
ABSTRACT 

 

 

CUNNINGHAM, CHARLES NOEL.  Mechanical Response of Crushed Stone Mixtures.  (Under the 

direction of Dr. T. Matthew Evans.) 

 

 

 A study was conducted in order to see the effects on material performance from varying the 

gradation of aggregate base course material.  Five different gradations were selected which 

followed along the North Carolina Department of Transportation’s guidelines for acceptable 

aggregate base mixtures, specification section 1010.  Experimental trials were performed in order to 

classify the material of aggregate base course and to judge the performance differences between 

five gradations.  Those experiments included grain size distribution tests, specific gravity testing, 

Atterberg limits testing, particle shape analysis, compaction testing, both standard (3 in. diameter) 

and large (6in. diameter) unconsolidated undrained compression testing, and  resilient modulus 

testing. 

 Generally it was found that aggregate base course acts as a well graded gravel or sand with 

clay like fines.  The gradation was found to affect the performance of the aggregate slightly in that 

coarser gradations gave better strength and resilience values under conditions most similar to those 

found in the field.  From research and experience during the lab testing it was concluded that the 

coarsest blends became too difficult to realistically work with and they also lacked the stability of 

the more well graded gradations.  It was also found that as the amount of fines in the specimens 

exceeded around 8% by mass, those fines governed the behavior of the material. 

 Several recommendations are proposed for the adoption of new standards and for 

conducting future testing on aggregate base course material.  It was concluded that the current 

standard was sufficient in providing fairly uniform and desirable behavior.  It is recommended that 



the gradation be narrowed and shifted toward the lower bound of the current NCDOT standard in 

order to have even more predictable material behavior as well as to have the benefit of higher 

strength and resiliency. 
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CHAPTER I – INTRODUCTION 

 

 

1.1) Background 

 

 

 Aggregate base course has been a part of road design since the early 1940’s. In the early 

days of road design, contractors mixed local rock together with the soil available on site. As 

experience in road construction and research progressed, it was found that the aggregate base 

course was a very important part of the road itself. At first the work focused on the effects of the 

mix of aggregate used in the construction, after that research started to focus on the fines present 

in road bases. Eventually, as technology advanced, work in the area of aggregate base course 

material began to focus on things such as particle shape, material source, and drainage conditions. 

Recent work conducted in this area has focused more on numerical modeling, more accurate testing 

procedures, and particle-fabric interactions. 

 While all of the recent research has served to better simulate actual field conditions in a lab 

by both computer modeling and more accurate loading conditions, the aggregate blend design itself 

has remained almost unchanged since the 1960’s.  The aggregate acceptance criteria currently used 

by many state transportation agencies was developed by field experience and trial and error. 

Contractors have started to question the reasoning behind the strict existing aggregate base 

course gradation requirements.  When asked what the effects of aggregate that were too fine or too 

coarse were, many state agencies could not provide a quantitative answer.  As a result, the current 

work seeks to assess what effects varying aggregate gradation have on material behavior.  This 

study provides data that can be used to either confirm standards currently in place or to change the 

current standards to ones that provide better road base performance.  Typical geotechnical tests 
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were performed on difference blends of aggregate base course material.  Those tests included 

triaxial tests, compaction tests, liquid limit tests, and resilient modulus tests.  The study found that 

within specified gradation ranges used by the North Carolina Department of Transportation 

(NCDOT), there was not significant variation in either material characterization or material behavior.  

It was only when the samples were either very fine or very coarse that some differences in behavior 

were seen.  Using results from laboratory experiments and analysis of the effects of sample size, 

particle shape, hydraulic properties, and packing effects, a more complete picture was developed 

for the factors affecting the  performance aggregate base course material. 

 

1.2) Goals of the Study 

 

 

 The goals of this study were threefold.  The first objective in this study was to assess other 

characteristics that affect the performance of aggregate base course in addition to gradation.  Those 

other characteristics mainly involved the effects of frost action and drainage, of particle shape, 

material source, and of packing.  Using this additional analysis, two other objectives could be 

achieved.  The first goal was to use all of the results obtained from this study and others and 

develop and justify a recommendation for a new specification for the NCDOT’s aggregate base 

course section 1010.  The next objective was to look at the whole picture of factors that influence 

aggregate behavior and develop a guide to future testing of aggregate base course material.  This 

guide would incorporate advice on methods and testing procedures to be used as well as which 

tests gave results which were beneficial in looking at the effects of gradation on aggregate base 

course behavior. 
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1.3) Overview of Work 

 

 

 For this study several areas of work were done in order to develop the recommendations 

outlined in the goals section.  First, a thorough literature review was conducted in which many 

aspects of aggregate base course material were examined.  Those areas including the early 

development of current standards, gradation effects on aggregate base course, ways in which frost, 

water, and loading effects aggregate behavior, as well as things such as the effect of experimental 

practices on the outcome of strength tests.  The next portion of work that was performed involved 

conducting a range of simple tests to better characterize the aggregate material.  Grain size 

distribution tests were run on the bulk material which was delivered to NC State’s Constructed 

Facilities Laboratory.  This bulk sample represented what the contractor would get directly in the 

field.  In order to meet the specifications set forth by the NCDOT, the contractor would have to 

verify that the material met gradation limits, and that the fines were low to non plastic.  Atterberg 

limits testing as well as specific gravity testing was also performed on the bulk material.  Once these 

basic values were known, the five gradations which were going to be used for the study were 

developed.  The bulk material was then sieved and stored.  Each time a new test was run, the 

material was recombined into the respective gradation desired for the test.  Strength testing was 

performed on each gradation which involved unconsolidated undrained triaxial tests and resilient 

modulus testing.  These tests were performed on large samples.  Some small triaxial testing was 

performed to see the effect of sample size on the strength of the material.  The next step was to 

perform a particle shape analysis.  A microscope was used to gather pictures of the aggregate 

material at each sieve size, and a respective particle shape analysis was performed.  Finally, analysis 
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which included an examination of particle packing was performed on all of the results and the 

recommendations for testing and a new standard were developed. 
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Chapter II – Literature Review 

 

 

2.1) Introduction and Justification 

 
 
 A literature review was conducted for this study with several goals in mind.  Since the 

study’s main focus revolved around the effect of gradation on the behavior and performance of 

aggregate base course material, a body of work which represented all previous studies was done on 

the effects of grain size distribution on the strength of aggregate base course for roads.  A literature 

review was also done on the effect of grain size distribution on the resilient behavior of aggregate 

base course.  Once the effects of gradation were fully examined, research was also conducted to see 

what other factors had been found to be important in influencing the performance of aggregate 

base course material.  Those factors included frost action, the effect of moisture on the material, 

particle shape and size, and the cross-anisotropic behavior of aggregate base course and how that 

can influence testing.  A thorough study was also conducted into the development of current 

practices in order to see where many of the specifications that exist today come from and the 

justification behind them.   By looking at all of these different aspects of aggregate base course, a 

full picture of all factors that influence its behavior could be developed. 

 
2.2) Gradation Effects on Shear Strength 

 

 
Work to assess the effects of grain size distribution (GSD) on material behavior began in the 

1930’s with practicing engineers and contractors recommending different criteria for base courses 

of roads which were known to provide acceptable performance. As more roads were paved, these 

criteria were refined. Early base courses consisted mostly of soil or soil aggregate combinations that 
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were very high in fines. As time progressed, more well defined limits were placed on aggregate 

bases, with two primary factors being the maximum aggregate size and the amount of fines present. 

In more recent studies, the effects of coarse to fine mixtures have been examined. In the following 

discussion, the progress and development of strength and deformation related studies are 

examined. The many changes in scope and understanding are illustrated as early twentieth century 

studies from field experience moved to more laboratory testing, and more recently to numerical 

modeling. 

 Knight (1935) serves to show the history behind the thought of aggregate gradation. Much 

of the article is qualitative in scope and discussion. Since it was written in 1935, the author claims 

that the increase in use of the automobile and the effects of the depression have caused road 

designers to look at cheaper, more effective ways to have stable roads. The author suggests that by 

reducing the pore space, the road would become denser and thus more stable. He claims that the 

large aggregate serve as the strong parts of the roads, while finer portions serve to stabilize the 

mixture and keep it from failing. It is important to note that all the roads the author dealt with in the 

article were gravel roads and had no layer of asphalt on top of the granular base. The author 

suggests a blend of different materials based on his experience with concrete in order to get a good 

density. He suggests 14 1/3% clay and silt, 28 2/3% fine aggregate, and 57% coarse aggregate. He 

goes on to say that many good roads had been built using as much as 65% coarse aggregate. It is not 

know what his definition of coarse aggregate is, but the idea that coarser blends are stronger is 

common among early researchers. 

 Garneau and Beland (1942) sought to see the influence that varying gradation, moisture 

content, and admixtures had on soil-aggregate mixtures. The aggregates used in this experiment 
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were mixed with clay with a plasticity index (PI) of 22. The gradations used in this study are 

presented in Table 2.1: 

 
 

Table 2.1: Gradations of Samples Used in Garneau and Beland (1942) 

 

Samples 

Sieve 

No. 

