

framework, including Pavement ME Design. The MR of ABC is affected by multiple factors, 

including the physical and morphological properties of aggregates and moisture.  

The Pavement ME Design framework includes three levels of inputs for MR. Level 1 is the 

most accurate. In Level 1, MR is directly obtained by laboratory repeated load triaxial (RLT) 

testing. To complement laboratory testing, Equation 4-1 is used to express the relationship between 

MR and stress state, allowing for the prediction of resilient deformation behavior under conditions 

other than those used in testing.  
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where : bulk stress; : octahedral shear stress; Pa: atmospheric pressure; and  

k1, k2, and k3: regression coefficients.  

Level 2 and 3 estimate MR values using previously developed correlations between ABC 

properties and MR. In Level 2, MR is estimated using material index properties (e.g., California 

Bearing Ratio (CBR)). In Level 3, which yields the least reliable estimate, MR values are assigned 

based on the soil classification. While Levels 2 and 3 are less accurate, they are simpler and more 

efficient to implement; the laboratory testing required to obtain MR is complex, time consuming, 

and requires experienced personnel.  

Most state highway agencies’ ABC specifications include gradation requirements and 

maximum fine material plasticity.  These specifications were designed based on the assumption 

that the product will achieve the desired engineering performance as long as it meets gradation 

specifications and is placed and compacted properly in the field. However, the mechanical 

performance of ABC can also be significantly affected by aggregate properties (Lekarp et al. 
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2000b; Kwon et al. 2015). Therefore, it would be advantageous to relate the individual aggregate 

morphological and physical properties to the MR. This can also improve Level 2 inputs in 

Pavement ME as aggregate morphological and physical properties are commonly measured in state 

DOTs and other DOTs, and these properties are easy to measure. Several studies have been 

performed to relate the regression coefficients in Equation (4-1) (i.e., k1, k2, and k3) to easily 

attained material properties such as specific gravity, maximum dry density, and optimum moisture 

content (Malla and Joshi 2007; Nazzal and Mohammad 2010; Gu et al. 2014). The statistically 

estimated vales (k1, k2, and k3) are used as Level 1 inputs in Pavement ME to predict MR values at 

different stress levels; however, they are mostly limited to the specific geological regions that they 

are obtained from (Xiao et al. 2011; Zaman et al. 1994).  

In addition to the aggregate properties, the MR of ABC are also affected by environmental 

factors such as moisture content (Thom and Brown 1987; Lekarp et al. 2000b; Ekblad and Isacsson 

2006; Rahman and Erlingsson 2016). The influence of saturation level on the MR values is 

simulated by Pavement ME using the following equation: 
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where MR = resilient modulus at a given saturation level. MRopt = the resilient modulus at a 

reference condition, a and b = minimum and maximum of log(MR/ MRopt), km = regression 

parameter, and finally (S – Sopt)= variation in the degree of saturation in decimal. The values of a, 

b, and km for coarse grained materials are reported in Pavement ME to be -0.3132, 0.3, and 6.8157, 

respectively. This equation was developed by testing of individual soil and ABC samples prepared 

at different moisture content (Tian et al. 1998; Khoury et al. 2009; Stolle et al. 2009). However, 

this approach may not comprehensively simulate field conditions where ABC materials are 

compacted at OMC, and then their saturation level subsequently fluctuates throughout the 

pavement’s service life. Therefore, the effect of moisture fluctuations within an ABC sample on 

the resilient deformation behavior merits investigation. 

 The objective of this research is to evaluate the influence of aggregate properties and 

moisture on the resilient behavior of ABC. The influence of material properties on the MR of ABC 

is achieved by performing laboratory tests and statistical analyses. This is achieved by 

experimentally measuring the material properties and MR values. Then, the significance of 
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different material properties on the MR are determined using nonlinear multivariable regression of 

the MR test results. Finally, the influence of saturation level on the resilient behavior of ABC is 

studied by compacting ABC samples at their OMC and then inducing changes in saturation level 

to mimic field conditions. 

4.2 Materials and methods 

 ABC material properties 

Five ABC materials were selected from different locations in the state of North Carolina 

(NC) to cover a representative range of mineralogy and aggregate properties. The mineralogy, 

physical, and morphological properties of the aggregate sources were assessed. The aggregate 

mineralogy was obtained according to ASTM C25. The specific gravity of the aggregates were 

measured according to ASTM D854-14 for the particles finer than 4.75 mm (No.4), and ASTM 

C127-15 for particles coarser than 4.75 mm (No.4). The specific gravity values are reported as the 

weighted average value. The aggregates’ resistance to degradation were measured using the Los 

Angeles abrasion test, in accordance with ASTM C131-14. The compaction (moisture-density) 

characteristics of the materials were measured following a similar procedure to AASHTO T-180. 

It should be mentioned that although the AASHTO standard requires 56 blows, an additional 30 

blows per layer were used when compacting samples herein to be consistent with the procedure 

used by the NCDOT. 

The aggregate morphological properties were obtained using an aggregate image 

measurement system (AIMS2) (Gates et al. 2011).  AIMS was developed as an efficient, objective 

means to measure the geometric properties of aggregate particles. The device consists of a 

computer-automated video system that uses digital image analysis to directly evaluate texture, 

angularity, sphericity, and shape of coarse and fine aggregates. The angularity of particles 

describes variations at the particle boundary that influence the overall shape, ranging from 0 (a 

perfect circle) to 104. The surface texture describes the relative smoothness or roughness of the 

coarse particles’ surface, ranging from 0 (a smooth polished surface) to 103. The sphericity of 

coarse particles describes the overall three dimensional shape of a particle by measuring the 

particle’s shortest, intermediate, and largest dimensions, and it ranges from 0.0 to 1.0 (spherical). 
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 Resilient modulus (MR) tests 

Resilient modulus (MR) tests were performed on ABC materials in accordance with 

AASHTO T-307 to evaluate the mechanical performance of ABC. MR test samples were prepared 

by the impact method at OMC to achieve 100% maximum dry density. The middle band (MB) of 

the NC ABC gradation band was chosen as a controlled particle-size distribution to ensure that 

observed changes in aggregate behaviors could be attributed to the effects of varied aggregate 

properties (Figure 4-1). Each sample was prepared by combining aggregate with different sizes, 

then the samples were compacted in six layers of equal mass to achieve the desired density by 

controlling the compacted height. Replicate tests were performed, and an average MR values of all 

the repetitions for each test is reported here; the number of test replicates conducted for each 

condition depended on the variability of the MR tests results and the quantity of ABC materials 

available for testing. 

 

Figure 4-1. Selected grain size distribution. 

 Change in the sample saturation 

In this project, the effect of saturation level on MR of ABC is studied according to a 

procedure that mimics wetting and drying cycles in the field. The middle band (MB) of the NC 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0.0100.1001.00010.000

P
er
ce
n
t 
Fi
n
er
 B
y 
W
ei
gh

t

Grain Size (mm)

NC gradation band

MB



 

68 
 

ABC gradation band was chosen as a controlled particle-size distribution (Figure 4-1). Two 

Arrowood samples, three Belgrade samples, and one Fountain sample were tested. 

The procedure used was adapted from the Canadian standard for MR test, LC 22-400 MTQ 

(2004). The Canadian standard is similar to AASHTO T-307 in terms of loading conditions, but it 

requires changing a sample’s moisture and obtaining the MR of the sample at three different 

saturation levels. Based on the Canadian standard, a MR test specimen is prepared and tested at a 

low moisture content (2% above aggregate water absorption) (Stage 1), and then the test is 

performed on the sample on two other saturation degrees: near 100 percent saturation (Stage 2), 

and gravitationally drained (Stage 3). This standard has been applied and disseminated by a 

research group at Université Laval, Quebec, Canada (Bilodeau and Dore, 2012).  

During Stage 1, the MR test was carried out on a specimen that was compacted at 2% above 

the water absorption. At this stage, the degree of saturations were approximately 40%, 77%, and 

53% for the ABC materials tested (i.e., Arrowood, Belgrade, and Fountain specimens, 

respectively). After the resilient modulus test was conducted, water was injected into the specimen 

from the bottom platen, as shown in Figure 4-2 (a), which is similar to the setup described in LC 

22-400 MTQ (2004). In this method, the specimen was saturated using a water reservoir and 

effluent bucket. Before starting the saturation process, the weight of the empty bucket and full 

reservoir and tubes were measured. Then, the water reservoir was positioned at an elevation to 

produce about 20 kPa water pressure at the elevation of the bottom platen while a constant 

confining pressure of 35 kPa (5 psi) was applied to the sample. While keeping the confining 

pressure on the sample, the bottom drainage valve was opened so that the water enters the sample 

from the bottom gradually with an approximately 20 kPa pressure. Then, the top drainage lines 

were opened, the air bubbles were drained off, and water was collected in the bucket while it was 

covered to prevent from evaporating. When the reservoir became empty, the weight of the full 

bucket and empty reservoir and tubes were measured and recorded. The retained water in the 

specimen was estimated as expressed below: 

M retained water= (M full reservoir-M empty reservoir) – (M full bucket- M empty bucket) (4-3) 

Then, the reservoir was filled again and the previous steps were repeated until the estimated 

cumulative retained water reached a constant value. Finally, the MR test was performed on the 

nearly saturated sample. During MR testing in Stage 2, drained water was collected and weighted 

in order to back calculate the moisture content and degree of saturation at Stage 2. The degree of 
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saturation at Stage 2 was greater than 90% based on the oven dried sample, at end of the series of 

the resilient modulus testing. 

After the Stage 2 MR test was executed, the water was allowed to drain out of the specimen 

gravitationally by keeping the sample in the cell and on the MR setup frame which was about 1 

meter above the ground, and placing the bucket on the ground (Figure 4-2 (b)). In addition, a 

confining pressure of about 100 kPa was applied to the specimen. This confining pressure allowed 

the sample to drain more easily. While the confining pressure was applied, all bottom and top 

valves were opened and water was allowed to drain from the bottom lines and collected in the 

bucket that was covered to prevent any evaporation. The water accumulated in the bucket was 

measured at different time interval until water ceased to drain from the specimen. Finally, the last 

MR test (stage 3) was performed on the specimen. The degree of saturation at Stage 3 was about 

80%.   

   

(a) (b) 

Figure 4-2. (a) Saturation setup (b) Drainage Process. 

 Statistical Analysis 

Statistical analyses were performed using linear regression analysis on MR tests results on 

the MB gradation at OMC of Arrowood, Belgrade, Franklin, and Fountain. Then, MR tests results 

of Jamestown were used to validate developed models. The statistical analysis was performed 

using the measured physical and morphological properties to obtain equations to estimate the 
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regression coefficients (k1, k2, and k3) in Equation 4-1. The regression analysis was performed 

using the stepwise method with Statistical Package for the Social Sciences (SPSS) (IBM Corp. 

2013) software. In the analysis, all the measured parameters (physical and morphological 

properties) were chosen as independent variables. The morphological properties inputs were the 

constants of cumulative Weibull distribution (ߙ,   .(ߣ

4.3 Results and discussion 

 ABC material properties results 

4.3.1.1 Physical properties test results 

The mineralogical, physical, and morphological properties of five aggregate sources were 

assessed. The aggregate mineralogy was obtained by evaluating the aggregate following the 

ASTM C25 procedure. The most common elements measured within all the studied aggregate 

sources are silica, silicon dioxide, and aluminum oxide. The exception was the material from 

Belgrade, where the dominant minerals present are calcium, calcium oxide and calcium carbonate. 

In addition, the Arrowood source has a relatively high presence of iron oxide, though much smaller 

than the silica, silicon dioxide, and aluminum oxide.  

The results of LA abrasion, specific gravity, and compaction tests are presented Table 4-1. 

According to Table 4-1, a similar behavior within the five ABC courses was observed, with 

Arrowood and Belgrade being the two extremes. Arrowood aggregate has the highest specific 

gravity, highest maximum dry density, and a relatively low LA abrasion loss, which may be 

attributed to the relatively high presence of iron oxide in Arrowood aggregate. On the other hand, 

Belgrade aggregate has the lowest specific gravity and highest percent loss in the LA abrasion test. 

In addition, Belgrade aggregate has the highest optimum moisture content, which may be the result 

of aggregate breakage during the compaction test. Breakage increases the amount of fine particles 

in the mixture and consequently increases the required moisture to reach to the maximum density. 

The physical properties of Belgrade aggregate may be explained by the high percentage of 

calcium-based minerals. The other tested ABC material, Franklin, Foundation, and Jamestown, 

have relatively similar physical properties. 
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Table 4-1. ABC samples properties. 

Source Geology 
LA Abrasion 

Loss (%) 
GS* 

OWC ** 

(%) 

MDD *** 

(gr/cm3) 

Arrowood Piedmont 29% 2.91 4.2 2.46 

Jamestown Piedmont 43% 2.72 5.5 2.28 

Franklin Piedmont 56% 2.71 5.6 2.27 

Fountain Coastal Plain 28% 2.67 5.5 2.27 

Belgrade Coastal Plain 54% 2.56 7.2 2.15 

* Gs: specific gravity, ** OWC: optimal water content, ***MDD: maximum dry density 

4.3.1.2 Morphological properties tests results 

The AIMS2 results are shown in Figure 4-4 to Figure 4-10. AIMS2 results are presented 

visually in two manners: bar charts to show the morphological properties of each particle size, and 

cumulative distribution graphs corresponding to the MB gradation as described by Gu et al. (2014). 