1 2 3 4 5 6 7 8 9 

4 22.0 23.0 21.3 10.0 10.0 10.0 42.0 42.0 42.0 

10 30.9 41.3 13.9 38.8 54.3 25.1 8.4 25.7 7.4 

40 11.9 12.6 19.9 17.5 12.6 20.6 15.6 8.8 5.7 

100 8.7 5.3 10.6 7.7 5.3 10.2 7.8 5.9 12.3 

200 26.5 17.8 34.4 26.0 17.8 34.1 26.2 17.6 32.6 

 

 

 

 Of particular note in Table 2.1 is that the largest particle size used was retained on the No. 

10 sieve. These particles are much smaller than the maximum particles used in modern aggregate 

base courses. The consistence of most of these soils is more like that of a gravelly soil instead of 

aggregate with particles as large as 1” in diameter. The other thing that stands out is the amount of 

fines which are contained in these samples. The fines content ranges from 17.6 % to 34.4 %. The 

optimum moisture contents for these soils were also very low, averaging approximately 3%. They 

dry unit weights ranged from approximately 130 – 145 pcf. .  The gradation study’s ABC mixes only 

varied from around 135 – 138 pcf.  

 Several tests were conducted to find the compressive strength of these samples. It was 

found that as the water content of the samples increased, the compressive strength decreased. This 

may have been due to the fact that the water content of these soils was so small that any variation 

in water would have a significant effect, especially with plastic fines. It was found that the highest 
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compressive strength was given by mix number 3 at approximately 155 psi. This gradation had a dry 

density of approximately 136 pcf. Overall this study found that the greatest compressive strengths 

were obtained by mixes that had limited numbers of fines below the No. 40 sieve. This conclusion is 

consistent with other studies: fines have a significant effect on strength. 

 Gray (1962a) studied the effects of density of aggregate base course on performance, 

emphasizing instances that come up in construction and stressing reasons why aggregate blends are 

specified in a certain manner. Gray stresses the detrimental effect water has on aggregate base 

course. He claims that in order for a base course to perform well, water must not accumulate above, 

below, or in the ABC. According to Gray (1962a), a base course that is compacted to maximum 

density will be almost impervious to water, preventing water accumulation. He also stressed that 

the main failure caused by water was due to water accumulation between the interface of the 

aggregate base course and the asphalt layer.  Since this is was not a focus of the study, the details 

have been omitted; however the failure from this accumulation comes from freeze/thaw action.   

 The testing on the aggregate base course was conducted using the Texas Method of Triaxial 

Compression. The maximum aggregate size in each blend ranged from ¾” to 2”. For the gradations, 

the author recommended continuous grading, and for this study grain size distributions calculated 

by Talbot’s Equation were used as shown in Equation 2.1: 

                                                                     � � ����
�

                                                                         (2.1) 

 
 In Equation 2.1, d is particle (sieve) diameter, D is the maximum aggregate size, P is the 

percent passing each sieve, and n is a value between 1/3 and 1/2. For this study, a value of 1/3 was 

used except for the material passing the number 200 sieve which used 1/2. Gray used these 
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gradations to see the effect of maximum aggregate size, the effect of fines, and the effect of 

plasticity. 

 When considering the effect of maximum aggregate size, results showed that for all 

gradations, the material was well-behaved on the basis of normal stress versus shear stress. Samples 

with larger aggregates had slightly higher shear strength than the samples with the smaller 

aggregates. Gray found that blends with larger maximum aggregate sizes had higher friction angles 

due to the large aggregates acting as barriers to the failure plane. The most significant benefit of 

larger aggregates was found to be an increase in rigidity of the mixes which allowed for greater load 

carrying capacity. Overall it was found that gradations with n values of 1/3 give better properties, 

and the author recommends that larger aggregate sizes should be used. 

 The effects of fines on the properties of the ABC was studied by using blends with a 

maximum aggregate size of 3/4” and by varying the fines from 1, 4.5, 9, 13, and 20 percent. When 

looking at the strength benefits, it was found that the optimum fines content ranged from 6 to 9 

percent depending on the maximum aggregate size. For the 1” maximum aggregate size, it was 

found that 8 percent fines was the optimum amount. Based on these results, Gray suggests that 

maximum densities may be hard to obtain with very little fines, but that an increasing fine fraction 

decreases strength and increases frost susceptibility. Gray recommends varying the fines content 

between 5 to 12 percent. 

 In regards to the effect of plasticity, Gray found that plastic fines caused the mixes to not be 

considered good aggregate blends. He found that for maximum aggregate sizes of 3/8” only non-

plastic fines allowed the base course to perform well. In 1 ½” maximum aggregate size blends, only 

material with PI < 3.6 performed well. This showed what a great effect the plasticity of the materials 
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had on the aggregate base course. It is suggested that most state agencies specify PI < 6, but even 

that value may be too high. 

 This study was very informative in regards to the project, it looked at many blends similar to 

the ones used in the gradation study and commented on how certain aspects of the gradation such 

as maximum aggregate size and fines affected the performance of the material.  

A second study by Gray (1962b) reinforced many of the findings from the previous paper 

(Gray, 1962a), but new details are present which better detail how testing was performed. For one, 

after tamping their sample, Gray (1962a) vibrated the samples as well to achieve the high densities 

found in the field. This report also looked at the effect of particle shape and the type of aggregate as 

well as the others mentioned above. In order to study the effect of particle shape, Gray (1962) used 

several blends consisting of gravel and crushed gravel for coarse material, gravel screenings and 

natural sand for finer aggregate, and silty clay for the material passing the number 200 sieve. What 

he found was that the natural gravel mixes with more rounded particles actually had higher 

densities. At low confining pressures, the shear strength of each mix was approximately equal; 

however at higher confining pressures the strength of the crushed material was greater. In 

considering fine aggregate, it was found that the strength of the screened crushed gravel was much 

higher than that of the natural sand. Gray recommends that more crushed material be used in 

mixes. Comparing this to crushed rock mixes, the shear strength for any mixture was not as great. 

Gray also made several mixes consisting of three groups of aggregate to assess the effects of 

mineralogy. Material larger than the No. 4 sieve was classified as coarse aggregate. Fine aggregate 

was classified as material between the No. 4 sieve and the No. 200 sieve, and fines were classified as 

material passing the No. 200 sieve. The types of aggregate tested were limestone, gravel, natural 
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sand, silty clay, and bank run gravel. These types of aggregate were blended into several different 

mixes and tested to assess strength. The sample made entirely of limestone was found to be the 

strongest. When the fines in this blend were mixed with silty clays, the strength reduced 

significantly. The weakest blend came from the bank run gravel, with the other blends falling 

somewhere in between. It was found that the section of aggregates with fines that are non-plastic 

or contain no clays were the best for rutting resistance as well.  

 Leslie (1963) studied the influence of particle size, grading, breakdown of particles, and 

lateral pressure on the shear strength of granular soils. Tested specimens were 6 – 12 in. in diameter 

and had confining pressures as high as 650 psi. The maximum aggregate size used in these tests 

ranged between 1 ½ and 3 in. The primary purpose for this study was to look at the behavior for 

earth and rock fill dams. The internal angle of friction was determined by assuming that the failure 

envelope passed through the origin of a Mohr-Coulomb diagram. The triaxial tests were run as 

consolidated drained tests, and the specimens were compacted through dynamic and vibratory 

compaction. 

 The effect of increasing the size of the largest particles in the blend was assessed by 

changing the maximum particle diameter while keeping the rest of the rock blend to the same 

proportions. Shear strength of the material increased with increasing maximum aggregate size. In 

another set of tests, the author used parallel gradations to determine the effect of density on the 

strength. The strength of the material increased as the blends with larger aggregate sizes increased 

along with the density. They found however that the density reached a maximum with the largest 

aggregate size of 1 in. Leslie also studied the influence of mineralogy with identical gradations. It 

was found that the denser, igneous rock materials gave the best strength characteristics.  
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Leslie’s (1963) study of particle breakage on material behavior was inconclusive. He claimed that 

there was a trend of reduced shear strength with more particle breakage, but the evidence was not 

conclusive. The last factor this study looked at was the influence of confining pressure on the shear 

strength of granular materials. Results were a bit erratic, but there was a trend towards a decreasing 

friction angle with increased confining pressure (i.e., as dilation is suppressed). While many of these 

results are well-known now, the Leslie (1963) study serves as a historical backdrop to how initial 

values for the friction angle of granular materials were developed. The testing procedure used today 

is very similar to what was used 60 years ago. Consistent results were obtained through this 

experimentation, which has lead to values of the internal angle of friction for crushed rocks which 

range from 40° to 50°. 

 Kirkpatrick (1965) conducted a study on the influence of grain size and grading on the 

shearing resistance of granular materials. In his study, the most extensive study went into grain size 

effects. This particular project dealt with medium to coarse sands and glass beads, not aggregate; 

however since they are both granular materials some similarities may be observed. The sands used 

in this testing were Leighton Buzzard sands with particle diameters that ranged from 2 mm to 0.3 

mm. The tests were performed in drained triaxial tests with diameters of 1 ½ in. and 4 in. 

 The first factor Kirkpatrick considered was the effect of particle size with respect to shearing 

resistance. It was found as the particle size increased, the internal angle of friction increased slightly 

between 0.3 mm and 2 mm. This is consistent with what was found in Gray (1962). It was also found 

that the frictional component of this strength depended more on surface roughness and mineralogy 

than it did on the particle size. Unfortunately, no conclusions could be drawn about the effects of 
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gradation on the strength of the granular material. The results from this study were relatively 

scattered and did not agree with previous studies done on glass beads. 

Winnitoy (1965) dealt with the effects of density on the transmission of load to the 

subgrade soils beneath the road. The author focused on granular subgrades and plastic subgrades. 

The author did look a bit at granular base course materials in relation to the California Bearing 

Ration and the Standard and Modified Proctor densities. The author found that the Standard Proctor 

does not predict the ultimate densities of the granular base courses well. He did find that the 

Modified Proctor was a good indicator for the maximum densities achieved in the field for granular 

bases. When the CBR test was performed on samples compacted from the Standard and Modified 

Proctor methods, it was found that the CBR values from the Modified Proctor samples were almost 

three times as great as those from the Standard Proctor samples. 

 Thompson (1967) looked at the effect of many different variables on the stability of soil 

aggregate mixtures. The author claims that one of the most important properties for soil-aggregate 

mixtures used in pavement is their stability. In order to carry out this study many properties were 

tested at 147 different sites to find their effects. Thompson tested samples both in the field and in 

the laboratory. 

 The properties that were measured were the effect of field moisture content, field density, 

dry density, particle index, and mixture properties. The first property that Thompson (1967) 

evaluated was the field moisture content. What he found was that as the amount of water in the 

soil-aggregate mixtures increased, the shear strength decreased. The author also found a correlation 

between the field moisture content and the amount of fines. As expected, as the amount of fines 

increased, the field moisture content increased as well. The author attributed the increase in shear 
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strength to the increase in large negative pressures developed in the fines. This value is misleading, 

because as the specimens would saturate, they would lose their apparent strength. 

 In regards to field density, the author found that field samples were all very well-graded 

mixtures. He found that the amount of material passing the No. 200 sieve averaged approximately 

7.4 %. He attributed the reason behind this grading to the high amount of particle interlocking that 

could be achieved. In the laboratory, Thompson (1967) tested the importance of maximum dry 

density. He found that laboratory tests could closely mimic the values of density found in the field. 

He also found that the two most important sieve sizes in regards to soil stability were the material 

on the No. 4 sieve and the material passing the No. 200 sieve. 

 When looking at the effect of particle index (angularity, shape, etc.) Thompson found that it 

had more of an effect on coarse blends of material. In the study only 26% of the material was 

retained on the No. 4 sieve, so for his work it did not have a significant amount. He does conclude 

however that for more coarse blends, it would have a much more significant influence on the 

stability. The author also looked at the effect of using gravel and crushed stone. What he found was 

that the natural water content of the crushed stone was much less than that of the gravel. This was 

due to the fact that the crushed stone particles were much less reactive than particles of gravel that 

could contain clay. He also found that the crushed stone exhibited higher shear strength. Thompson 

(1967) attributed this behavior to the increased angularity and thus interlocking of the particles in 

the mixture. Overall, Thompson (1967) concludes that the most important factors contributing to 

the stability of soil-aggregate mixtures are the moisture content and the field densities. He also 

found that gradation played a significant role in the density. 
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 Barksdale (1984) conducted a study to assess the performance of crushed stone base 

courses under roads and the factors that influenced their behavior. The tests were performed using 

twelve full-scale pavement sections tested in a laboratory. The study varied the thickness of the 

base layer as well as using three different gradations. The aggregate used was crushed stone gneiss 

and the gradations are presented in Table 2.2.  For comparison, gradations of the thesis study 

considered in the current work are shown in Table 2.3. 

 

Table 2.2:  Gradations of ABC Used in Barksdale (1984) 

 

Cumulative Percent Passing by Sieve Size 

Sieve Size Standard Fine Coarse 2-in. Fuller Curve 

1.5” 100 100 98 98 

1” 98 99 83 82 

3/4” 83 92 69 69 

3/8” 61 64 -- -- 

No. 4 43 44 40 39 

No. 8 -- -- 31 31 

No. 10 31 31 29 29 

No. 50 13 -- -- -- 

No. 60 -- 11 10 12 

No. 100 -- -- -- -- 

No. 200 4 4 4 4 

γmax (pcf) 137.0 139.5 141.5 -- 
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Table 2.3: Gradations of ABC Used in Gradation Study 

 

Percent Passing by Sieve Size for Thesis Study 

Sieve Size Baseline 
GSD 

Upper Bound 
GSD 

Lower Bound 
GSD 

5% Above 
GSD 

5% Below 
GSD 

1.5” 100 100 100 100 100 

1” 86 97 75 100 70 

1/2” 67.5 80 55 85 50 

No. 4 45 55 35 60 30 

No. 10 35 45 25 50 20 

No. 40 22 30 14 35 9 

No. 200 8 12 4 17 0 

 

 

 
 In comparing the gradations used, Barksdale’s are similar to the baseline gradation and the 

upper and lower bounds of the thesis study gradations. The main difference comes in the amount of 

fines used. In Barksdale’s study, he used 4 % passing the No. 200 sieve. As a result, the major 

variations in gradations happen with the amount of large aggregate particles in the blend, since the 

material around the No. 4 and below is very similar in each of his blends. This allows for any 

gradation effects to be attributed to varying the percentage of very large particles. The densities 

achieved for this experiment were approximately 105% of the maximum dry density as determined 

by AASHTO T-180. In his tests, Barksdale found that the gradation variation had very little if any 

effect on the permanent deformation of the pavement. Through testing, this study found the 

resilient modulus of the base coarse to be approximately 15,000 psi. In looking at the thickness of 

the base course, it was found that by increasing the thickness of the ABC layer from 8 in. to 12 in., 

the life of the pavement was increased by a factor of three. The gradation, on the other hand, had 

little effect on the performance of the pavement. Both the fine and the coarse gradations failed in 

fatigue, not rutting. However, it was found that the fatigue life of the fine grained base course was 
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approximately 20 percent greater than that of the coarse graded ABC. The coarser gradations had 

21 percent less rutting than in the fine grained gradations. Overall this study concluded that in 

regards to gradation, the ABC used should be compacted to approximately 100% maximum density, 

have a maximum aggregate size between 1 and 2 inches, have a gradation similar to the ones in 

Barkesdale’s study, and approximately 4 to 5 % fines. The influence of fines was not discussed in this 

article, and not tested, so no conclusions can be drawn about their impact. What can be drawn from 

this is that varying the larger sized particles less than 2 in. seems to have very little effect on the long 

term life of the pavement beyond approximately 20% rutting or fatigue. 

 Thom and Brown (1988) looked at the effect of grading and density on the mechanical 

properties of crushed dolomitic limestone. The mechanical properties that they looked at included 

elastic stiffness, resistance to rutting, shear strength, and permeability. The gradations used in this 

experiment all had a maximum particle size of 0.4 in. (10 mm), and the percent fines ranged from 25 

percent passing the number 200 sieve to zero percent passing the number 200 sieve. The effect of 

water was taken out of this experiment by conducting the testing on completely dry specimens. The 

triaxial cells used were 3 in. (75 mm) in diameter. It was found that the densest gradations were 

those that were most heavily compacted and those that were well graded. 

 When testing the elastic stiffness of the material, the authors found that the degree of 

compaction had almost no effect on the stiffness of the material, but the very slight difference there 

was tended to show that more compacted materials were stiffer. The gradation was also found to 

have slight effects on the elastic stiffness. It was found that the uniformly graded mixtures were 

approximately 30% stiffer than those that weren’t well graded. 
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 For plastic deformation, it was found that the degree of compaction/density was the most 

important factor. The authors state that the effect of gradation was less clear, but the uniformly 

graded materials seem to experience less strain. One interesting thing that the authors found was 

that the specimen with large amounts of fines dilated, and thus failed rapidly. From those results, 

they caution that large amounts of fines in the aggregate base course could be very dangerous 

despite plasticity. 

 When testing the effects of gradation and density on shear strength, Thom and Brown 

(1988) found that gradation was very important in compacted specimens and tended to coincide 

with the maximum densities and thus larger shear strengths. This is important, because it shows 

that more dense specimens seem to be stronger. In regards to permeability, the authors found that 

well graded material retained much more water and their equilibrium water contents tended to be 

close to saturation. On the other hand uniformly graded material drained freely and kept much 

lower water content. The authors state that too many fines in a well graded material can lead to 

high water contents, which would cause problems. 

 Overall Thom and Brown (1988) found that well-graded aggregate base courses have high 

strengths and resistance to repeated loading, which inhibits rutting. Alternately, the gradation has 

lower stiffness (load spreading ability), and less permeability which could cause problems, especially 

with large amounts of fines. As far as uniformly graded material, it is best for increased stiffness, but 

it has lower shear strength. Uniform gradations were also found to be better at dealing with water, 

but were not optimal in dry conditions. 