The cumulative distribution is determined by calculating the composite index of different sources 

and fitting a cumulative Weibull distribution to the data. 

The results indicate that the morphological properties of the ABC materials are relatively 

similar with a few exceptions. The fine particles generally have high particle form (non-circular), 

shown in Figure 4-3. According to Figure 4-4, all of the particle sizes have high angularity, and 

Belgrade particles have a relatively higher angularity, and this is shown in Figure 4-5 for the MB 

gradation of Belgrade. According to Figure 4-6, the coarse particles have high texture, and some 

of the Arrowood particle sizes have extreme surface texture, and this is shown in Figure 4-7 for 

the MB gradation. All the coarse particles are high sphericity (almost spherical) (Figure 4-8). 

Finally, Figure 4-10 shows that the coarse particles have a flatness and elongation value between 

2 and 3 (i.e., a moderate ratio). 
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Figure 4-3. Particle form - fine particles (smaller than sieve #4) 

(0<low<6.5, 6.5<moderate<8, 8<high<10, 10<extreme<20). 

  

Figure 4-4. Angularity index of aggregate 

(0<low<2100, 2100<moderate<3975, 3975<high<5400, 5400<extreme<104). 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

2mm 0.42mm .075mm

P
a

rt
ic

le
 f

o
rm

Particle size (mm)

Arrowood Jamestown Franklin Fountain Belgrade

0

1000

2000

3000

4000

5000

25 19 12.5 9.5 4.75 2 0.42 0.075

A
n

g
u

la
ri

ty
 i

n
d

e
x

Particle size (mm)

Arrowood Jamestown Franklin Fountain Belgrade



 

73 
 

 

Figure 4-5. Distribution of composite angularity index (AI) of as-received aggregate 

(AI: 0<low<2100, 2100<moderate<3975, 3975<high<5400, 5400<extreme<104). 

 

Figure 4-6. Surface texture of coarse particles 

(0<low<200, 200<moderate<500, 500<high<750, 750<extreme<103). 
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Figure 4-7. Distribution of composite ST of as-received aggregate 

(ST: 0<low<200, 200<moderate<500, 500<high<750, 750<extreme<103). 

 

Figure 4-8. Sphericity - coarse particles (larger than sieve #4) 

(0<low<0.5, 0.5<moderate<0.6, 0.6<high<0.8, 0.8<extreme<1.0). 
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Figure 4-9 - Distribution of composite sphericity (SP) of as-received aggregate 

(SP: 0<low<0.5, 0.5<moderate<0.6, 0.6<high<0.8, 0.8<extreme<1.0). 

 

Figure 4-10 - Flatness and elongation value - coarse particles (larger than sieve #4). 
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 MR test results 

MR tests were performed on material from five different sources, as previously discussed. 

Multiple MR tests were performed on samples from each source. Depending on the variability of 

the MR tests results and the material availability, two to four sets of MR tests were performed, and 

an average MR value of all the repetitions for each test is reported. The average properties of the 

MR specimens from each source are shown in Table 4-2. The MR results were computed at 15 

stress states for ABC materials compacted with a MB gradation. Figure 4-11 illustrates the average 

MR values at each stress state for the ABC materials. Standard errors of the MR results are also 

shown in Figure 4-11 which shows the variability of the obtained moduli. The model parameters 

for the Pavement ME model are listed in Table 4-3. The model fits very well to the resilient 

modulus data, with coefficient of determination (R2) values often exceeding 0.99. The results 

clearly showed the stress hardening behavior of ABC material; the MR values increased with 

increase in bulk stress. The MR increased at different rates for the different aggregate sources, 

which is described by k1 parameter in the Pavement ME model (Table 4-3). 

An overall observation shows that Belgrade material had the highest MR values and 

Fountain material had the lowest MR values at the same stress state. Franklin and Jamestown 

materials resulted in comparable MR values. Lastly, Arrowood material showed MR values lower 

than Belgrade material and higher than Franklin and Jamestown materials. In addition, the results 

showed that among all the sources Belgrade had the highest variability in the results. Since all of 

these tests were conducted on material at the same gradation, the differences between obtained MR 

values are likely related to physical and morphological properties of aggregates. This relationship 

is discussed in the present section. 
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Table 4-2. Average values of properties of ABC samples from each source. 

Source 
Nom. of 

Samples 
Gs* 

OWC ** 

(%) 

MDD *** 

(gr/cm3) 

Sr**** 

(%) 

Arrowood 4 2.91 4.2 2.45 67% 

Jamestown 2 2.72 5.5 2.26 78% 

Franklin 2 2.71 5.6 2.17 79% 

Fountain 2 2.76 5.5 2.27 85% 

Belgrade 4 2.56 7.2 2.08 97% 

* Gs: specific gravity, ** OWC: optimal water content, ***MDD: maximum dry 

density, ****Sr: saturation degree 

 

Figure 4-11. MR tests results with the results’ variations 

(Numbers in parenthesis indicate the number of repetitions). 
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Table 4-3. Regression parameters. 

Source 
Pavement ME model 

k1 k2 k3 R2 

Arrowood 1219 0.558 0.014 1.00 

Jamestown 944 0.686 -0.159 1.00 

Franklin 945 0.697 -0.169 1.00 

Fountain 729 0.623 0.111 1.00 

Belgrade 1879 0.518 -0.086 0.99 

Based on the results, the relatively high MR values of Arrowood samples may be attributed 

to the higher texture of some of the aggregate sizes (e.g., aggregate retained on 12.5 mm, 9.5 mm, 

and 4.75 mm sieves) in this material. This aggregate size range creates the load bearing chain in 

these samples; therefore, the influence of texture for this size range is meaningful. Moreover, in 

the Belgrade material, some of the large particles have relatively high angularity. Therefore, the 

high MR values may be related to the angularity of these aggregates. In regards to the physical 

properties of aggregates, MR values tend to increase as the GS of ABC materials increases. The 

exception was Belgrade aggregates which show relatively higher MR values with the lowest GS. 

Also, the decrease in the dry density reduced the MR values, again the exceptions were the coastal 

materials; Belgrade material with the lowest MDD showed the highest MR values, and Fountain 

material which had a relatively high dry density showed the lowest MR values. 

During the specimen preparation using impact compaction, significant aggregate breakage 

was observed during compaction of Belgrade material; this may be related to the high MR values 

of this material. The aggregate breakage is reasonable for Belgrade aggregate because of the high 

LA abrasion loss (54%), and it was confirmed by the post-compaction grain size distribution of 

Belgrade samples shown in Figure 4-12. This indicates that the aggregate breakage during the 

impact compaction increased fractured faces of Belgrade particles and resulted in higher interlock, 

tighter packing, and consequently higher MR values. The effect of aggregate breakage during 

compaction is further discussed later in this in Chapter 5. It should be mentioned that the grain size 

distribution of all the other sources were obtained after impact compaction and no significant 

change in the original gradation was observed for the other four aggregate sources.  
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Figure 4-12. Post-compaction (PC) grain size distribution of Belgrade samples 

compacted by impact compaction method (IC). 

 Statistical analysis results 

The MR is often represented (e.g., in Pavement ME analyses) using regression coefficients 

(as presented in Equation 4-1), which are obtained from laboratory tests or empirical correlations. 

The laboratory test to obtain MR (and the corresponding regression coefficients) is complex and 

time consuming and also requires experienced personnel; empirical estimations based on 

correlations between ABC properties and MR are simpler and more efficient for design. Therefore, 

relationships have been proposed to relate the regression coefficients to some simple material 

properties. 

The analysis was initially performed to estimate k1, k2, and k3, and it was performed on all 

the sources except Jamestown. However, because of using a limited number of laboratory results 

in the analysis (i.e., only 16 laboratory test results for 4 aggregate sources evaluated), no significant 

regression equations were obtained for k2 and k3. Therefore, a conservative approach was taken to 

select constant values for k2 and k3 in the estimation of the MR. For k2, the minimum value of k2 
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for the ABC source, shown in Table 4-3 was selected which was k2 = 0.518. Also, since the k3 

value for ABC material is negligible, k3 was assumed to be zero for all the ABC sources. Therefore, 

the statistical analysis was performed to estimate k1 values for ABC material. In the estimated MR 

values, selected k2 and k3 values and estimated k1 values were used. Two equations were obtained 

in the analyses for k1. The equations are shown as follow: 

1 1856 60.6 ( ) 0.68 ( ) 2.1 ( )k AI AI ST                                      (Model 1) (4-4) 

1 2112.8 2 ( ) 0.67 ( ) 66.8 .k ST AI LAAbrasion                          (Model 2) (4-5) 

According to the regression equations, a combination of physical and morphological 

properties significantly affect the MR coefficients. In general, LA abrasion loss, surface texture, 

and angularity were used in the regression equations. Model 1 and Model 2 lead to similar MR 

values for the data evaluated; therefore, when visualizing the data in this section only one of the 

models, Model 1, is used. The laboratory measured MR values used in the statistical analysis versus 

predicted MR values using Model 1 are shown in Figure 4-13. Figure 4-13 shows that the MR 

values are mostly below the line of equality, indicating the model predicts MR values that are lower 

than the MR values measured in the lab. This is related to the k2 value used in the model which 

was the minimum k2 value calculated from the laboratory tests from the source material. The 

coefficient of determination for these regression equations (Model 1 and Model 2) were equal 

(R2=0.68); this may be attributed to the limited data used in the analysis. Including more MR test 

results from more ABC sources in the analysis could yield regression models with higher R2, and 

the significant parameters in the empirical equations may converge, resulting in one “best” 

equation for North Carolinian aggregates.  

The obtained regression models were independently validated using MR test results 

performed on Jamestown aggregate. The validation results for Model 1 are shown in Figure 4-14. 

The validation result indicate that the regression models satisfactorily predicted the MR values of 

Jamestown aggregates as the predicted MR values for Jamestown are near the line of equality; 

however, the predicted MR values for Jamestown are also lower than the measured MR valves for 

the reasons discussed previously. 
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Figure 4-13. Measured versus predicted MR values for all the MR values used in the statistical 

analysis. 

 

Figure 4-14. Model 1 validation: Measured versus estimated MR values for Jamestown. 
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In summary, the regression models showed that if MR values are to be estimated, 

morphological properties (such as those measured with AIMS2) should be included. The models 

showed that angularity index and surface texture of aggregates along with aggregate abrasion play 

an important role in the MR of ABC materials. The low R2 value of the regression models can be 

related to the low number of observations (16 observations). 

 Influence of moisture on the MR test results 

4.3.4.1 MR test results 

In this study, a procedure that realistically represents wetting and drying cycles in the field 

was used to evaluate the effect of moisture on the MR of Arrowood, Belgrade, and Fountain ABC 

materials. The MR tests on each sample were performed according to the procedure described in 

the materials and methods section. After performing the MR test on a sample compacted at 2% 

above the water absorption, the sample’s degree of saturation was increased by injecting water, as 

shown in Figure 4-15, followed by performing the MR test. Then, the water was allowed to 

gravitationally drain out from the specimen until water ceased to drain from the specimen, as 

shown in Figure 4-16. Finally, the last MR test was performed on the specimen.   
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Figure 4-15. Saturation phase after Stage 1, estimated retained water vs time for a typical test. 

 

Figure 4-16. Drainage phase after Stage 2, estimated drained water vs time for a typical test. 
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The MR test results at the three moisture conditioning stages (i.e., S-1, S-2, and S-3) are 

shown in Figure 4-17 to Figure 4-19 for Arrowood, Belgrade, and Fountain materials, respectively. 

To better visualize the MR value trends in these figures, the power trendiness obtained from 

Pavement-ME model (Equation 4-1) are also shown for each condition. The results correspond to 

the average MR values for each stage. The (range of) saturation levels for each stage is indicated 

in the figure legend. To better illustrate the results, the range of the MR tests on MB gradation of 

each source compacted with OMC is shown by the error bars. Finally, the saturation degree at each 

stage (average values of the repetitions) along with the saturation degree at the OMC are shown in 

Table 4-4. 

The results generally indicate that given the overlap between the error bars and the results 

from the different moisture conditions, within the saturation levels evaluated in this study, the MR 

test results are relatively insensitive to the saturation level. However, MR values in the Stage 1 for 

Arrowood (Figure 4-17) and Fountain (Figure 4-19) are higher than other moisture contents. A 

higher value of MR in Stage 1 is expected because moisture contents below the OMC result in 

lower lubrication within the specimen leading to stiffer material. The effect of the degree of 

saturation (e.g., between Stage 1 and Stages 2 & 3) becomes more pronounced by increasing the 

bulk stress. In Belgrade, the average MR values increase between Stage 2 and Stage 1 &3. This 

difference in the behavior of Belgrade may be attributed to the high variability in the MR values of 

Belgrade which is evident by the error bars. The range of Fountain MR test results on the samples 

with OMC may not cover the full range of possible MR values because only two tests at OMC 

were performed on Fountain aggregate. Thus, the difference between the MR results of Fountain 

and the error bars in Figure 4-19 may also be related to the variability of the MR results for 

Fountain. Therefore, given the overlap between the error bars and the results, it can be generally 

concluded that change in the saturation level resulted in a marginal differences in the MR values.  
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Figure 4-17. MR test results on Arrowood material - MB gradation - Varying moisture (error bars 

represent the range of MR values of the 4 tests at OMC). 