 Barksdale and Itani (1989) conducted a study to examine the rut index and rut susceptibility 

of aggregate base courses based on several criteria such as aggregate shape, gradation, density, and 
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water content. Another important part of this study was the evaluation of the traditional slow 

triaxial shear test in the determination of the resilient modulus and permanent deformation 

characteristics. In this study, Barksdale and Itani (1989) found that the confining pressures for 

aggregate base courses usually ranged from approximately 4 to 8 psi, while they cite compaction 

stresses ranging from 2 to 4 psi. For this particular study a confining pressure of 6 psi was used. In 

this study, three different gradations were used to see the effects on performance (Table 2.4). 

 
 

Table 2.4: Gradations of ABC Used in Barksdale and Itani (1989) 

 

Percent Passing by Sieve Size for Barksdale and Itani 

Sieve Size Medium Coarse Fine 

1.5” 100 100 100 

3/4” 80 65 85 

3/8” 60 43 70 

No. 4 45 27 58 

No. 40 13 7 25 

No. 200 4 0 10 

 

 

 

 The amount of fines used does vary in this study so the effects of fines are noted. According 

to this study, material passing the number 40 was all composed of granitic gneiss in order to 

eliminate any influence of differing plasticity characteristics different materials would have on this 

experiment. What was found was that the material above the No. 40 sieve was the most influential 

in terms of rutting characteristics, while the material below the No. 40 sieve had very little influence 

despite variation. The effect of plasticity was also studied in this paper. The amount of plastic fines 

was increased from 0 to 75 percent. It was found that permanent strain was increased by a factor of 

3 in that range. However, the author cautions that the presence of plastic fines has detrimental 
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effects to the performance of the pavement. When looking at the gradation’s influence on the 

behavior of the aggregate, it was found that the samples with finer gradations tended to undergo 

larger permanent deformations. The gradation also had an influence on the resilient modulus. It was 

found that as the amount of fines increased from 0 to 10 %, the resilient modulus decreased by 

approximately 60 %. As the density increased from 95% to 100% of AASHTO T-180 compaction, the 

resilient modulus increased 50 to 160% for low bulk stresses and only 15 to 25% for high bulk 

stresses. As far as using the traditional triaxial test to evaluate permanent deformation, a sample 

was placed in the cell and was loaded and unloaded slowly to simulate cycles in a resilient modulus 

machine. The data for this was scattered and unreliable. However, in determining the resilient 

modulus of the material, this method was very good and the author suggests it as an alternative for 

labs that do not have the proper equipment. The result of this study was that the amount of fines 

was found to have a significant effect on permanent deformation and resilient modulus. 

 Thompson and Smith (1990) studied the Illinois DOT’s proposal for a new gradation 

standard for aggregate base courses. The authors state that currently the standard calls for a 

maximum aggregate size of 1.5 in. (38.1 mm) and 4-12 percent passing the No. 200 sieve. The new 

standard was developed in recognition that coarse blends have improved pavement characteristics. 

This new standard calls for fines to range from 0-4 percent passing the No. 200 sieve. In order to 

evaluate the properties of this new blend, the authors of this paper conducted repeat load triaxial 

tests in order to determine the resilient modulus and rapid shear strength tests in order to 

determine material parameters such as cohesion and internal angle of friction. 

 The study used crushed stone, crushed gravel, and gravel. For the rapid shear strength tests, 

the study used the maximum dry densities according to AASHTO T-99 at the optimum moisture 
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content, with confining pressures of 5, 15, and 30 psi (34.5, 103.4, and 206.8 kPa). They also 

conducted rapid shear strength tests at the same conditions wet of optimum. The test specimens 

used were 6-in. (15.2-cm) by 12-in. (30.5-cm) cylinders. 

 The rapid shear tests were performed by loading the specimen at 1.5 in./s (3.8 cm/s) in 

order to simulate a slow moving vehicle. The maximum deviator stresses attained at the 5 psi level 

of confining stress for the rapid loading tests ranged from 64 psi to 147 psi (441 to 1014 kPa) 

between the different gradations, where the highest values came from the densest gradation. 

 The friction angles for all of the materials and gradations were found to range very little 

(42.7° to 46.4°) while the cohesion values ranged from 9.6 to 24.4 psi (66.2 to 168.2 kPa). The 

resilient modulus values were found to vary from 28.6 ksi to 34.5 ksi (197 to 238 MPa), which leads 

the authors to conclude that this was not a good way of ranking the gradations. An important 

conclusion that the author drew out of this came from specimens that they sheared after being 

tested by the resilient modulus. They called the specimens conditioned specimens. They found that 

the shear strength of these conditioned specimens was 24 to 217 percent greater than when tested 

at the unconditioned state. The authors claim that this is a better indicator of the type of shear 

strength the ABC would have in in-service conditions. One more interesting thing the authors 

concluded was that permanent deformation was the best way to characterize different gradations 

as far as performance goes. Overall most of the gradations’ performance did not vary significantly. 

 Rada and Witczak (1982) looked at the effect of different gradations under saturated 

conditions. Undrained repeat load triaxial tests were used. The authors based this study on the 

AASHTO T274-82 loading conditions. They used several different gradations, some fine, some 

coarse, and some medium. The study found that the dense middle gradations gave the highest 
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resilient modulus values and the coarse gradations actually gave the lowest modulus values. It was 

also found though that the gradations that were denser with more fines actually built up high excess 

pore water pressures that lead to lower modulus values. This effect was not seen in the coarse 

blends because they were free draining. 

Brown and Chan (1996) conducted a study of how gradation affects the performance of 

aggregate base courses of roads. They introduced their problem by talking about how resilient 

modulus and resistance to permanent deformation are the properties that most people are 

interested in, in terms of pavement design. According to the authors, good resilient moduli can be 

achieved but getting good resistance to rutting is a much harder proposition. The authors also claim 

that much of the work done on aggregate base course up to the point this article was written has 

been done using conventional or repeat load triaxial tests. They claim that this method does not 

represent true loading conditions well because it simulates a tire that is not moving. In order to 

better understand how gradation plays a role in rutting resistance, Brown and Chan (1996) used 

both repeat load triaxial testing and moving wheel loads. In their tests, they used specimens that 

were 6 in. (150 mm) by 12 in. (300 mm). What the study found was that the densest specimens had 

better resistance to larger permanent deformations. From what they found, they suggest having no 

more than 10 percent fines, having a maximum particle size of approximately 1.5 in. (38.1 mm) and 

having a very uniform grade with a Fuller n value between 0.35 and 0.5. The authors also stress the 

importance of having good drainage, in which they say that specimens close to saturation are much 

more prone to permanent deformation. In all, Brown and Chan (1996) found that the specimens 

that had the greatest dry density had the best performance results. They stress the importance of 
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good mix design as well as tightly controlled compaction and drainage in the field to get optimal 

results. 

Sitharam and Nimbkar (2000) looked at discrete element modeling of granular soils in order 

to determine the effects of maximum particle size, gradation, and soil fabric had on the strength 

properties of soils.  This study yielded several results.  First they found that soils with parallel 

gradation curves have similar fabrics, which resulted in similar behavior.  If the same minimum grain 

size was then set for each of those gradations and then the gradation was widened, it changed the 

fabric of the soil and thus it changed the behavior of the soils.  If completely parallel gradations were 

to have particle sizes increased (including those passing the #200 sieve), it was found that there was 

no influence on the shear strength of the material or the volume change characteristics.  It was 

found however, that if the gradation was changed to a wider gradation of material (with the 

material passing the #200 fixed), the soil would have a significant increase in shear strength and 

volume change behavior.  Also, if the size of the particles in a gradation where the material passing 

the #200 sieve was kept the same, the angle of internal friction was found to increase slightly.  

However if those same gradations were changed to wider gradations, it was found to decrease the 

internal angle of friction. 

 Looking at all of the studies, several general conclusions were drawn. One deals with the 

effects of fines on the performance of aggregate base courses. Early studies such as Knight (1935) 

recommended 14.33% fines and Garneau and Beland (1942) recommended limiting the amount of 

fines below the No. 40 sieve. At the time, very high fines contents were common with clays making 

up many base and sub-base layers. Another conclusion these two studies drew was the fact that low 

to non-plastic fines should be used. Gray (1962) agreed with the fact that the fines should be 



24 
 

limited, he recommends 5–12% and be of low plasticity. The argument they make for this is based 

on the fact that plastic fines give the base course poor performance, especially when water is 

introduced to the system due to decreasing shear strength or the apparent shear strength the 

material has before it is wetted. Thompson (1967) recommends using 7.4 % fines, while Barksdale 

(1984) recommends an even lower 4–5%. When looking at other studies, the role of fines is also 

important because of frost behavior of the soil. 

When looking at the strength characteristics of the soil due to gradation, most of the studies 

focused on the effect of density which they then related to the gradation of the soil. In most of 

these studies, it was argued that density is the most or one of the most important properties in ABC 

behavior. Knight (1935) claimed that more coarse bases performed very well. That sentiment was 

echoed by many of the other studies including Leslie (1963), and Kirkpatrick (1965). Other studies 

such as Thom and Brown (1988), Barksdale and Itani (1989), Brown and Chan (1996), and Sitharam 

and Nimbkar (2000) concluded the most well graded aggregates gave the best base performance. In 

general it was concluded that the densest gradations gave the best engineering properties. Going 

along with that, those studies tended to recommend a maximum aggregate size of approximately 1-

2 in (25-50 mm). Gray (1962) and Leslie (1963) found that if the maximum aggregate size was too 

great, it became very hard to get good compaction. Values for the internal angle of friction varied. 