 

Figure 4-18. MR test results on Belgrade material - MB gradation - Varying moisture (error bars 
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represent the range of MR values of the 4 tests at OMC). 

 

Figure 4-19. MR test results on Fountain material - MB gradation - Varying moisture  

(Error bars represent the range of MR values of the 2 tests at OMC). 

Table 4-4. Degree of Saturation for Resilient Modulus Specimens. 

Source OWC Stage 1 Stage 2 Stage 3 
Arrowood 67% 40% 95% 85% 
Belgrade 97% 77% 100% 91% 
Fountain 85% 53% 98% 80% 

Rahman and Erlingsson (2015) and Bilodeau and Dore (2016) evaluated the effect of the 

degree of saturation on the MR of ABC materials with similar gradations, shown in Figure 4-20, 

using saturation levels comparable to those used in this study. Within the range of saturation levels 

tested in this study, their results similarly showed that the degree of saturation has only a marginal 

effect on the MR. 
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Figure 4-20. Comparing GSDs used in previous studies and NC gradation band used in the 

current research (Rahman and Erlingsson 2016; Bilodeau and Doré 2012b). 

To further evaluate the MR sensitivity to the saturation level, the MR values measured at 

different saturation levels are compared with the MR values predicted using the regression models. 

The predicted MR values were calculated using regression Model 1 for k1 (Equation 4-5), k2=0.518, 

and k3=0.  As discussed in section 4.3.3, the regression models to predict k1 were calibrated for 

OMC, so they are not expected to be applicable to the other moisture contents if the MR varies 

with moisture content. This comparison was done for the stress condition at the 6th sequence of the 

MR test according to AASHTO T-307 (σ1=20 psi and σ2= σ3=5 psi). The average laboratory 

measured MR at the different moisture stages and predicted MR values for Arrowood, Belgrade, 

and Fountain along with the material properties used in the regression model are tabulated in 

Table 4-5 to Table 4-7.  

In addition, the ranges of estimated MR values, or the 95% prediction intervals, for each 

source are included in Table 4-5 to Table 4-7. The 95% prediction interval is the range expected 

MR values will occur associated with a 95% confidence level. The prediction intervals are different 

for each ABC source. The regression models were developed using the data from all the sources; 

when the models are used to predict the MR for one discrete source, the results vary. The prediction 
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intervals for each source is related to how far the aggregate properties of the source are from the 

mean values of the aggregate properties used in the repression model. 

Table 4-5. Laboratory measured k1 compared to predicted MR: Arrowood. 

Regression 
model 

Variable Arrowood 

MR at 6th sequence 

Laboratory obtained Statistically predicted 

Stage 
1 

Stage 
2 

Stage 
3 

Value Prediction interval 

Model 1 

( )AI   4.37 

207 185 179 174 133 - 214 ( )AI   3099 

( )ST   563.6 

Table 4-6. Laboratory measured k1 compared to predicted MR: Belgrade. 

Regression 
model 

Variable Belgrade 

MR at 6th sequence 

Laboratory obtained Statistically predicted 

Stage 
1 

Stage 
2 

Stage 
3 

Value Prediction interval 

Model 1 

( )AI   3.55 

282 260 279 253 213 - 293 ( )AI   4456 

( )ST  376.7 

Table 4-7. Laboratory measured k1 compared to predicted MR: Fountain. 

Regression 
model 

Variable Fountain 

MR at 6th sequence 

Laboratory obtained Statistically predicted 

Stage 
1 

Stage 
2 

Stage 
3 

Value Prediction interval 

Model 1 

( )AI   4.27 

162 139 138 108 43 - 171 ( )AI   4456 

( )ST   296.3 

The data in Table 4-5 to Table 4-7 are depicted in Figure 4-21. Figure 4-21 shows how 

well the prediction is using the regression model. In Figure 4-21, the prediction interval of MR 

values are shown with vertical bars, and the range of laboratory measured MR values are shown 

with horizontal bars. The vertical and horizontal bars intersect at a point whose coordinates are the 

average value of the measured MR and predicted MR.  

Table 4-5 to Table 4-7 and Figure 4-21 show that for all the sources the measured MR 

values at all levels of moisture content lie within the 95% prediction interval. This further suggests 
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that within the saturation levels included in this study the measured MR values are not sensitive to 

the saturation level for the aggregate sources evaluated. 

 

Figure 4-21. Estimated vs. laboratory measured k1 values with their 95% prediction intervals 

(vertical error bars) and range of obtained values (horizontal error bars). 

4.3.4.2 Evaluate the effect of suction on MR of ABC 

To further study the influence of moisture on the MR values, the effect of suction on the 

resilient behavior of ABC material was investigated. Initially, an attempt was made to use a 

Tensiometer to directly measure suction in compacted Arrowood and Belgrade samples. However; 

the Tensiometer did not measure any suction in the samples at the saturation levels evaluated. 

There are two possible explanations for the Tensiometer results. First, the particles in the ABC 

samples were relatively large compared to the Tensiometer shaft diameter (5 mm), which made 

the surface tension measurement impossible. Second, the ABC samples would fall apart by 

inserting the shaft into the sample, so it was not feasible to make deep hole(s) in the samples to 

insert the Tensiometer shaft inside the samples; therefore, only two shallow holes were made, and 

the Tensiometer could not penetrate deep enough into the samples. It should be mentioned that 
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this was also an indication of low suction values in the ABC samples. Therefore, available models 

in the literatures were used to estimate the suction in ABC samples.  

The soil water characteristics curve (SWCC) for unbound granular material is widely 

estimated by Fredlund and Xing (1994) model (Saha et al. 2018; Fredlund and Xing 1994): 
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where S = degree of saturation (%), h = soil matric suction (psi), and af, bf, cf, and hr = soil fitting 

parameter. There are some empirical models to predict the four fitting parameters in the Fredlund 

and Xing (1994) SWCC model combined with easily measured gradation (Saha et al. 2018). In 

this study, the two most commonly used models to predict the four parameters for ABC materials 

were used which are as follow: 

 The Pavement ME Design model (Zapata et al. 2000): 
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 The Perera model (Perera et al. 2005): 
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(4-9) 

The obtained SWCC model parameters and the predicted SWCCs are shown in Table 4-8 

and Figure 4-22, respectively. 

Table 4-8. Model parameters of ABC materials for MB gradation. 

Model af bf cf hr 
Pavement ME (2000) 0.16 7.5 1.17 0.02 

Perera (2005) 9.46 5.1 0.76 100 
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Figure 4-22. Predicted SWCC for ABC materials using Pavement ME and Perera models. 

Figure 4-22 shows that the two models yield drastically differently SWCCs for the MB 

gradation. The significant difference between the SWCCs predicted by these two models is 

attributed to the different af parameters listed in Table 4-8. The af value is associated with the initial 

break of the SWCC, which is commonly known as the air-entry value. According to the two curves, 

for the range of saturation levels tested in this study (ranging from 40% to 100%), the suction 

values are predicted to be less than 0.2 kPa and 12 kPa by the Pavement ME Design and Perera 

models, respectively. 

It has been reported that suction values developed in ABC samples during MR testing are 

very low. Bilodeau and Dore (2016) reported measured suction values for specimens with degrees 

of saturation between 40% to 100% to be less than 5 kPa. In addition, Ekblad and Isacsson (2006) 

also measured similar suction values (i.e., less than 5 kPa) for ABC materials within range of 

saturation levels used in this study. Moreover, Ba et al (2013) directly measured the suction of 

ABC samples during the MR testing, and they reported that the air entry values (i.e., af value) of 

ABC materials with similar mineralogy to the ABC materials used herein are less than 0.1 kPa. 

Therefore, the reported suction measurements along with the outcomes of suction measurement 

with Tensiometer in this research indicate the suction in ABC material samples is very small, and 
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the SWCC predicted by Pavement ME Design model is most likely more appropriate than the 

Perera model for the ABC material.  

In summary, based on negligible reading in Tensiometer experiments and the Pavement 

ME model prediction of the SWCC, it is inferred that the suction values in the ABC samples in 

the MR tests are negligible at all saturation levels evaluated herein. Therefore, it is believed that 

the excessive water in the ABC material immediately drains, as suggested by Tom and Brown 

(1987), the decrease in the MR values due to increase in the saturation level, if any, is likely driven 

by the lubrication effect of water at the contacts between particles. 

4.3.4.3 The MR as a function of moisture – Pavement ME guide 

The MR values measured in this section are compared with the Pavement ME prediction 

model (Equation 4-2). The results of the comparison are shown in Table 4-9. In this table the 

MR/MRopt (%) for Pavement ME is the percentage change predicted by Equation 4-2 for the MR 

due to change in the saturation degree from Sopt to S. Also, the values for MR/MRopt (%) for the 

current study at each stage are obtained by calculating the ratio between the MR values measured 

at the OMC and the MR values obtained at each stage and each sequence (each bulk stress). Then, 

the average ratio values (15 values for all the sequences) are shown in terms of percent change in 

Table 4-9. Table 4-9shows that for the saturation levels used in this research, the Pavement ME 

model predicts larger variation in the MR values with the degree of saturation than the measured 

values, from 60% increase to 27% decrease in the MR (on average).  

This difference between the Pavement ME predicted and measured ratios of MR at different 

saturation levels to MR at the optimum moisture condition values can be attributed to the basis of 

the Pavement ME model. The Pavement ME model was developed using the previous studies that 

had evaluated the influence of saturation level on the MR by performing MR tests on samples 

prepared at different moisture contents; however, as it was discussed in section Chapter 4, testing 

samples compacted at different saturation levels does not reflect what the ABC layer experiences 

in the field, and because of this, the Pavement ME may not correctly predict the change in the MR 

due to change in the saturation level. Therefore, it is recommended that the Pavement ME model 

for predicting the change in MR with saturation level be revised in future work to better reflect true 

ABC behavior in the field.  
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Table 4-9. Effect of saturation level on the MR values comparison:  

MEPGD prediction model and obtained values in this study. 

Source Stage Sopt S S-Sopt 
MR / Mropt (%) 

Pavement ME 
Predicted 

Measured 

Arrowood 
1 

67% 
40% -27% 66% 12% 

2 95% 28% -41% 2% 
3 85% 18% -32% -1% 

Belgrade 
1 

97% 
77% -20% 52% 6% 

2 103% 6% -14% -1% 
3 91% -6% 16% 5% 

Fountain 
1 

85% 
53% -32% 73% 33% 

2 98% 14% -27% 15% 
3 80% -5% 12% 15% 

4.3.4.4 Summary 

The MR tests results with varying saturation levels showed MR is not sensitive to the 

saturation level (Figure 4-17 to Figure 4-19). This conclusion was further demonstrated by 

comparing the calculated k1 values according to the MR tests with varying saturation level with the 

estimated k1 values for the ABC at the OMC. The SWCC prediction model showed the suction in 

the ABC specimens was negligible; therefore, the differences between the MR values in the tests 

was not influenced by induced suction. 

4.4 Conclusions 

The MR tests were conducted on ABC materials at OWC different saturation levels and 

results were shown in the previous section.  The following conclusions are drawn from the results 

of this study: 

 Higher surface texture and greater angularity generally lead to higher resilient moduli in 

ABC materials. 

 Low abrasion resistance can lead to degradation of aggregate particles during compaction 

and increase the variability in laboratory resilient modulus tests. 
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 Statistical analysis established regression models to predict resilient modulus from the 

angularity index, surface texture, and LA abrasion of ABC materials evaluated in this study 

with reasonable estimation accuracy. 

 Change in the moisture content of ABC materials resulted in only marginal differences in 

resilient deformation behavior; however, within the margins, MR tend to decrease as the 

saturation level increased. 

 Based on the models, test results, and literature review developed suction in the MR 

specimens was negligible compared to the applied loading. Therefore, the change in the 

MR may be attributed to the lubrication effect of water. 

  



 

96 
 

4.5 References 

Bilodeau, J., and Doré, G. (2012). "Water sensitivity of resilient modulus of compacted unbound 

granular materials used as pavement base." International Journal of Pavement 

Engineering, 13(5), 459-471. 

Ekblad, J., and Isacsson, U. (2006). "Influence of water on resilient properties of coarse granular 

materials." Road Materials and Pavement Design, 7(3), 369-404. 

Fredlund, D. G., and Xing, A. (1994). "Equations for the soil-water characteristic curve." 

Canadian Geotechnical Journal, 31(4), 521-532. 

Gates, L., Masad, E., Pyle, R., and Bushee, D. (2011). "Aggregate Imaging Measurement System 

2 (AIMS2)." Final Report: FHWA-HIF-11-030. 