Leslie (1963) found values that ranged from 40° to 50°, while Thompson and Smith found values that 

ranged from 42.7° to 46.4°. Molenaar and Huurman (2006) which will be discussed later found 

internal friction angles ranging from 42.6° to 46°. In general the friction angles were approximately 

45°. 
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There were several conclusions drawn about deformation behavior as well. Barksdale (1984) 

found that finer blends of aggregate performed better in fatigue failure, while coarser blends 

performed better with rutting. Thom and Brown (1988) found that the more uniform coarse 

gradations were stiffer than a well graded aggregate base course. Barksdale and Itani (1989) did 

more research and found that finer gradations had more deformation, much like his conclusion from 

before. Finally Rada et. al. (1992) found that the more well graded mixes had better deformation 

characteristics. In general it seems that coarse and dense sample had better deformation 

characteristics. 

One last conclusion that can be drawn from this does not necessarily relate to the gradation 

of the material but the material itself. Several of these studies found that the makeup of the 

aggregate had a significant effect on the strength. Gray (1962), Kirkpatrick (1965), and Thompson 

(1967) all found that crushed stone gave much greater strengths than natural gravel or even crushed 

gravel. 

 

2.3) Gradation Effects on Resilient Modulus 

 
 

Since the loading on pavements and pavement bases is not static, but cyclic due to traffic, it 

is necessary to evaluate performance under repeated loading. Historically, the California Bearing 

Ratio was used quite often to characterize ABC strength. More recently, the resilient modulus test 

has come into favor as a way to describe the behavior of aggregate road bases. There have been 

many studies into the effects of gradation and other grain size related topics and their effects on the 

resilient properties of the ABC. This section looks at how many of these models have been created 

and the subsequent evaluations of performance criteria. 
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 Hicks and Monismith (1971) focused on defining the factors that influence resilient behavior 

of unbound aggregate materials. The study looked at the effect of stress level, density, gradation or 

percent passing the number 200 sieve, load frequency and duration, as well as the degree of 

saturation. The tests to measure these effects were carried out in normal triaxial cells using repeat 

loading. The specimens used were 4” by 8”. In order to do this testing, two types of aggregates were 

used. One was well graded, sub-angular crushed gravel, while the other was a well graded crushed 

rock. The gradation was changed by using low density, medium density, and high density samples. 

They varied the material passing the No. 200 in order to vary gradation. For coarse samples, 2-3 % 

passed the No. 200 sieve, medium had 5-6 % passing the No. 200 sieve, and the fine mix had 8-10 % 

passing the No. 200 sieve. The material above the No. 30 sieve was kept constant. This study 

showed that over the range of confining stresses encountered in field pavements (i.e. 0-10 psi), 

increasing the fines content will result in decreasing the resilient modulus of partially crushed 

aggregates while it will result in increasing the resilient modulus of crushed aggregates. 

Furthermore, the modulus increased with increasing density and increasing particle angularity. 

 Rada and Witczak (1982) looked at the factors that influence the behavior of the resilient 

modulus and the composite modulus of subgrade reaction. Their work involved testing 101 

specimens using Maryland DOT specified materials. They found that the factors that influenced the 

resilient modulus values the most were the stress state of the material, the degree of saturation, 

and the degree of compaction. In terms of the grain size distributions effects, the study found that 

the amount of material passing the number 200 sieve had a slight effect on the resilient modulus, 

but this effect was not very significant. 
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 Nataatmadja and Parkin (1989) sought to develop another model to predict the resilient 

modulus of granular base course materials. The authors used repeat load triaxial tests in order to 

get data which they then used to develop their model. The first thing the authors do in this paper is 

to present many of the previous models and explain some of their limitations. The authors state that 

previous models which he calls the K-θ models, the form for resilient modulus appears in Equation 

2.2: 

                                    �	 � 
� � ����                                                                  (2.2) 

 Where θ is the sum of the principle stress and k1 and k2 are parameters.  In those tests, he 

claims the modulus is defined as appears in Equation 2.3: 

               �	 � ��
���

                                             (2.3) 

 Where qr is the repeated deviator stress and ε1r is the resilient axial strain.  The authors 

state that this model has several limitations. They claim that it is dimensionally unsatisfactory, that 

the repeated deviator stress varies with the modulus and confining pressures, and the fact that 

under 70 kPa it has been found that the modulus of elasticity actually decreases with an increased 

deviator stress, while this model predicts it should increase. 

 
Figure 2.1: Elastic and Plastic Stress State Limits 
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` The new model that the authors propose is based on approximating a hyperbolic function.  

Their model takes the form of the Equation 2.4: 

             �	 � �
��
� �� � � � �	�                                                              (2.4) 

 where A’ and B’ fit the model to a hyperbolic function with a cyclic confining pressure. They 

claim that the advantage of their model is that it allows one to predict the resilient behavior of the 

granular base layers under cyclic loading conditions, which represent more in practice situations. 

 Little (1992) looked at the effect of adding lime to aggregate base courses in order to 

increase the stiffness, and thus theoretically improve the performance of the pavement. He used six 

pavement sections, half of which had lime and half of which didn’t. All of the pavements were 

tested with the Dynatest Falling Weight Deflectometer. The pavement sections tested were in pace 

road structures, all of which had very similar makeup. Once the in place pavement sections were 

tested, the author used a computer program called MODULUS in order to calculate the resilient 

response of the material. The lime is supposed to stabilize the aggregate base course by reducing 

any plasticity in the fines, as well as stiffening the material through pozzolanic reactions. Little found 

that the lime treated aggregate base course yielded much higher values for the resilient modulus 

than the untreated ABC material. 

 Zaman et al. (1994) sought to find a relationship between the resilient modulus of unbound 

granular material and other material properties such as California Bearing Ratio, cohesion, and 

friction angle using six different aggregates from the state of Oklahoma. The work focused on the 

resilient modulus from cyclic loading and it mentions that much of the research done before on this 

topic was done using static loading. They define the resilient modulus as the deviatoric dynamic 
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stress over the resilient strain. They based their testing on AASHTO Standard T292-91I, which was 

created in 1991 to help create an easier way to determine Mr than the old AASHTO T274-82. In their 

testing they varied several factors such as the testing method (T292-91I and T292-92I), the specimen 

size compaction, density, aggregate, and gradation. The material received from the quarries for their 

experiment did not meet the ODOT specifications so they chose a gradation curve, recombined the 

samples, and used those values for each of their samples. In their test preparation, they note that in 

granular specimens, the Mr is not affected by changes in maximum dry density as much as it is by 

changes in confining stress and moisture content. For that reason, they chose to use a vibratory 

compaction method so as to not break any of the grains and change the makeup of the sample. It is 

noted in their experiment that the dry densities of the samples are greater when a proctor method 

was used to prepare the samples than the vibratory method. 

 The results of the experiment found several things. For one they found that the dry density 

of their samples was influenced more by the gradation than the sample diameter used even though 

the sample diameter allowed for larger or smaller aggregates. They also found that the Mr increased 

as a coarser graded sample was used but only slightly. They note that the effect of gradation on the 

resilient modulus is less than 10%. The study team did not try to correlate the Mr values and the PI 

because of past research that had shown that there is negligible correlation between the two. When 

correlating the aggregate type to the resilient modulus they found that the resilient modulus could 

fluctuate 20%-50% between the aggregate types despite the fact that some past sources they had 

explored stated little or no effect. When they compared the two test methods, AASHTO T292-91I 

and AASHTO T292-92I they found that test T292-92I gave higher values for the resilient modulus. 
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They attributed this to the fact that that particular test had the loading from lower to higher which 

could have had a stiffening effect on the system. 

Zaman et al. (1994) attempted to develop a correlation between CBR and Mr (in psi) using 

the relationship in Equation 2.5: 

                                                      �	��  !�� � � � "�#                                                         (2.5) 
 
 They found that the values for B varied widely between aggregate types and attributed this 

to the experimental procedure and not because of the differing types of aggregate. The study states 

that in the Mr test under dynamic loading the specimen can bend and swell in the lateral direction. 

However in the CBR test the specimen cannot because of lateral and vertical confinement. They 

conclude that there is only a relationship between these two values at a certain range for B 

(between 22-41). They found the best correlation between common material properties and the Mr 

value to be between the Mr value and the cohesion and friction angle and postulate that this is due 

to the similar way in which loading is applied in both tests. 

 Dastich and Dawson (1995) considered alternative methods for determining resilient 

response of aggregate base materials. The plate bearing test is reviewed which separates the 

resilient and permanent behavior of unbound aggregate materials. This article also talks about the 

natural vibration method which looks at the relationship between the natural frequency of a 

material and its resilient behavior. 

 The model developed for assessing data obtained from the plate-bearing test can be very 

accurate if the right parameters are used. The authors suggest that a constant part of the resilient 

modulus must be used, along with a stress dependent part and a reference pressure of 0.1 MPa. 