Gu, F., Sahin, H., Luo, X., Luo, R., and Lytton, R. L. (2014). "Estimation of resilient modulus of 

unbound aggregates using performance-related base course properties." Journal of 

Material in Civil Engineering, 27(6), 04014188. 

Huang, Y. H. (1993). Pavement analysis and design. Prentice Hall, Englewood Cliffs, New Jersey. 

Khoury, N., Brooks, R., Zaman, M., and Khoury, C. (2009). "Variations of resilient modulus of 

subgrade soils with postcompaction moisture contents." Transportation Research Record: 

Journal of the Transportation Research Board, (2101), 72-81. 

Kwon, J., Kim, S., Tutumluer, E., and Wayne, M. H. (2015). "Characterisation of unbound 

aggregate materials considering physical and morphological properties." International 

Journal of Pavement Engineering, 18(4), 303-308. 

Lekarp, F., Isacsson, U., and Dawson, A. (2000). "State of the art. I: Resilient response of unbound 

aggregates." Journal of Transportation Engineering, 126(1), 66-75. 

Malla, R. B., and Joshi, S. (2007). "Resilient modulus prediction models based on analysis of 

LTPP data for subgrade soils and experimental verification." Journal of Transportation 

Engineering, 133(9), 491-504. 

Nazzal, M. D., and Mohammad, L. N. (2010). "Estimation of resilient modulus of subgrade soils 

for design of pavement structures." Journal of Material in Civil Engineering, 22(7), 726-

734. 

Perera, Y., Zapata, C., Houston, W., and Houston, S. (2005). "Prediction of the soil-water 

characteristic curve based on grain-size-distribution and index properties." Advances in 

Pavement Engineering, 1-12. 



 

97 
 

Rahman, M. S., and Erlingsson, S. (2016). "Moisture influence on the resilient deformation 

behaviour of unbound granular materials." International Journal of Pavement Engineering, 

17(9), 763-775. 

Saha, S., Gu, F., Luo, X., and Lytton, R. L. (2018). "Prediction of Soil-Water Characteristic Curve 

for Unbound Material Using Fredlund–Xing Equation-Based ANN Approach." Journal of 

Material in Civil Engineering, 30(5), 06018002. 

Stolle, D., Guo, P., and Liu, Y. (2009). "Resilient modulus properties of granular highway 

materials." Canadian Journal of Civil Engineering, 36(4), 639-654. 

Thom, N., and Brown, S. F. (1987). "Effect of moisture on the structural performance of a crushed-

limestone road base." Transportation Research Record: Journal of the Transportation 

Research Board, 1121, 50-56. 

Tian, P., Zaman, M., and Laguros, J. (1998). "Gradation and moisture effects on resilient moduli 

of aggregate bases." Transportation Research Record: Journal of the Transportation 

Research Board, 1619, 75-84. 

Xiao, Y., Tutumluer, E., and Siekmeier, J. (2011). "Resilient modulus behavior estimated from 

aggregate source properties." Geo-Frontiers 2011: Advances in Geotechnical Engineering, 

4843-4852. 

Zaman, M., Chen, D., and Laguros, J. (1994). "Resilient moduli of granular materials." Journal of 

Transportation Engineering, 120(6), 967-988. 

Zapata, C. E., Houston, W. N., Houston, S. L., and Walsh, K. D. (2000). "Soil–water characteristic 

curve variability." Advances in unsaturated geotechnics, 84-124. 

  



 

98 
 

Chapter 5 The effect of laboratory compaction method on the resilient behavior and 

fabric of aggregate base course† 

5.1 Abstract 

Aggregate base course (ABC) layer is a key structural component of most pavements. The 

compaction of ABC in the field and lab is a crucial procedure affecting its mechanical 

performance. There are two different methods commonly used in the lab to compact ABC 

specimens: impact and vibratory compaction methods. This study evaluates the influence of these 

two methods on the resilient behavior and fabric of the ABC specimens. ABC materials from two 

different geologic regions are obtained, and resilient modulus tests are performed on the specimens 

compacted with the two methods. Resilient modulus tests were performed. A series of subsequent 

laboratory tests were performed to explain the observed resilient behavior by assessing changes in 

aggregate morphology and fabric. The results demonstrate that impact compaction can degrade 

ABC materials that are susceptible to crushing.  This in turn affects the resilient modulus of the 

ABC by changing the fabric of the material.  The compaction method used in the laboratory should 

match the compaction processes in the field as best as possible to obtain the most representative 

resilient modulus results. 

KEYWORDS 

Aggregate base course; resilient modulus; compaction; digital image analysis; particle contact. 

  

                                                 
† In this chapter, source A stands for Arrowood and source B stands for Belgrade. 
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5.2 Introduction 

The aggregate base course (ABC) layer is an important structural component of most 

pavements. The ABC layer protects the subgrade and asphalt layers by distributing the traffic load 

and minimizing surface deformation. Thus, the accurate characterization of the mechanical 

properties of ABC materials is critical to the design and analysis of pavement structures. Within 

the Pavement ME Design framework, the mechanical performance of ABC is characterized by its 

resilient modulus (MR).  

The MR of ABC is typically measured in the laboratory using laboratory-fabricated 

samples. Both impact and vibratory compaction methods have been employed to prepare 

laboratory-fabricated ABC specimens (Drnevich et al. 2007; Shahin 2010). The impact 

compaction method is commonly used by state highway agencies because it is simple and 

inexpensive; however, the vibratory compaction method better simulates field compaction and is 

recommended by AASHTO T 307. The literature indicates that impact compaction can lead to 

degradation of aggregate particles, which results in a change in the grain size distribution (GSD) 

(Drnevich et al. 2007). Several past studies have compared the MR test results of specimens 

compacted by impact and vibratory methods. Hoff et al. (2004) found that MR test results are 

insensitive to the method of laboratory compaction; however, their study was limited to a single 

ABC source. Based on the analysis of several ABC sources, Cetin et al. (2014) found that 

specimens compacted by the impact compaction method generally yield higher MR values than 

those compacted using vibratory methods. Cetin et al. (2014) also found that the impaction 

compaction method leads to lower permanent deformation and higher California Bearing Ratio 

(CBR) values compared to vibratory compaction, which was postulated to be caused by the 

increase in the content of fine particles due to coarse aggregate breakage. While the literature 

suggests that the laboratory compaction method can affect MR test results, past studies have failed 

to elucidate the aggregate properties and fabric changes that lead to sensitivity to the method of 

compaction. 

Fabric is defined as the spatial arrangement of aggregates in a mixture including the 

aggregates’ orientation, number of contacts for each aggregate (also known as coordination 

number), and the void distribution (Ibrahim and Kagawa 1991). The influence of specimen 

fabrication methods on fabric has been studied extensively in soil mechanics (Mahmood et al. 

1976; Yimsiri and Soga 2011). Mitchell and Soga (2005) found that vibratory compaction of  



 

100 
 

well-graded crushed basalt led to random orientation of aggregate particles. Oda (1972) studied 

the fabric of sandy soils and observed that specimens prepared with a horizontal vibratory action 

exhibited a higher proportion of aggregates oriented horizontally than vertically. In contrast, 

specimens prepared by tamping exhibited an equal distribution of vertically and horizontally 

oriented particles. Collectively, these observations indicate that soil behavior can be sensitive to 

the specimen preparation technique; however, the effect of the compaction method on ABC fabric 

has not been studied. 

The objectives of this study are to evaluate the effect of laboratory compaction methods on 

the MR values of ABC, and to elucidate the reasons the observed trends. To achieve these 

objectives, two aggregate sources with significantly different mineralogy and abrasion resistance 

were used. MR tests were performed on specimens compacted with the impact and vibratory 

compaction methods. The trends observed in the MR tests results were complemented with the 

evaluation of the effect of laboratory compaction on the GSD, morphological properties, and 

fabric.  

5.3 Materials and methods 

 Materials 

In this study, two common ABC materials used in North Carolina (NC) were evaluated. 

The two ABC materials differed in terms of both mineralogy and physical properties. Source A 

was obtained from a siliceous piedmont region whereas source B was obtained from a more 

calcareous coastal plain region. The physical properties of the two ABC materials are shown in 

Table 5-1. The LA abrasion results demonstrate that aggregate source B exhibits low abrasion 

resistance relative to source A. Furthermore, it can be seen that source B has a significantly lower 

specific gravity and higher absorptivity than source A.  
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Table 5-1. Material Physical Properties. 

Property Standard Source A Source B 

Dominant Mineralogy ASTM C25 SiO2 (48%) CaCO3 (67%) 

Los Angles abrasion loss (%) ASTM C131 28.6 54.3 

Specific gravity (GS) 
ASTM C127 

2.91 2.56 

Water absorption (%) 0.58 3.71 

Max. dry density (gr/cm3) 
AASHTO T-180 

2.45 2.08 

Optimum water content (%) 4.5 7.4 

 Evaluation of aggregate morphology 

The Aggregate Image Measurement System (AIMS2) was used to quantify the 

morphological properties of the two aggregate sources (Gates et al. 2011). AIMS was developed 

as an efficient, objective means to measure aggregate shape properties. The device consists of a 

computer-automated video system that uses digital image analysis to directly evaluate texture, 

angularity and shape of coarse and fine aggregates. Angularity of particles describes variations at 

the particle boundary that influence the overall shape, ranging from 0 (a perfect circle) to 104. 

Surface texture describes the relative smoothness or roughness of coarse particles’ surface, ranging 

from 0 (a smooth polished surface) to 103. Sphericity of coarse particles describes the overall three 

dimensional shape of a particle by measuring the particle’s shortest, intermediate, and largest 

dimensions, and it ranges from 0.0 to 1.0 (spherical). 

 Specimen fabrication 

The ABC materials were sieved and reconstituted to coincide with the middle of the ABC 

gradation band specified by the North Carolina Department of Transportation (NCDOT). The ABC 

specimens were compacted with impact compaction (IC) and vibratory compaction (VC) methods. 

All specimens were compacted at their optimum moisture content to achieve 100 percent 

maximum dry density. The IC was performed with a 4.5 kg hammer and 45.7 cm drop height in 

accordance with AASHTO-T180. A total of six lifts were compacted in accordance with AASHTO 
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T-307. A Makita Demolition Hammer MODEL HM0810B was used to prepare vibratory-

compacted samples. To compact each layer, the compactor’s weight plus pressure applied by the 

operator were used in combination with the vibratory action from the hammer. The VC specimens 

were compacted using seven lifts.  

To evaluate the fabric of specimens compacted by the IC and VC methods, additional 

specimens were prepared using an epoxy resin in place of water to bind specimens. The fine 

aggregates (i.e., particles passed the #4 sieve) were dyed to enhance the contrast between the coarse 

and fine particles. The bound specimens were sawn vertically and the faces were photographed for 

subsequent two-dimensional (2D) image analysis. The epoxy resin used is Epo-Tek 301 from 

Epoxy Technology. The epoxy resin acts as a lubricant in the compaction process. Therefore, it is 

assumed that the epoxy resin acts similar to water and thus, is not anticipated to influence the fabric 

of specimens. The resin content added to ABC mixture was equal to the mixture’s optimum 

moisture content to best reflect the MR test specimens. The resin specific gravity is 1.094 and was 

prepared by mixing a base (GS=1.15) and hardener (GS=0.87) using a 4:1 ratio. The viscosity of 

the mixture is 100 to 200 cPs. It was hypothesized that adding the resin to ABC at OMC would 

result in the maximum dry density of the mixture, which was confirmed by achieving the same 

densities in bound (epoxied) and unbound (standard) samples. Thus, the relatively high viscosity 

of the epoxy resin does not appear to affect the compactability. It should be noted that past 

researchers have used other methods to prepare bound granular specimens. Frost (1989) prepared 

bound specimens by mixing epoxy resins with particles through an impregnation method. 

However, the impregnation method can only be applied to uncompacted granular mixtures (Evans 

2005) or on compacted granular mixtures with low fine content (Henderson et al. 2011). 

 Test and analysis methods 

The MR tests were performed in accordance with AASHTO T-307. A minimum of two test 

replicates were conducted for each material/compaction method combination.  

The post-compaction GSD of the specimens were measured to evaluate the degradation of 

the aggregate particles during specimen preparation. The morphological properties of particles 

after compaction were also measured to evaluate the change in the particles morphological 

properties due to compaction. 
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Digital 2D image analysis was used to evaluate the aggregate fabric of bound and dyed 

compacted ABC specimens. A digital single lens reflex (DSLR) Olympus Camera with a macro 

lens was used to capture a high quality photograph of all the coarse aggregate particles in each 

sawn aggregate plane. The 2D images were first processed using Adobe Photoshop CC2017. A 

perspective warp was used to straighten the images and remove warping from the camera lens. 

Then, the images were cropped to remove the area surrounding the sample.  Next, auto-contrast, 

auto-tone, color balance tools were used to improve the contrast between the dyed (yellow or blue) 

fines and coarse aggregate particles. Images were then converted into greyscale images by 

increasing the value of red and decreasing the value of blue. The resulting images were then saved 

and imported to Matlab for further analysis. 

A Matlab script was developed to convert the greyscale images into binary images using a 

greyscale threshold that delineated the coarse and fine particles. The regionprops function was 

used to establish the centroid, area, and orientation of each coarse aggregate particle. 

The number of contact points in each image was determined using the Image Processing 

and Analysis System (iPas) software (Mahmoud et al. 2010). Binary images were imported into 

iPas and a software distance threshold (SDT) length was set to 4.7 mm. The SDT length defines 

the threshold distance for determining contacts; any points between two particles separated by less 

than the SDT are considered in contact. The SDT value was selected to be equal to the minimum 

particle size.  The iPas software outputs the number of contact points between particles larger than 

sieve #4 (4.75 mm) that were within 4.7 mm of each other. Figure 5-1 shows an example image 

with identified contact points indicated by red plus marks. 
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Figure 5-1. Particle contact images (aggregate larger than 4.75 mm). 

5.4 Results 

The observed MR behavior of the two aggregate sources compacted using the two methods 

are presented first. Then, the GSD, morphological properties, and fabric of the ABC are presented 

to elucidate the mechanisms leading to the observed trends in MR behavior. 

 MR test results 

The MR test results are shown in Figure 5-2. Note that the error bars correspond to the 

standard error. The effect of compaction method on the MR test results for source A and B are 

shown in Figure 5-2(a) and Figure 5-2(b), respectively. Figure 5-2(a) shows that the MR values of 

the source A specimens compacted by vibratory compaction are slightly lower than those 

compacted by impact compaction at low bulk stresses. However, at higher bulk stresses, the 

compaction method did not significantly affect the MR test results of source A. The results 

presented in Figure 5-2(b) demonstrate that the influence of compaction method on the MR results 

for source B is more significant than for source A. The source B specimens compacted by vibratory 

compaction exhibit significantly lower MR values than those compacted by impact compaction.  

The comparison between the MR values of the two aggregate sources are compared in 

Figure 5-2(c) and Figure 5-2(d) for samples compacted by impact and vibratory methods, 
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respectively. Figure 5-2(c) shows that source B appears to have significantly higher MR values 

than source A when impact compaction is used; however, Figure 5-2(d) shows that the two ABC 

materials have equivalent MR values when specimens are compacted by vibratory compaction, 

which better mimics field compaction.  

 

Figure 5-2. MR test results on A and B sources 

(Impact compaction (IC) and Vibratory compaction (VC)). 

 Post-compaction gradation 

The extent of aggregate degradation during the compaction process was investigated as a 

potential means to explain the observed trends in MR values. The degradation of the two aggregate 

sources was evaluated by comparing post compaction GSDs with the initial gradation. The results 
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are shown in Figure 5-3. The NCDOT ABC band specification is included for reference: upper 

band (UB), middle band (MB) (i.e., the original gradation), and lower band (LB). The results 

presented in Figure 5-3 demonstrate that the change in the GSD of source A due to compaction is 

negligible for both impact and vibratory methods. Figure 5-3 also shows that the GSD of source B 

does not significantly change under vibratory compaction, but that the gradation becomes finer 

after impact compaction, which indicates the degradation of coarse particles. It is speculated that 

the source B aggregate degraded upon impact compaction as a result of its less resistant 

mineralogy, as demonstrated by the high LA abrasion loss as shown in Table 1.  Similar trends in 

degradation of granular mixtures from different sources were also observed in previous studies 

(Cetin et al. 2014). The change in the GSD of source B with impact compaction can aid in 

explaining the increase in MR values of this source when compacted by the impact method. The 

degradation of coarse particles in source B after the impact compaction process may alter the 

morphology of aggregate particles and also result in stronger load bearing chain of particles. The 

effect of the degradation of particle morphology and fabric is evaluated in subsequent sections. 

 

Figure 5-3. Post-compaction gradation of specimens compacted by IC and VC  

 sources A and B (UB: upper band, MB: middle band, and LB: lower band), 

post-compaction gradation is denoted by ‘PC’. 

 Aggregate morphological properties 

The AIMS2 device was used to determine the aggregate angularity index (AI), surface 

texture index (ST), and sphericity (SP) of coarse aggregates (retained on sieve #4). The analysis 
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was initially performed on washed and dried as-received aggregate, as presented earlier. Then, as 

source B showed a change in its gradation due to compaction, post compacted aggregates from 

source B were also tested with AIMS2 to evaluate the effect of compaction method on the change 

in the morphological properties of aggregates. The results presented in are described as the 

composite indices of the aggregates obtained by the procedure described by Gu et al. (2014). As 

illustrated in Figure 5-4, no noticeable changes were observed between the pre- and post-

compaction morphological properties irrespective of the compaction method.  

 

Figure 5-4. AIMS results for as-received, post IC, and post-VC source B aggregate: 

(a) distribution of composite AI, (b) distribution of composite ST, and(c) distribution of 

composite SP. 

 Aggregate fabric 

To further explore the implications of the compaction method on ABC materials, the fabric 

of the compacted specimens was evaluated using digital 2D image analyses. The analyses yielded 

the particle contact points and aggregate orientations of epoxy-bound specimens compacted with 

impact and vibratory methods. Figure 5-5 depicts an example of an original photograph and 

processed binary image used in this study.  
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Figure 5-5. DIA image: (a) Initial 2D image and (b) binary 2D image. 

The binary image was used to count the number of particles over a range of sizes to 

compare the gradation of the digital particles to that of the experimentally obtained gradation (i.e., 

MB) using a rough approximation to determine whether or not the images constituted 

representative samples for analyses. The GSD of the coarse particles obtained from the images are 

shown in Figure 5-6, with the actual aggregate gradation included for reference (MB). All of the 

digital gradations were similar to that of the experimental gradation, indicating that the aggregates 

captured in the digital image analysis are representative of the specimen. 

 

Figure 5-6. GSD of coarse particles in the binary images. 
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The binary image was used to measure particle contact points for coarse aggregates (larger 

than 4.75 mm). The particle contacts were determined for both sources. A summary of the contact 

points is presented in Table 5-2; the size of the specimens were not identical due to small specimen 

degradation during extraction from the mold. Therefore, the number of particle contacts was also 

normalized per 100 cm2 of cut surface area for a more straightforward comparison. The measured 

particle contacts indicate that there is negligible difference between impact and vibratory 

compaction methods for source A. The number of particle contacts for the source B specimen 

prepared using vibratory compaction is similar to the number of particle contacts measured for 

both source A specimens; however, the source B aggregate demonstrated significant increase in 

particle contacts for impact compared to vibratory compaction. The increase in particle contacts 

agrees with the degradation behavior observed in the post-compaction gradations, where coarser 

particles broken, creating more smaller particles and in turn increasing the particle contacts. 

Table 5-2. Measured particle contacts. 

Source Compaction Method 
 

No. of Particle Contacts 
Particle Contacts per  

100 cm2 

A 
IC  312 36.8 

VC  310 33.7 

B 
IC  412 59.8 

VC  523 39.2 

The calculated angle of orientation to the horizontal of each aggregate was calculated. The 

distribution of the particle orientations are shown in Table 5-3 and Figure 5-7 for both compaction 

methods. The results indicate that the compaction method had only a marginal effect on the 

orientation of the particles for both aggregate sources.  

The change in number of particle contacts assessed through the digital 2D image analyses 

was compared to the expected change in number of particle contacts based on the observed change 

in particle diameter. The increase in number of particle contacts in a mixture with mono-sized 

spherical particles is reported to be inversely proportional to particle size; Ncontact (1/R)3 where 

R is the particle radius (Ismail et al. 2002). Because 10% of the specimens is comprised of fine 

parties, D60 (the grain diameter corresponding to 60% passing by weight) is assumed to represent 

the average coarse particle size in the mixture. Figure 5-3 shows that for source B, D60 for pre- and 


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post-compaction for specimens compacted with IC were approximately 8.0 mm and 6.0 mm, 

respectively. Therefore, the number of particle contacts in the mixture compacted by IC method is 

expected to be (8.0/6.0)3=2.4 times more than the mixture compacted by VC method. This ratio is 

satisfactorily close to the ratio assessed through the digital 2D image analyses. 

Table 5-3. Particle orientation. 

Angle 
Source A Source B 

IC VC IC VC 

0-10 54 56 82 75 

10-20 56 39 60 73 

20-30 40 27 38 41 

30-40 37 27 36 50 

40-50 19 21 42 46 

50-60 34 13 43 33 

60-70 25 15 25 31 

70-80 26 15 29 32 

80-90 15 19 42 33 

The increase in particle contacts in Source B prepared with impact compaction agrees with 

the degradation behavior observed in the post-compaction gradations of this aggregate, where 

coarser particles degraded, creating more, smaller particles and in turn increasing the particle 

contacts. This can create a stronger load bearing chain which consequently increases the strength 

and stiffness of specimens (Yideti et al. 2014). 
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Figure 5-7. Particle orientation polar diagrams: Impact compaction: (a) Source A, (c) Source B; 

Vibratory compaction: (b) Source A, (d) Source B. 

5.5 Conclusions 

Based on the study presented herein, the following conclusions are presented: 

 Impact compaction processes can degrade ABC materials that are susceptible to crushing.  The 

degradation of ABC materials from compaction can lead to a change in the GSD, which results 

in an increase in particle contacts. These changes to the aggregate fabric lead to an increase in 

the resilient modulus of the ABC.  

 The results of this study indicate that the morphological properties of aggregate are not 

significantly affected by the aggregate degradation.  

 The compaction method used in the laboratory should match the compaction processes in the 

field as best as possible for a more representative resilient modulus. 
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Chapter 6 Investigating the use of packing theories to evaluate the resilient behavior of 

aggregate base course‡ 

6.1 Abstract 

Several past studies have proposed packing theory frameworks to evaluate the mechanical 

performance of granular mixtures in pavements based on their grain size distribution. Previous 

studies have validated that the packing theory frameworks relate to the mechanical performance 

of bound and unbound mixtures. However, past efforts have focused on the comparison of typical 

gradations used in pavement applications to atypical gradations. In contrast, this study evaluates 

the relationship between packing theory frameworks and resilient behaviour for typical Aggregate 

Base Course (ABC) gradations. ABC materials were obtained from three quarries in North 

Carolina (NC) and four engineered gradations that fall within the NC Department of 

Transportation (NCDOT) gradation specification were evaluated. Three different packing theory 

frameworks were considered: the Bailey method, the Dominant Aggregate Size Range (DASR), 

and the Yideti framework. Resilient modulus tests were used as a performance indicator of the 

ABC. The three packing theories predict relatively different performance of the four ABC 

gradations evaluated. However, the rankings of the relative performances of the gradations 

evaluated based on the packing theory do not match the trends in the resilient modulus test results. 

The resilient modulus was found to be relatively insensitive to the different aggregate gradations 

falling within the NCDOT band specification for ABC. 

6.2 Introduction 

Packing theories are used to describe how particles within a given gradation will interact. 

Packing theories have been used in a wide range of engineering fields (Yu, Standish 1988, Scott, 

Kilgour 1969, De Larrard 1999). Within pavement engineering, packing theories have been 

proposed to optimize the grain size distribution (GSD) of aggregate blends within Aggregate Base 

Course (ABC) and asphalt mixtures (Vavrik 2001, Kim et al. 2006, Lira et al. 2013, Guarin et al. 

2013, Yideti et al. 2013, Yideti et al. 2014). 

                                                 
‡ In this chapter, source A, B, and C stand for Arrowood, Jamestown, and Franklin, respectively. 
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The ABC layer constitutes a primary structural component of a pavement, and its 

performance is related to multiple factors. A principal function of the ABC layer is to distribute 

the wheel load, which is achieved by creating an aggregate skeleton where adjacent aggregates 

interlock. 

Numerous studies have reported that the GSD of the ABC affects its resilient behaviour 

(Thom, Brown 1988, Kolisoja 1997, Lekarp, Isacsson 2001, Xiao et al. 2012). Initially, researchers 

hypothesized that the primary factor driving the mechanical performance of an aggregate blend is 

the density. Correspondingly, empirical equations, such as the Talbot equation (Talbot, Richart 

1923), were developed to facilitate the design of GSDs to achieve maximum density. However, 

later studies indicate that a denser aggregate blend does not necessarily correlate to better 

performance (Santamarina 2003). Experimental studies have revealed that the majority of the load 

is transferred through a primary chain of particles when an external pressure is applied to ABC 

(Santamarina et al. 2001) as illustrated in Figure 6-1. The other particles play a secondary role by 

preventing the load-bearing chain from buckling. Therefore, several more recent research studies 

have sought to use packing theory frameworks to identify the particles that constitute the load-

bearing chain of an aggregate blend and evaluate its stability. In this study, three packing theory 

frameworks proposed to evaluate the GSD of granular materials for pavement applications are 

applied to ABC materials to identify the load-bearing chain and resulting mechanical behavior: the 

Bailey method (Vavrik 2002), the Dominant Aggregate Size Range (DASR) method (Kim et al. 

2006), and the packing theory framework proposed by Yideti et al. (Yideti et al. 2014) (herein 

after referred to as the Yideti framework). 