They then go on to talk about the advantages of the NVM test. They claim that the results are highly 
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accurate and reproducible, and they can be directly compared to the results from a plate-bearing 

test. The NVM test however is limited currently to granular soils because of some limitations with 

the test that cause correlation problems with one of the parameters. The big advantage of the NVM 

test according to the authors is that it is much easier to set up than a large plate bearing test. 

 Tian et al. (1998) performed a study that considered a coarse limit, the fine limit, and a 

gradation in between specified by the Oklahoma Department of Transportation and looked to see 

how the different gradations affected the resilient modulus values found for aggregate base 

courses. They also took the water content at each of these gradations and looked to see how having 

the water content at optimum, 2 percent below, and 2 percent above optimum affecting the 

resilient modulus results. In this experiment, Tian et al. (1998) used two types of common aggregate 

from Oklahoma. Those aggregates and gradations had optimum moisture contents ranging from 4.6 

% to 6.3 %. The friction angles of those materials ranged from 34.5° to 56.8°. 

 Several important conclusions were drawn from this study. For the first aggregate tested the 

median gradation was found to have slightly higher resilient modulus values (0 to 26 %) than the 

coarse limit and very high (41 to 129 %) modulus values compared to the fine gradation. For the 

second type of aggregate, the coarse gradation had higher resilient modulus values (10 to 36 %) 

than both the median and fine gradations. From this, the author concludes that the coarse 

gradations have generally higher resilient modulus values and also have the added benefit of being 

free draining, reducing the damage from water. 

 From their results, Tian et al. (1998) conclude that using the median gradation would 

require less thickness for good performance. They then say that the coarse limit could also be used 

because it produces similar resilient modulus values as the median grade and have the added 



32 
 

benefit of free drainage, so there would be no worries about damage caused by saturation. The 

authors also looked at how the material properties changed. They found that as the fines increased, 

the cohesion increased and the internal friction angle decreased. 

 Lekarp et al. (2000a) looked at many of the factors that have been found over recent studies 

which affect the resilient response of unbound aggregates. The authors stress that one of the 

limitations in this field of study is that most of the analytical methods available are based on 

empirical relationships. Lekarp et al. (2000a) seek to find more mechanical design techniques. The 

authors look at several factors that influence the resilient characteristics of unbound aggregate 

layers. They claim that the pavement layers exhibit nonlinear, and time dependent elastoplastic 

response from wheel loads. The first component that they claim is the most influential in affecting 

the resilient modulus of material is the stress. After going through the results of several studies, the 

authors conclude that the confining pressure seems to be the most influential. They also claim that 

deviator and shear stress have very little actual effect on the resilient behavior. The next variable 

they discuss is the effect of density on the resilient modulus. Of the many studies that this paper 

looks at, very few have found consistent results. Many studies have found that increasing density 

increases the resilient response, up to 50%. The theory behind this has to do with an increased 

number of particle to particle contacts which thus decreases the stress seen by each contact overall. 

Other studies on the other hand have found that density has very little effect, or it only has an effect 

at very low stresses. Overall, the authors don’t seem to have a definite conclusion about densities 

effect. 

 When the effect of grading is examined, the authors claim that a general increase in 

stiffness through grain size distribution has been seen to increase resilient modulus. In regards to 
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fines content, it has been found that increasing fines tends to reduce the resilient modulus of 

granular materials. One study found that a decrease of approximately 60% was found by increasing 

fines from 0 to 10 %. The authors state that as the amount of fines increases slightly, it fills in the 

voids in the aggregate mix, causing the aggregate to be more stiff, eventually enough fines enter the 

mix so that the fines displace the large aggregate and the resilient behavior is defined by the fines. 

The effect of large particles has been found to increase the resilient modulus. The authors describe 

some studies that have found that by having large aggregate, the numbers of contacts in the mix is 

less, which causes higher stresses thus making the mixtures more stiff. In general it was found that 

well graded or coarse graded aggregate blends had the best resilient properties. 

 The moisture content of the samples was found to have various effects. If the material was 

dry or partially saturated, the aggregate material was found to have very similar resilient behavior. 

However as the samples reached saturation, the resilient modulus decreased significantly. The 

particle shape was also found to have a significant effect. As the material in the mixture was 

composed of more crushed aggregate, the resilient modulus was found to increase. 

 This article also covers several models in which the resilient modulus has been developed.  

The NCDOT’s model for computing resilient modulus was used in this experiment. 

 Lekarp et al. (2000b) also explored the resilient behavior of aggregate base course material. 

In this publication, Lekarp et al. (2000b) looked at the permanent strain response of unbound 

aggregates. Much like the previous article, the authors looked at the effects of several factors on the 

permanent strain behavior of aggregate bases. The effect of stress was named as the most 

important factor in characterizing permanent strain behavior. The authors claim that studies have all 

agreed that deviatoric stress is the major factor leading to permanent strain, while confining stress 
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has an inverse relationship. Since they claim that failure though strain is a gradual process, the 

ultimate shear strength is of little use in this type of study. 

 The authors state that studies have found that as aggregate blends become saturated, high 

excess pore water pressures develop. In turn, those lead to low stiffness in the material which leads 

to poor deformation resistance. Lekarp et al. (2000b) find that stress history is very important as 

well. They say that deformation is much greater if high loads are placed on the aggregate 

immediately instead of small loads leading up to larger loads. It was found that for crushed 

aggregates, the degree of compaction is very important. One study looked at by the authors found 

that an increase of 185% of permanent axial strain was observed when density was reduced to 95 % 

from 100 % of maximum density. Density was found to play less of a role in gravels and non-crushed 

aggregates. Finally, when looking at the effect of gradation on permanent strain behavior, the 

authors found several studies that concluded that the densest mixes had the most rutting 

resistance. They also found that as the number of fines increased, the rutting resistance decreased 

as well. Similar to the previous article, the authors looked at several models for developing plastic 

strain along with factors that influence it. 

 Zeghal (2000) deals with the effect of gradation on the resilient modulus of aggregate base 

courses. The author states that in the past the characteristics of the unbound granular materials 

were not thought to influence the strength of the pavement until just recently. He says that the 

behavior of the unbound layer has been classified by the resilient modulus determined by repeat 

triaxial tests; however those results have been under fire for the wide range of values reported by 

many tests and agencies. In order to simulate aggregate behavior, the author chose to use the 

discrete element method in order to characterize these grain size effects. In his tests, Zeghal (2000) 
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simulated the resilient modulus tests with three aggregate blends. The blends used are shown in 

Table 2.5. 

 Each of these gradations was simulated in a virtual 4” and 8” sample. So while these 

gradations only consist of a few particle sizes, there was a fine sample, a coarse sample, and a fairly 

uniformly graded sample. Zeghal (2000) found that the densest sample had the highest resilient 

modulus (82.1 ksi, 566 MPa) while the uniformly graded sample had a resilient modulus slightly 

lower of 76.9 ksi (530 MPa), while the coarse graded sample had the lowest resilient modulus of 

46.0 ksi (317 MPa). The author attributes this lower resilient modulus to a less dense blend. 

 

Table 2.5: Gradations Used in Zeghal (2000) 

 

Particle Size [mm] Percentage [%] 

 S1 S2 S3 

9.5 20 35 50 

4.75 20 35 45 

2.375 60 30 5 

Konrad and Robert (2003) sought to see the mechanical properties of unbound aggregates 

used in pavements. The authors used conventional triaxial tests with 4-in. (100-mm) and 8-in. (200-

mm) diameter samples to see if they gave comparable values to the AASHTO specified procedure. 

These tests were used to see how specimen size, degree of saturation, pulse loading, and load 

sequence affected the resilient modulus. 

 The material used in this experiment was crushed granite found from Quebec. The gradation 

used was the average specified by the ministry of Transportation of Quebec. The specimens were 

compacted in six layers at 25 blows a layer using the standard proctor hammer. This was followed by 

compaction with a vibrating pneumatic hammer. When comparing their results from a conventional 
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triaxial device to those from a machine designed to measure resilient modulus, Konrad and Robert 

(2003) found that the resilient modulus values obtained by the conventional triaxial test were 1.2 to 

1.5 higher than those using the standard test method. The authors point out that the Mr increases at 

the same rate for both devices. 

The study concluded that conventional triaxial tests could indeed be used in order to find 

the resilient modulus of granular materials, however special modifications had to be made. Axial 

strain of the sample had to be measured using strain gauges over the middle third of the sample. 

Those gauges need to be accurate enough to measure strains at low load levels, and reduction of 

the frequency of the test all allow the conventional triaxial test to be used. The author also suggests 

that AASHTO T-307-99 needs to be modified for granular material by changing the location of the 

LVDTs and by eliminating lower stress levels. 

Garcia-Rojo and Herrmann (2005) model the elastoplastic behavior of unbound granular 

material used in roadway design, focusing on whether the material will experience a limit loading 

where permanent deformations shake down and do not experience further deformation. Pavement 

experiences deformation due to cyclic loading under a certain limit load that will cause it to 

incrementally deform and eventually collapse. However if the limit load is not exceeded then the 

deformations will eventually level off and the pavement will be in a shaken down state. The purpose 

of the study is to prove that there is this shake down behavior in the material and to model it. 

 The shakedown theory employed by Garcia-Rojo and Herrmann was developed for 

structures to show that small plastic deformations built up over time if a cyclic load that exceeded a 

certain limit load was applied. Shakedown is when that limit load is not exceeded and those plastic 

deformations cease after a certain time. The paper states that three conditions could occur when 
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the unbound pavement is loaded: (1) for small loads the system will definitely shake down, behaving 

almost elastically; (2) for large loads, the system will deform at a near constant rate; and (3) in the 

middle there is not much known. This was the focus of their study. 

Garcia-Rojo and Herrmann (2005) performed DEM simulations of cyclic loadings on a 

polydisperse assembly of disks and by looking at the sliding contacts in the assembly they showed 

that the number and the variability of sliding contacts in the assembly is greater for higher loadings 

showing that under higher loading the response of the assembly is closer to plastic, for low loads, 

however they observed that the number of sliding contacts will remain unaltered after 50-100 

cycles. They also observed that for low loads the recoverable strain will reach a steady value after 20 

or 30 cycles while for large loadings, it will keep changing even after 200 load cycles. 

The authors saw that at first the strain on the system was very high which simulated the 

compaction of the material. Then the system adjusted to its state and the strain rate was very low. 

Then loads were applied in a cyclic manner and the strain began to occur in a linear fashion. 

Eventually that strain rate decays and reaches a fixed rate. Eventually the material jumps in strain 

and then settles out to its final value. The authors could not explain this jump. They hypothesized 

that it occurred because of an internal rearrangement in the system before it reached its relaxed 

state. 

In the conclusion, the authors note that it was found to be impossible to have a purely 

elastic shakedown condition. However they did find that the material would reach a viscoelastic 

equilibrium. The author goes on to comment that this model is valuable in predicting dissipated 

energy in the system as well as the stress state. However the limitations of the system are apparent 

when the materials try to rearrange their structure because no crushing or abrasion is allowed. 
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 Molenaar and Huurman (2006) sought to develop equations in order to predict resilient as 

well as permanent deformation based on physical characteristics such as gradation, angularity, and 

degree of compaction. They state that the triaxial test is a good way to estimate these properties, 

but because of the presence of large particle sizes, large triaxial specimens must be used which can 

cause the testing to be very difficult. Molenaar and Huurman (2006) go on to say that today the 

California Bearing Ratio is commonly used to define the strength characteristics of granular bases, 

but they claim that this value is meaningless in describing modern requirements on granular bases.  

Molenaar and Huurman (2006) tested several large specimens (12 in. (300 mm) x 24 in. (600 

mm)) and used several values from other studies in order to develop their correlations. It is 

important to note that the material used for their granular bases was all recycled concrete and other 

materials since there is no crushed rock available for road construction in the Netherlands. Upon 

testing, the authors found angles of internal friction that ranged from 42.5° to 46° and cohesion 

values from 20.5 kPa to 49 kPa. One of the most important findings of this paper was that the 

permanent deformations of the granular base courses could be kept in check if the principle stress 

was kept to a certain ratio of the principle stress at failure. For a strain of 1%, it was suggested that 

that ratio be under 0.3 while for a strain of 5%, the ratio should be below 0.35. The resilient 

modulus was predicted by the equation Equation 2.6: 

                                                               �	 � 
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                                                         (2.6) 

 Where k1 and k2 are model parameters, θ is the sum of the principle stresses, and σ0 is a 

reference stress of 1 kPa. This model for predicting the resilient modulus also depended on a quality 

of compaction indicator. This variable was included in the k1 parameter. So as a result, this model 

account for principle stresses, degree of compaction, the gradation (a parameter in the quality of 
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compaction), and the cohesion, and internal angle of friction. The author claims that this model was 

a good predictor of the resilient moduli found in testing. While this model and its parameters were 

developed for recycled materials, similar relationships have been developed for crushed rock 

materials. 

Konrad (2006) proposed using tangent stiffness to determine the resilient modulus of 

unbound aggregate. The author performed repeat load triaxial testing of aggregate material and 

observed that unbound granular material had nonlinear stress-strain response. Konrad also found 

low confining pressure lead to high apparent cohesion values and high angles of internal friction. 

The authors claim that resilient modulus is best defined by the vertical stress and tangent stiffness. 

They also found that material parameters seem to depend on the dry density. A summary of 

resilient modulus models collected by Konrad are presented in Figure 2.2. 
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Figure 2.2: Models to Estimate Resilient Modulus of Granular Material (Konrad, 2006) 

 
 
 

Pan et al. (2006) studied how aggregate angularity and surface texture affected the values 

obtained for the resilient modulus. They used image based analysis to classify the angularity and 

surface textures using indices that they developed for the study. They tested twenty one specimens 

of six different materials. In the testing they used AASHTO T-307. What they found in their work was 

that as the angularity and surface roughness increased, the resilient modulus of the material tended 

to increase. Their specimens were completely dry and did not contain fines. They also found that 

increased angularity and roughness helped reduce dilative effects caused by shear stress, keeping 

the modulus values high. 
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The focus of Toros (2007) deals with the small strain modulus of aggregate base courses. 

The author emphasizes the importance of characterizing unbound granular materials with the 

resilient modulus and Young’s modulus. The author first states that traditional tests such as the CBR 

are being replaced by other such as the resilient modulus, and that values such as densities used to 

characterize aggregate base courses are being replaced by the use of in situ stiffness. He says recent 

studies have found that the material behavior is very complex and is nonlinear, which depends on 

many factors such as traffic and environmental loads. The material used in this experiment was 

aggregate base course from Florida. It consisted of a fairly narrow range of grain size distributions. 

The optimum moisture content of the samples varied from 5.6 % to 12.3 %, and maximum dry 

densities of 116.5 pcf (18.3 kN/m3) to 142.6 pcf (22.4 kN/m3). 

In order to evaluate the small strain moduli, the resonant column test was used. The 

moisture content of the samples was varied in order to see the effects of moisture on the modulus 

values obtained during testing. What was found was that even under constant moisture and volume 

conditions, the modulus values varied with time, most notably at small time increments in the 

beginning. When the aggregate base material was exposed to drying, the modulus values increased 

significantly, however when the material was re-wetted, the values returned to what they had 

previously been. When field cores were tested, it was found that the results they produced were 

very close to those found in the lab. As a result, Toros suggests that this type of testing could be very 

useful in developing quality acceptance criteria in the future.  This article shows how the advances in 

pavement design have come along.  Since the gradation study focuses more on the resilient 

behavior of aggregate base course instead of using CBR, it appears to be keeping up with the trend 

in current research. 
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Significant work has gone into the development of the resilient modulus testing and the 

effects of varying gradation and density in the results. Overall though, the results appear to be fairly 

inconclusive. In general it was found that a simple trend appeared but that trend was very hard to 

quantify. Most studies agree that as the amount of fines in the material increased, the resilient 

modulus of the material decreased. These conclusions were drawn by many authors including Hicks 

and Monismith (1971), Tian et al. (1998), and Lekarp et al. (2000). 

 The trends between the coarse and well graded blends are not as clear as with the fines. 

Hicks and Monismith (1971), Barksdale and Itani (1989), Rada et al. (1982), Tian et al. (1998), Lekarp 

et al. (2000), and Zeghal (2000) found that the most dense specimens produced the largest resilient 

moduli. What they could not do was quantify this increase. Numbers suggested by the authors 

ranged from 50% to 160%. Several other authors argued that the stiffer coarse blends produced the 

largest resilient moduli. Zaman et al. (1994) , Tian et al. (1998), and Lekarp et al. (2000) were among 

those who claimed this relationship. Raad et al. (1992) and Zeghal (2000) claimed the opposite, and 

found the coarse blends gave the lowest resilient moduli. A third argument persisted throughout 

many of the papers as well which seemed to suggest that gradation had very little if any effect on 

the resilient properties of the material. This stance was taken by Barksdale (1984) and Zaman et al. 

(1994) which claimed the effect was less than 10%. In all, it is very hard to draw many conclusions 

from these studies, except the fact that gradation played somewhat of a role in the resilient values, 

especially when fines were involved, but their effect was very little when compared to the stress 

state of the material which almost every author cited as the major factor in the resilient response. 

 Many of the studies produced charts showing their resilient values and a few listed what 

they had. Barksdale (1984) found resilient moduli of 15,000 psi which seems very low compared to 
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the values published by Thompson and Smith (1990) which had values ranging from 28,600 psi to 

34,500 psi. While these values may not have been produced under the exact same conditions as this 

study’s, they serve as reference values for looking at the study’s results. 

 There were a few other conclusions that came out of these studies that are important to 

note. Little (1992) found that lowering the plasticity of the fines in the aggregate blend helped to 

increase the resilient modulus values obtained. Tian et al. (1998) found that samples compacted dry 

of optimum gave higher resilient modulus values compared to those compacted wet of optimum, 

and finally Pan et al. (2006) found that the angularity of the aggregate base course was also a very 

important factor to consider when looking at the resilient modulus values of the aggregate. While 

these do not deal with the main objective of this testing, they are useful in characterizing other 

variables in this testing so that they may be controlled in order to reduce their effect on the 

outcome. 