 

Figure 6-1. Load-bearing chain in granular material under compression. 
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The Bailey method was one of the first packing theories proposed for use in pavement 

engineering (Vavrik 2002). The method was proposed for the design and evaluation of aggregate 

gradations in asphalt mixtures but also has merit in unbound granular material applications such 

as ABC. The Bailey method assumes that larger particles create voids within a mixture and that 

smaller particles fill these voids. Correspondingly, the Bailey method divides the particles within 

a mixture into coarse fractions (CF) and fine fractions (FF) where the CF is assumed to create 

voids that are filled by the FF. The critical particle size division between the CF and FF was derived 

using 2D and 3D packing analysis of particles with different shapes (i.e., flat and round faces). 

The size of the void within three mono-sized particles in contact was used to define the maximum 

size of aggregates within the FF based on the nominal maximum particle size (NMPS) of the CF. 

The NMPS of a blend, is one sieve larger than the first sieve than retains more than 10% of the 

aggregate. The Bailey method identifies the load-bearing chain of a mixture as either the CF or FF 

and evaluates its stability using a unit weight analysis of both the CF and FF. The unit weight 

analysis is based on simple laboratory measurements of loose unit weight (LUW) and rodded unit 

weight (RUW). The Bailey method postulates that the CF constitutes the load-bearing chain if the 

unit weight of CF within the compacted aggregate blend is higher than 95 percent of its LUW. 

Also, the Bailey Method proposes that the FF must exceed 100 percent of its RUW within a 

compacted aggregate blend to provide stability for the CF. While the definition for the division 

between coarse and fine particles is based on an analysis of ideal particles, the RUW and LUW 

used in the Bailey method captures the influence of aggregate angularity, shape, and texture on 

packing. Previous research suggests that the Bailey method can characterize the interlocking and 

resilient deformation characteristics of ABC materials with drastically different gradation 

(Bilodeau, Doré 2012, Cook et al. 2016).  

An alternative packing theory framework, called the DASR method, was proposed by Kim 

et al. (2006) to identify and evaluate the load-bearing chain of aggregates in an asphalt mixture. 

The DASR method was derived using a numerical 2D spatial analysis of a binary mixture of 

spherical particles with a size ratio of 2:1. The DASR method uses the relative mass of aggregate 

retained on two successive sieves, with a size ratio of 2:1, to evaluate the interaction between 

aggregates and identify the load-bearing chain in a mixture. The load-bearing chain in this method 

is called dominant aggregate size ratio (DASR). If the relative proportion of the aggregate retained 
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on two successive sieves is larger than 30/70 and smaller than 70/30, the two aggregates are 

considered part of the load-bearing chain (termed the DASR by Kim et al. (2006)).  

To evaluate the stability of the load-bearing chain, the DASR method applies the rule of 

thumb from soil mechanics that the porosity of granular materials in the loose state, (similar to 

LUW state in the Bailey method), will not exceed 50 percent regardless of the GSD of the particles. 

Therefore, the DASR method proposes that the porosity of the load-bearing chain should be less 

than 50 percent to ensure interaction between the load-bearing particles within the aggregate blend. 

The DASR framework was validated by comparing the porosity of the load-bearing chain of 

aggregate blends within asphalt mixtures to rutting performance (Kim et al. 2006). While the 

DASR method was initially proposed for the evaluation of aggregate blends within asphalt 

mixtures, it can theoretically be extended to ABC materials. 

The porosity of the load-bearing chain in the DASR method framework is defined in 

Equation (6-1). 

  (6-1) 

where VV.LBS is the volume of the voids within the load-bearing chain and VT.LBS is the total volume 

occupied by the load-bearing chain in the mixture. These volumes are depicted in the Figure 6-2 

and can be determined using specific gravity and density of the mixture.  

 

Figure 6-2. Schematic view of volumetrics in ABC. 
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Yideti et al. (2013) recently proposed a packing theory framework to identify and evaluate 

the load-bearing chain within ABC materials. The Yideti framework is similar to the DASR 

method in that the relative proportion of aggregate retained on successive sieves is used to identify 

the load-bearing chain. The interaction of particles within the load-bearing chain is evaluated based 

on its porosity. However, the Yideti framework was derived using a numerical 3D spatial analysis 

of spherical particles with differing size ratios (not necessarily a 2:1 ratio). Equation (2) was 

developed to evaluate the interaction of two consecutive aggregate sizes within an ABC blend. 

    (6-2) 

where D1 is the larger sieve size of interest, D2 is smaller sieve size of interest, and dw.avg is the 

weighted average void diameter between the weighted average diameter of particles with diameter 

of D1 and D2 which is Dw.avg and is calculated using Equations (6-3) and (6-4). 

  (6-3) 

  (6-4) 

where and  are the percentage by volume retained on the two successive sieves.  

The potential of the load-bearing chain to be disrupted by smaller particles, termed the 

Disruption Potential (DP), was also proposed as a useful means to evaluate the load-bearing chain 

stability by Yideti et al (2013). The DP is defined as the ratio between the volume of disruptive 

particles to the volume of free voids within the load-bearing chain. To calculate the DP, the volume 

of disruptive particles is obtained as the volume of particles ranging from the smallest chain 

particle to 0.225 times the smallest chain particle in the mixture. Also, the volume of free voids 

within the chain is obtained by multiplying the aggregate blend’s void ratio to the volume of 

particles constructing the chain. Yideti et al (2013) showed that the DP can be divided into three 

ranges: DP<0.5 as unstable, 0.5<DP<1.0 as stable, and DP>1.0 as disruptive. Also they showed 

when the DP exceeds one, the permanent deformation of granular materials increases as the DP 

increases.  
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In addition, the Yideti framework has been validated with resilient modulus (MR) test 

results by comparing published MR test results preformed on unbound granular materials and the 

porosity of primary structure of the materials; however, the gradations used to validate this 

framework spanned a range outside of what DOTs across the US typically use for ABC (Yideti et 

al. 2014).  

The current study seeks to investigate the application of the three packing theory 

frameworks to evaluate the mechanical performance of ABC. To rigorously evaluate the packing 

theory frameworks, ABC material was acquired from several quarries in NC to cover a broad range 

of materials from the Piedmont region in the state. The mechanical performance of ABC is 

evaluated using the MR in this study because the MR is the most common value used to assess the 

behavior of ABC and is a key input to the mechanistic-empirical design method (i.e., 

PavementME). 

6.3 Materials and methods 

In this study, three commonly used ABC materials from the state of North Carolina (NC) 

were obtained from various quarries. These quarries are designated as A, B, and C. Four gradations 

were developed by sieving (sieve sizes: 1 in, ½ in, #4, #10, #40, and #200) and recomposing the 

materials. Three well graded gradations were selected to be the upper (UB), middle (MB), and 

lower boundaries (LB) of the gradation band specified by the NCDOT. Also, a gap graded 

gradation (GG) was evaluated for source A as an extreme gradation to critically evaluate the 

packing theory frameworks. The chosen gradations are presented in Figure 6-3. The index 

properties of each ABC material and gradation evaluated are presented in Table 6-1. The 

compaction (moisture-density) characteristics of the tested gradations were performed according 

to AASHTO T-180 with one modification; 86 blows were applied to each layer to compact the 

specimen to be consistent with the practice employed by the NCDOT instead of the 56 blows per 

layer specified by AASHTO T-180.  
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Figure 6-3. Tested grain size distributions. 

Table 6-1. Mixtures index properties. 

Source Gradation GS (CF/FF) GS 
MDD 

(gr/cm3) 
OWC (%) 

A UB 2.94/2.88 2.90 2.45 4.5 

MB 2.94/2.88 2.91 2.46 4.2 

LB 2.94/2.87 2.92 2.48 4.3 

GG 2.90/2.90 2.90 2.40 4.4 

B UB 2.71/2.70 2.71 2.25 6.3 

MB 2.72/2.71 2.72 2.28 5.5 

LB 2.72/2.70 2.71 2.31 5.5 

C UB 2.68/2.68 2.68 2.24 5.0 

MB 2.70/2.71 2.71 2.27 5.5 

LB 2.67/2.67 2.67 2.31 5.0 

GS: specific gravity, CF: coarse fraction, FF: fine fraction, MDD: maximum dry 
density, OWC: optimum water content,  

The morphological properties, including angularity index (AI), surface texture index (ST), 

and sphericity (SP), of course aggregates were evaluated using an aggregate image measurement 
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system (AIMS2) (Gates et al. 2011). The AI describes variations at the particle boundary that 

influence the overall shape and ranges from 0 (rounded) to 104 (extremely angular) (Masad 2005). 

The ST describes the relative smoothness or roughness of coarse particles and ranges from 0 

(smooth) to 103 (rough) (Masad 2005). The SP of particles describes the overall 3D shape of a 

particle by measuring the particle’s shortest (dS), intermediate (dI), and largest (dL) dimensions and 

ranges from 0 to 1.0 (spherical). The results are described in Figure 6-4 to Figure 6-6 for MB 

gradation of each source as the composite indices of the aggregates obtained by the cumulative 

distribution procedure described by Gu et al. (2014). The analyses indicate that on average, based 

on the 50% of particles, the morphological properties of the three aggregate sources evaluated are 

generally within a similar range, demonstrating moderate angularity, moderate texture, and high 

sphericity. As the main assumption in the Yideti and DASR frameworks is that the particles are 

spherical, these conditions are roughly met for the material evaluated. Furthermore, the similarity 

of morphological properties indicate that the packing of the aggregates from these three sources 

will only be affected by the physical properties of particles and any differences are due to 

gradation. It should be mentioned that the composite index of each source was not sensitive to the 

gradation of the mixture. 

 

Figure 6-4. Angularity index of aggregate 

 (0<low<2100, 2100<moderate<3975, 3975<high<5400, 5400<extreme<104). 
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Figure 6-5. Coarse aggregate surface texture 

 (0<low<200, 200<moderate<500, 500<high<750, 750<extreme<103). 

 

Figure 6-6. Coarse aggregate sphericity 

 (0<low<0.5, 0.5<moderate<0.6, 0.6<high<0.8, 0.8<extreme<1.0). 

The LUW and RUW were measured for the fine and coarse fractions of each gradation and 

source according to AASHTO T-19 as required for the Bailey method. 
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MR tests were conducted for each source and gradation evaluated in accordance with 

AASHTO T-307. The MR test samples were compacted using the impact hammer method to 

achieve 100 percent of their maximum dry density at the optimum moisture content. 

6.4 Results and discussion 

 Analytical results based on the packing theories 

The packing theory frameworks were first applied on the three well-graded gradations (e.g., 

UB, MB, LB) to identify the load-bearing chain (abbreviated as LBC in following tables) and its 

stability for the three aggregate sources. The packing theory frameworks were then applied to the 

gap-graded gradation (e.g., GG). 

6.4.1.1 Bailey method 

To evaluate the ABC materials using the Bailey method, a volumetric analysis was 

performed on the compacted ABC blends using the LUW and RUW tests results following the 

method proposed by Bilodeau and Dore (2013). For all of the gradations evaluated, the boundary 

between the CF and FF was the #4 sieve, which happens to coincide with the conventional 

definition of course and fine aggregates used in soil mechanics. The results of the RUW and LUW 

analyses are shown in Table 6-2. 

For all of the ABC sources and gradations considered, the percentage of the loose unit 

weight of CF (%LUWCF) of the LB gradations is higher than 95 percent; therefore, the load-bearing 

chain in the LB gradations is constructed by coarse aggregate according to the Bailey method. In 

addition, the results suggest that strong interlocking exists within the load-bearing chain because 

the %LUWCF of all the aggregate sources exceed 100% for the LB gradation; this indicates that 

the particles constituting the load-bearing chain are in contact. Also, the percentage of the rodded 

unit weight of the FF within the aggregate blend (%RUWFF) of the LB gradations of all the 

aggregate sources are equal to or greater than 100%, which indicates the fine particles are 

compacted within the voids of the load-bearing structure and thus, are expected to provide stability 

for the CF. As the gradation becomes finer (i.e., MB and UB gradations), the results suggest that 

not all of the coarse aggregate will be in contact because the %LUWCF of all the aggregate sources 

are less than 95%. Therefore, the Bailey method suggests that the fine fraction of the aggregate 
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constitutes the load-bearing chain for the MB and UB gradations. While the Bailey method does 

not stipulate whether a coarse or fine load-bearing chain is better, past studies suggest that coarser 

gradations result in higher resilient moduli (Lekarp et al. 2000). Also, as the gradation becomes 

finer, the %RUWFF increases. A higher %RUFFF indicates that the fine aggregate has greater 

particle-to-particle connectivity within the aggregate blend which provide more stability for the 

load-bearing chain. 

Table 6-2. Volumetric analysis results of ABC materials. 

Source GSD 
RUWFF LUWCF %RUWFF %LUWCF 

gr/cm3 gr/cm3 (>100%) (>95%) 

A UB 1.76 1.53 122% 72% 

MB 1.83 1.56 113% 87% 

LB 1.90 1.52 101% 106% 

B UB 1.50 1.39 132% 73% 

MB 1.57 1.42 122% 89% 

LB 1.64 1.42 103% 103% 

C UB 1.67 1.38 113% 71% 

MB 1.73 1.42 110% 88% 

LB 1.75 1.43 100% 102% 

6.4.1.2 DASR method 

The DASR method is based on the analysis of the relative proportion of aggregates with a 

size ratio of 2:1. Therefore, to apply this method to the gradations in the current study, the tested 

gradations were first re-evaluated based on 2:1 sieve size ratios using interpolation of measured 

values. The results are shown in Table 6-3. 
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Table 6-3. Re-evaluated gradations. 

1:2 ratio sieves 
(mm) 

Percent passing Percent retained 

LB MB UB LB MB UB 

38.1 100% 100% 100% 0% 0% 0% 

19.05 66% 78% 91% 35% 22% 9% 

9.53 48% 60% 72% 18% 18% 19% 

4.76 35% 45% 55% 13% 15% 17% 

2.38 27% 37% 47% 9% 9% 9% 

1.19 21% 31% 40% 6% 6% 7% 

0.60 16% 25% 33% 5% 5% 7% 

0.30 12% 19% 26% 4% 6% 7% 

0.15 8% 14% 19% 4% 5% 7% 

0.074 4% 8% 12% 4% 6 7% 

The GSD shown in Table 6-3 was used to construct the so-called interaction diagram 

shown in Figure 6-7. The interaction diagram was constructed using the relative proportions 

aggregates retained on each pair of consecutive sieves. For example, for the LB gradation, 35% 

and 18% of particles are retained on the 19.05 mm sieve and the 9.53 mm sieve, respectively,; 

therefore, the relative proportion of the 19.05 mm and 9.53 mm particle sizes is (35%)/(35%+18%) 

= 66% = 33/50.  It should be noted that the relative proportion of particles with a size ratio of 2:1 

is only affected by the gradation and is not a function of the material source; therefore, the 

interaction diagram is identical for all three material sources evaluated in this study. The 

interaction diagram is used to identify the load-bearing chain (DASR) in the three gradations by 

observing the aggregate sizes where the relative proportion of particles falls within the bounds of 

30/70 and 70/30. Thus, all particles are interacting and forming the primary load-bearing chain 

(DASR) based on the DASR method. However, Kim (2006) recommended a minimum size for 

DASR which was according to the Bailey method. 

The minimum particle size which can be considered as a part of the load-bearing chain 

(DASR) was chosen to be 4.75 mm based on the division between fine and coarse particles based 

on the Bailey method. According to the Bailey method, the particle size that divides coarse and 

fine particles is the closest sieve size to 0.22×NMPS. Based on Table 6-4, for all the gradations, 

4.75 mm sieve was selected as minimum particle size creating the load-bearing chain (DASR). 
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This assumption is also consistent with the sieve size that separates CF and FF in the analysis of 

the gradations with Baily method. 

Table 6-4. Coarse and fine particles boundary for the gradations. 

Gradation NMPS, mm 0.22×NMPS boundary 

UB 25.4 5.6 4.75 

MB 38.1 8.4 4.75 

LB 38.1 8.4 4.75 

 

Figure 6-7. Interaction diagram for UM, MB, and LB gradations. 

The porosity of the load-bearing chain (DASR) for each material and gradation was 

calculated using Equation 6-1. In contrast with the interaction diagram, the porosity of load-

bearing chain (DASR) is a function of the aggregate specific gravity and maximum dry density 

and therefore, differs among material sources.  

The load-bearing chain (DASR) porosities of the materials and gradations evaluated are 

shown in Table 6-5. The results indicate only the porosity of the LB gradations for all materials 
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evaluated are less than 50 percent, which indicates a strong interlock exists between the particles 

in the load-bearing chain (DASR). It is also observed that the porosity of the load-bearing chain 

(DASR) of aggregate particles increases and exceeds 50 percent as the gradation moves from the 

LB to UB. Therefore, the DASR framework suggests that among the three gradations within the 

NCDOT band, only the LB gradation load-bearing chain (DASR) possesses a strong interlock, and 

the chain in the other gradations, MB and UB gradations, have a lower degree of interlock and are 

disrupted by other particles. These results are in agreement with the Bailey method results.  

Table 6-5. DASR range and porosity. 

Gradation 
LBC (DASR), range 

(mm) 
A B C 

UB 

38.1 - 4.75 

62.1% 62.1% 63.8% 

MB 53.5% 53.1% 53.4% 

LB 44.8% 44.5% 45.8% 

6.4.1.3 Yideti framework 

In the Yideti framework, the load-bearing chain of the gradations, called primary structure 

(PS), is identified using Equation (6-2), following the procedure described by Yideti et al. (2013). 

The range of particle sizes that comprise the load-bearing chain (PS) and the corresponding load-

bearing chain (PS) porosities of all sources and gradations evaluated are shown in Table 6-6.  

Similar to the identification of the DASR load-bearing chain, the particle size range of the load-

bearing chain (PS) is independent of aggregate properties and is only related to the gradation. The 

results indicate that the UB gradation load-bearing chain (PS) is comprised of less particle sizes 

than the MB and LB gradations. In addition, the results indicate that the porosity increases as the 

gradation becomes finer within the NCDOT specification band; this indicates that better 

performance is expected with the use of coarser gradations within the NCDOT specification band. 

Table 6-6. PS and theory porosities for different gyrations and sources. 

Gradation 
LBC (PS), range 

(mm) 
LBC (PS) porosity 

A B C 

UB 25.4 - 4.75 63.2% 63.0% 65.3% 

MB 38.1 - 2.00 44.1% 46.0% 45.4% 

LB 38.1 - 2.00 35.5% 36.9% 36.7% 
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To evaluate the disruption of the load-bearing chain (PS) by the fine particles, the DP 

values were calculated for each gradation and material source evaluated. The DP results are shown 

in Table 6-7. The DP values were between 0.5 and 1.0 for the LB gradation, which shows the 

stability of the load-bearing chain (PS) in this gradation. The DP values for MB and UB gradations 

were more than 1.0 (except for MB gradation of source B), indicating that the load-bearing chain 

(PS) of MB and UB gradations are disrupted by fine particles (disruptive material), and the 

disruption is more in the UB gradation. 

Table 6-7. DP of mixtures. 

Gradation DP, range (mm) 
DP 

A B C 

UB 4.75 - 2.00 1.46 1.51 1.05 

MB 2.00 - 0.42 1.23 0.98 1.05 

LB 2.00 - 0.42 0.90 0.77 0.79 

6.4.1.4 Summary of the packing theory frameworks results 

The different packing theories lead to some differences in the aggregate size range 

identified as the load-bearing chain. As summarized in Table 6-8, according to Bailey method, the 

load-bearing chain is constructed in LB gradation by particles larger than 4.75 mm and smaller 

than 38.1 mm (CF), and in MB and UB gradations, the chain consists of particles smaller than 4.75 

mm (FF). This is because Bailey method identifies the chain to be either comprised by CF or FF 

of a mixture. The DASR method identified similar load-bearing chain for the three gradations as 

particles smaller than 38.1 mm and larger than 4.75 mm; however, using the Yideti framework, it 

was found that the load-bearing chain in the three gradation is constructed with different particle 

sizes; particles smaller than 25.4 mm and larger than 4.57 for UB gradation, and particles smaller 

than 38.1 mm and larger than 2.0 for MB and LB gradations. 

In summary, the results of all of the packing theory frameworks indicate that the load-

bearing chain is stronger in coarser gradations within the NCDOT band specification for ABC and 

that the load-bearing chain becomes (more) porous as the gradation moves toward finer bound of 

the NCDOT band specification. Therefore, the LB gradation is expected to have a better 

mechanical performance than the MB and UB gradations. 
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Table 6-8. Summary of the packing theory results. 

G
radation 

LBC, range (mm) LBC criteria* 

Bailey DASR Yideti Bailey DASR Yideti 

UB < 4.75 (FF) 

38.1 - 4.75 

25.4 - 4.75 %LUWCF = 72% n=62.7% n=63.4% 

MB < 4.75 (FF) 38.1 - 2.00 %LUWCF = 88% n=53.3% n=45.2% 

LB 38.1 - 4.75 (CF) 38.1 - 2.00 %LUWCF = 104% n=45.0% n=36.4% 

*The LBC criteria in this table are average values of criterion of all the sources. 

 Mechanical performance test results 

To evaluate the practical implications of the packing theory framework results, MR tests 

were performed. The resilient modulus test results of the different gradations and sources are 

shown in Figure 6-8 to Figure 6-10. Each point in these figures represents the MR of each sample 

at a certain bulk stress. In addition, each test was repeated once, except the MB gradation of source 

A which was repeated 3 times, and each plotted point represents the average values of the 

repetitions The sensitivity of the MR to gradation for each aggregate source varies with the bulk 

stresses. For all of the material sources, the MR values of the different gradations are close at low 

bulk stresses but as bulk stress increases, there tends to be more sensitivity in the MR to gradation. 

Similar trends were also observed in a previous study within the same gradation band 

(Cunningham et al. 2013). The packing theory frameworks evaluated all indicate that the LB 

gradation is expected to perform better than the MB and UB gradations. However, the LB 

gradation exhibited the highest MR values for only the ABC material from source C. Therefore, 

packing theory frameworks alone do not have the ability to predict the trends in MR. Due to the 

relatively low sensitivity of MR test results to the gradations evaluated herein, it is recommended 

that future work investigate other performance measures when evaluating the relative performance 

of ABC materials (Mishra et al. 2012, Chow et al. 2014). 
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Figure 6-8. MR test results on materials from source A. 

 

Figure 6-9. MR test results on materials from source B. 
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Figure 6-10. MR test results on materials from source C. 

 Evaluating a gap graded gradation 

The UB, MB, and LB gradations all represent typical well-graded ABC gradations. 

Therefore, to further evaluate the relationship between the packing theory frameworks and 

mechanical performance, an additional gap gradation comprised of ABC material from source A 

was designed, evaluated, and tested. The gap gradation was created using the MB gradation but 

excluding aggregate smaller than 12.7 mm and larger than 4.75 mm, which was found by all the 

packing theory frameworks to be a large portion of the load-bearing chain. The gap gradation still 

fell within the NCDOT band specification for ABC as shown in Figure 6-3. 

The Bailey method results of the gap gradation (GG) from source A compared to the MB 

gradation are shown in Table 6-9. The results show that the %LUWCA of the GG gradation was 

less than 95 percent which suggests that the coarse fraction in a compacted GG gradation is highly 

disrupted by the fine fraction of the mixture. However, the %LUWCA of GG gradation (71%) is 

close to the %LUWCA of UB gradation (72%) as shown in Table 6-2. In addition, the volumetric 

analysis showed that the fine fraction of GG gradation was highly compacted in the mixture 
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(%RUWFF of 118%). Based on the volumetric analysis on the GG gradation, the load-bearing chain 

in this gradation is constructed by the FF which is highly compacted. 

Table 6-9. Volumetric analysis results on MB and GG gradations - source A. 

Gradation 
RUWFA LUWCA 

%RUWFA %LUWCA 
gr/cm3 gr/cm3 

MB 1.79 1.42 107% 88% 

GG 1.80 1.42 118% 71% 

The interaction diagram resulting from applying the DASR method to the MB and GG 

gradations is shown in Figure 6-11. The results indicate that in the GG gradation, aggregate larger 

than the 4.76 sieve fall outside of the 70/30 limit for the relative proportion of aggregates from two 

contiguous sieves with a size ratio of 2:1. Therefore, the load-bearing chain (DASR) is not 

constructed in the GG gradation. The DASR and Yideti framework results for porosity of the load-

bearing chain of particles and DP are shown in Table 6-10.  The Yideti framework also suggests a 

reduction in the range of particle sizes included within the load-bearing chain. It can be seen that 

the porosity of the load-bearing chain in the GG gradation is significantly higher than 50 percent 

according to both the Yideti and DASR frameworks, suggesting poor performance. The expected 

poor performance was also confirmed by the high DP (1.43) of the GG gradation. 
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Figure 6-11. Interaction diagram, comparing MB and GG from source A. 

Table 6-10. DASR and Yideti frameworks for GG and MB mixtures - Source A. 

Gradation 
DASR Yideti 

DASR, 
range (mm) 

n (%) 
PS, 

range (mm) 
n (%) 

DM,         
range (mm) 

DP 

MB 38.1-1.19 41.0% 38.1 - 2.00 45.0% 2.00 - 0.42 1.23 

GG 2.38 -1.19 87.0% 38.1 - 12.7 54.9% 12.7 - 2.00 1.43 

The MR test results of the GG and MB gradations comprised of materials from source A 

are shown in Figure 6-12. The MR values of the GG gradation are generally very similar to the MB 

gradation. Thus, while the packing theory frameworks suggest that the GG gradation does not have 

a strong load-bearing chain of particles, the performance test results indicate comparable 

performance to the MB gradation. 
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Figure 6-12. MR test results on GG-MB and MB mixtures – Source A. 

The comparison between the packing analysis and MR test results indicate that within the 

NCDOT band specification for ABC, the packing theory frameworks do not provide results that 

relate to MR. The experimental results indicate that the variation of MR is insignificant for all 

gradations evaluated within the NCDOT band specification. Therefore, packing theory 

frameworks alone are insufficient to effectively design and evaluate the resilient behaviour of ABC 

materials falling within a typical gradation band specifications. 

6.5 Conclusions 

The following conclusions are drawn from this study: 

 The three packing theories evaluated (i.e., Bailey method, DASR method, Yideti framework) 

predict the same expected relative performance of three typical ABC gradations.  

 The three packing theories do not adequately predict the observed trends in the MR test results. 

 The packing theories only consider the influence of the gradation. However, MR test results 

suggests that physical and morphological aggregate properties may also influence ABC 

resilient behavior. Therefore, packing theory alone is insufficient to elucidate ABC resilient 

behavior. 

0

100

200

300

400

500

0 200 400 600 800

R
es

ili
en

t 
m

o
d

u
lu

s 
(M

P
a)

Bulk stress (kPa)

A

MB (4)

MB - GG (1)



 

136 
 

6.6 References 

Bilodeau, J. and Dore, G. (2012). "Relating resilient behaviour of compacted unbound base 

granular materials to matrix and interlock characteristics." Construction and Building 

Materials, 37, 220-228. 

Chow, L.C., Mishra, D. and Turumluer, E. (2014). "Aggregate Base Course Material Testing and 

Rutting Model Development." Final Report to North Department of Transportation,  

Cook, C.S., Tanyu, B.F. and Yavuz, A.B. (2016). "Effect of Particle Shape on Durability and 

Performance of Unbound Aggregate Base." Journal of Materials in Civil Engineering, 

29(2), 04016221. 

Cunningham, C.N., Evans, T.M. and Tayebali, A.A. (2013). "Gradation effects on the mechanical 

response of crushed stone aggregate." International Journal of Pavement Engineering, 

14(3), 231-241. 

De Larrard, F., 1999. "Concrete mixture proportioning: a scientific approach." E & FN Spon, 

London. 

Gates, L., Masad, E., Pyle, R. and Bushee, D. (2011). "Aggregate Imaging Measurement System 

2 (AIMS2)." Final Report: FHWA-HIF-11-030.  

Gu, F., et al. (2014). Estimation of resilient modulus of unbound aggregates using performance-

related base course properties. Journal of Materials in Civil Engineering, 27 (6), 04014188. 

Guarin, A., Roque, R., Kim, S. and Sirin, O. (2013). "Disruption factor of asphalt mixtures." 

International Journal of Pavement Engineering, 14, 472-485. 

Kim, S., Guarin, A., Roque, R., and Birgisson, B. (2006). "Identification and Assessment of the 

Dominant Aggregate Size Range (DASR) of Asphalt Mixture." Journal of Asphalt Paving 

Technologists, 75, 789–814. 

Kolisoja, P. (1997). "Resilient deformation characteristics of granular materials." PhD dissertation, 

Tampere University of Technology, Tampere, Finland. 

Lekarp, F. and Isacsson, U. (2001). "The effects of grading scale on repeated load triaxial test 

results." International Journal of Pavement Engineering, 2 (2), 85-101. 

Lekarp, F., Isacsson, U. and Dawson, A. (2000). "State of the art. I: Resilient response of unbound 

aggregates." Journal of Transportation Engineering, 126, 66-75. 

Lira, B., Jelagin, D. and Birgisson, B. (2013). "Gradation-based framework for asphalt mixture." 

Materials and structures, 46, 1401-1414. 



 

137 
 

Masad, E.A. (2005). "Aggregate imaging system (AIMS): Basics and applications." FHAWA/TX-

05/5-1707-01-1. Texas Transportation Institute. 

Mishra, D. and Tutumluer, E. (2012). "Aggregate physical properties affecting modulus and 

deformation characteristics of unsurfaced pavements." Journal of Materials in Civil 

Engineering, 24 (9), 1144-1152. 

Santamarina, J.C., Klein, A. and Fam, M.A. (2001). "Soils and waves: Particulate materials 

behavior, characterization and process monitoring." Journal of Soils and Sediments, 1 (2), 

130-130. 

Santamarina, J.C. (2003). "Soil behavior at the microscale: particle forces." Soil Behavior and Soft 

Ground Construction, 25-56. 

Scott, G. and Kilgour, D. (1969). "The density of random close packing of spheres." Journal of 

Physics D: Applied Physics, 2 (6), 863-866. 

Talbot, A.N. and Richart, F.E. (1923). "The strength of concrete-its relation to the cement, 

aggregates and water." University of Illinois Engineering Experiment Station, Bulletin No. 

137. 

Thom, N. and Brown, S., 1988. The effect of grading and density on the mechanical properties of 

a crushed dolomitic limestone. 14th Australian Road Research Board (ARRB) Conference, 

Canberra 1988. 

Vavrik, W. R., Pine, W. J., Huber, G., Carpenter, S. H., and Bailey, R. (2001). "The bailey method 

of gradation evaluation: the influence of aggregate gradation and packing characteristics 

on voids in the mineral aggregate." Journal of the Association of Asphalt Paving 

Technologists, 70, 132-175. 

Xiao, Y., Tutumluer, E., Qian, Y. and Siekmeier, J. (2012). "Gradation effects influencing 

mechanical properties of aggregate base-granular subbase materials in Minnesota." 

Transportation Research Record: Journal of the Transportation Research Board, 14-26. 

Yideti, T.F., Birgisson, B., Jelagin, D. and Guarin, A. (2013). "Packing theory-based framework 

to evaluate permanent deformation of unbound granular materials." International Journal 

of Pavement Engineering, 14 (3), 309-320. 

Yideti, T.F., Birgisson, B., Jelagin, D. and Guarin, A. (2014). "Packing theory-based framework 

for evaluating resilient modulus of unbound granular materials." International Journal of 

Pavement Engineering, 15, 689-697. 



 

138 
 

Yu, A. and Standish, N. (1988). "An analytical-parametric theory of the random packing of 

particles." Powder Technology, 55 (3), 171-186. 

  



 

139 
 

Chapter 7 Summary, Conclusions, and Future Work 

This study investigated the effect of factors such as aggregate properties, gradation, 

moisture, and fabric on the resilient behavior of ABC. Moreover, the current NCDOT specification 

to accept ABC was assessed by investigating the effect of gradation affecting the MR of ABC. 

Furthermore, this study investigated the influence of saturation level and compaction method on 

the resilient behavior of ABC. The investigations were performed through laboratory measurement 

of aggregate properties and resilient modulus, statistical analysis, analytical modeling, and digital 

2D image analysis. ABC materials from five different sources in North Carolina were used in this 

study, and the NCDOT specification to accept ABC was used as a reference specification. 

7.1 Effect of aggregate properties on the resilient behavior of ABC 

 Summary 

This study investigated the effect of physical and morphological properties of ABC on their 

resilient behavior. The objectives of this study were to assess the current NCDOT specification to 

accept ABC and consequently to relate and incorporate easy to measure aggregate properties into 

the design process of ABC to improve the specification.  

The objectives were achieved thorough laboratory measurements of physical properties 

(such as specific gravity, maximum dry density, and aggregate abrasion) and morphological 

properties (such as angularity, surface texture, and sphericity) of ABC materials. Also, MR tests 

were performed on ABC materials from five sources from different geological regions. Finally, 

statistical analysis were performed on the resilient modulus test results and aggregate properties to 

evaluate the significant of aggregate properties. 

 Conclusions 

 The resilient behavior of ABC materials is influenced by morphological properties of 

aggregate. The results indicate that higher surface texture and greater angularity of 

aggregates affecting the load bearing chain in a mixture resulting in a higher MR of ABC.  

 Compaction processes (e.g., impact compaction) can degrade ABC materials that are 

susceptible to crushing, and this in turn increase the variability in laboratory MR tests. 

Significant aggregate degradation was observed during the impact compaction of 
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aggregates with low abrasion resistance. The variability of the MR tests results can be 

related to the variable fractured faces in the sample due to the aggregate breakage which 

consequently results in variable interlock between load bearing particles in a mixture. 

 The statistical analysis established regression models to relate aggregate properties to the 

resilient behavior with reasonable estimation accuracy. This confirmed that the aggregate 

properties play important roles in the resilient behavior of ABC and the current approach 

to design ABC could account for aggregate properties.  

7.2 Effect of moisture on the resilient behavior of ABC 

 Summary 

This study evaluated the effect of moisture on the resilient behavior of ABC following a 

procedure that realistically represents wetting and drying cycles in the field. The primary objective 

of this study was to investigate the variability of resilient behavior of ABC due to a realistic 

saturation level range. Therefore, the procedure designed to perform multiple MR tests on one ABC 

sample with variable saturation levels; low moisture content (2% above aggregate water 

absorption) (Stage 1), near 100 percent saturation (Stage 2), and gravitationally drained (Stage 3). 

Furthermore, to explain the resilient behavior trends of ABC due to change in moisture, suction in 

ABC samples was assessed using different methods including direct suction measurement using 

Tensiometer and regression models. MR tests were performed on ABC materials from three 

sources from different geological regions. 

 Conclusions 

 Change in the moisture content of ABC materials, within a realistic saturation level range, 

resulted in only marginal differences in resilient behavior. Although the MR test results 

tend to decrease as the moisture increased, the MR trends can be attributed to the variability 

in the MR test results. This was confirmed by evaluating the MR test results with the 

regression models. The evaluation confirmed that the moisture is an insignificant factor in 

the variability in the MR test results. 

 Developed suction in ABC samples is negligible. This conclusion was achieved by direct 

suction measurement using Tensiometer, predicting suction using well-known regression 
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models, and reported suction values in the literature. According to this result, the change 

in the resilient behavior of ABC due to change in moisture can most likely be attributed to 

the lubrication effect of water 

7.3 Effect of compaction on the laboratory measurement of MR of ABC 

 Summary 

The effect of compaction method on the laboratory measured MR value was investigated 

using the two most common laboratory compaction methods; impact and vibratory.  The objective 

of this study was to investigate the influence of the two compaction methods on the fabric of ABC 

samples and consequently explain how aggregate degradation observed during compacting ABC 

samples affects laboratory measured MR. The aggregate fabric was studied using a 2D image 

analysis method. To prepare bound ABC samples to use in the 2D image analysis, a novel method 

was developed that included replacing water with an epoxy resin during the compaction process. 

MR tests were performed on ABC materials from five sources from different geological regions 

which included highly degradable and durable aggregates.  

 Conclusions 

 Impact compaction processes can degrade ABC materials that are susceptible to crushing; 

however, aggregate breakage due to vibratory compaction is negligible. This was revealed 

by comparing ABC samples’ gradation before and after compaction. The effect of 

compaction process on the morphological properties of ABC materials was negligible. This 

finding indicates the field and laboratory compaction processes should match to optimize 

the ABC design.   

 Digital 2D image analysis revealed that the aggregate breakage in the impact compaction 

process resulted in increase in the number of particle contacts in the ABC mixture. This 

can consequently increase the number of particles involved in the load bearing process 

which lead to improve the load bearing capacity of the mixture. 

 Impact compaction if ABC sample may lead to higher MR values compared to vibratory 

compaction if degradable aggregate is used. 
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7.4 Effect of gradation on resilient behavior of ABC  

7.5 Summary 

This study investigated the effect of gradation on the resilient behavior of ABC through 

laboratory testing and analytical methods generally called packing theoryies. The primary 

objective of this study was to evaluate the NCDOT band-type gradation to accept ABC and to 

evaluate different gradations within the gradation band using the packing theory methods. The 

packing theory methods include Bailey method, DASR method, and Yideti framework that were 

developed to evaluate bound and unbound granular materials’ gradations. In this study, the ability 

of these methods to evaluate the gradation of ABC was investigated, and the results were compared 

with the laboratory test results performed on ABC samples with different gradations within 

NCDOT gradation band. MR tests were performed on ABC materials from three sources from 

similar geological regions. 

 Conclusions: 

 The MR test results showed that the resilient behavior of ABC is not significantly affected 

by gradation within the NCDOT gradation band. This indicates that the experimentally 

developed gradation band in NCDOT specification results in similar resilient behavior for 

aggregate with similar properties. 

 Similar relative performance was predicted with the packing theory methods for the 

gradations within the NCDOT gradation band. The analytical results indicated that lower 

band gradation of NCDOT gradation band is expected to lead to a stronger interlock 

between the load bearing particles in a mixture. The interlock is expected to be weaker as 

the gradation is closer to the upper band gradation. 

 The packing theories cannot adequately predict the resilient behavior of ABC based on the 

laboratory evaluations performed herein. This can be attributed to the evaluation process 

in the packing theory methods that only considers the gradation. Therefore, incorporating 

aggregate properties in the models may improve them.  



 

143 
 

7.6 Recommendations for future research 

The following research ideas may be considered for future work based on the outcome of 

this study: 

 Investigate the effect of gradation on the MR for gradations wider that the NCDOT 

gradation band. 

 Evaluate the ABC performance using other performance tests, such as strength or repetitive 

load triaxial tests.   

 Improve the regression models to predict MR of ABC by involving more aggregate sources 

and MR test results in the analysis. 

 Develop the regression models for MR of ABC to be able to use morphological properties 

(e.g., surface texture and angularity) within the NCDOT inspection/approval process. 

 Improve the packing theory methods by incorporating the aggregate properties; this could 

include using numerical modeling methods such as District Element Method (DEM).   