2.4) Other Factors Affecting Aggregate Behavior 

 
 

While many previous projects have been done in areas that specifically apply to the resilient 

properties of aggregate base course and its strength properties, others have been done on the 

material in order to come up with better specifications or a better understanding of the material as 

a whole.  The following discussion looks at much of the work done in the development of aggregate 

blending standards as well as characterization of aggregate properties and how they affect their 

performance not directly related to the testing done for this gradation study.  First different articles 

on the construction practices and standards for aggregate base course will be examined, followed by 

the discussion of fines effect on the frost susceptibility of aggregate base course.  The next part of 
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the discussion will then deal with the effects of moisture on the properties of ABC and will then go 

on to the effects of angularity.  Finally a few articles will be discussed that deal with recent finding of 

cross-anisotropic characterization of aggregate base material as opposed to traditional isotropic 

consideration, and then a few models to represent grain size distributions will be examined. 

 
2.4.1) Construction Practices and Standards 

 
 
 McLeod (1948) conducted a study in order to show the best choice of base course and 

surfacing materials in order to prevent failures. The author states that the use of a triaxial test is a 

good way of finding the strength properties for roadway materials. He spends most of the article 

going over the different types of triaxial tests and the results that can be expected from each. This 

article mostly serves as a historical piece as to how to use the triaxial device to look at bituminous 

layers and unbound aggregate base courses. He states that for granular materials a cohesion value 

and a value for internal angle of friction will be found, while for quick triaxial tests a friction angle of 

zero will be found along with undrained shear strength. One of the conclusions the author comes to 

in regard to the performance of aggregate base courses is that as economy comes into play and 

many contractors are using less than optimal material for aggregate base courses, the need to 

improve their shear strength through the improvement of ϕ or c has become important. Their 

internal angle of friction has to do with using better quality material, so if none is available, the 

author suggests that the use of bituminous additives to increase the cohesion of the material. 

 The focus of Bixby (1957) was on the mix of aggregate base courses, the production, 

placement, and inspection methods to ensure well performing designs. Bixby states that the 

maximum aggregate sizes are limited to 1 ½ to 2 in.. The mixes for Kansas, Iowa, Missouri, Ohio, and 
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North Carolina are all very similar, but with a few notable exceptions. Both Kansas and Ohio 

gradation requirements allow for approximately 8 – 20 percent fines. Bixby states that at the time 

this article was written more and more evidence was emerging that fewer fines led to less of a 

softening effect due to excess water in the ABC. He points out how the Kansas Turnpike 

requirements changed their fines requirements to 0 – 12 percent fines. He also suggests that the PI 

of the fines should be held to approximately 5 percent or below. Like in the previous article, the 

author also suggests that evidence is showing that bases with appreciable fines are much more 

susceptible to frost damage. When the author is discussing inspection methods for aggregate base 

course, he talks a little bit about the effect of varying moisture content on the aggregate 

performance. He suggests that moisture content should be as close to optimum as possible or can 

even be slightly dry. He does not seem to think that having aggregate wet of optimum leads to good 

placement or proper density when compacted in the field. Bixby states that having improper water 

content can lead to non uniform gradations when compacting which leads to non uniform 

performance in the field. This article helped to show some of the thought that began going into 

aggregate mix design and why bounds for gradation appear as they do today, especially in relation 

to the amount of fines. 

 Greene (1962) studied Maryland’s investigation into the design of aggregate base courses by 

dense gradation instead of macadam bases. At the time this article was written, Maryland had done 

some previous investigation into the use of dense aggregate base courses, but their specifications 

were still being refined. The base course used in Maryland at this time had a maximum aggregate 

size of 1 ½” and fines ranging from 5 to 12 percent. Much like the previous article, the fines used 

were of the same quality stone as the larger aggregate. Much of the aggregate material used in 
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Maryland at this time was crushed limestone, which the author says had the best characteristics. 

The blends were compacted to the maximum dry density with a water content of approximately 5 to 

9 percent. The authors state that most of the failures experienced by the pavement were due to 

water being trapped between the top of the aggregate layer and the asphalt. This is most due to the 

presence of a large number of fines at the top and improper construction techniques. When 

discussing the amount of fines, the author suggests that a large amount of fines causes the 

aggregate base course to be more susceptible to frost damage. Also, a larger amount of fines caused 

the cost to rise significantly. According to the author, many studies had suggested that the less fines 

used the better, however he stresses that fines help the gradation to achieve a maximum density. 

He explains that in some of the batches that came from the plants that were a bit course, it was very 

hard to achieve the desired density.  This part was apparent during the compaction of this study’s 

samples as well.  When the fines were removed, the density of the mix was around 136 pcf as 

compared to 138 with a well graded blend. 

 While this study has served to reinforce some of the data already looked at, it was a good 

source to look at in terms of actual field experience with these materials.  It also serves as a good 

indication of how many of these specifications that are used today came about.  At the time this 

article was written, Maryland had only 6 years of experience with dense aggregate base courses.  

This means that this type of road base has been in use there for only 52 years. 

 Neumann (1964) deals with developing a mathematical model for selection of a grain size 

curve for aggregate materials. The author’s main purpose was to develop a model that would allow 

for the selection of how much percentage passing for each sieve should be used in order to get 

certain shapes of grain size curve. At the time this solution was developed, standards for aggregate 
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mixing were a trial and error process. This article serves as a historical piece in how many of the 

standards used today were developed. 

 Roston et al. (1976) developed a guide in order to see what areas pertaining to standards for 

field compaction of granular bases needed to have further studies. The first thing that they do in this 

paper is to go over some of the ingredients to good aggregate base construction. They recommend 

that the ABC should be compacted to no less than 97 - 98 percent of optimum dry density. The 

authors talk about the recommended moisture content at compaction. They claim that compacted 

at optimum or slightly wet of optimum give the highest densities. They then go into a study done by 

the US Army Corps of Engineers which found that crushed limestone aggregate bases have an 

optimum moisture content of approximately 7.5 %. Roston et al. (1976) looked at previous studies, 

in which they found the maximum aggregate size was proposed to be from 1 ¼ in. to 1 ½ in. and the 

amount passing the No. 200 sieve should be less than 10 percent in frost susceptible areas. They 

also point out that the permeability of aggregate bases is extremely affected when the amount of 

fines goes beyond 4 to 6 percent. From their research, they found that the finer bounds of 

gradations tend to give higher densities. They caution that contractors may push for finer gradation 

standards in order to meet densities, but these fine blends do not produce performance that is 

desired for most typical cases. 

Marek (1977) deals with compaction of unbound granular base and sub-base layers and the 

effect of the level of compaction to the performance of the layers. The author stresses the 

importance of good compaction. He mentions the fact that many standards specify the unbound 

granular layers to be compacted to 100% maximum dry density. The author states that this is 

misleading since it is possible to achieve different densities with different machines. The next point 
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that Marek (1977) makes deals with maximum density compared to the gradation. He notes that 

two different aggregate mixes can have the same density but differing relative compaction because 

of gradation. This means that specifying a density is not good practice while specifying a percent 

compaction is the better choice because if a density requirement is used but gradation changes, the 

compaction in the field could be inadequate but unnoticed because it would meet spec.  

Marek (1977) also considers the CBR test. Much like Gray (1962), the author found that increasing 

the density beyond the 100% mark assigned by AASHTO T-180 increased the CBR significantly. This 

leads to much higher strengths. In regards to the strength requirements. The author believes that 

modern roads require AASHTO T-180 levels of compaction as compared to AASHTO T-99 levels. 

Some final points that Marek (1977) makes are that using an optimum moisture content to achieve 

good compaction can benefit the performance of the aggregate base course. He also states that 

adding excessive fines in order to achieve higher densities has detrimental effects to the 

performance despite the increase in density. 

Easa (1985) assessed the balance between gradation requirements in aggregate and cost. 

The author uses several different methods of finding the optimum combination of both cost and 

blending and then chooses the best method based on a tradeoff between minimum deviation from 

the midpoint of the specification and lowest cost. In his model, Easa (1985) developed a model for 

blending that incorporated cost and deviation from the mean aggregate size, and then made it so 

the cost could be a function of the amount of aggregate required so that a unit cost for each size did 

not have to be constant. Some other advantages of this method were that the model could 

eliminate any negative proportions that would come about when a computer calculated the 

optimum blend. The model could also weigh individual components such as cost or mean deviation 
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for material passing certain sieves, such as material passing the #200 sieve more importantly than 

other sieves. This study would be very beneficial if any cost analysis was performed on the 

aggregate blending. This method could also be used in order to develop another method where the 

mean deviation from mid-spec blend would be minimized as well as some other parameter that 

needs to be minimized. If the strength component of each sieve size or a group of sieve sizes could 

be quantified, this may also be used instead of cost benefit in order to derive some trade off. 

 The guide by an anonymous author in (1986) for base course construction suggests that 

deviations from target gradations should be minimized due to the tendency of varying gradations to 

vary the target compactions. The article suggests that target gradations should be controlled by two 

factors, one being maximum particle size and the other percent passing the No. 200 sieve. For the 

maximum particle size, this article suggests using the largest aggregate that would keep a well 

balanced grain size curve. It suggests using 1 ¼ to 1 ½ in, which are the largest size particles in this 

study. When speaking of the amount of fines in the material, this article suggests that no more than 

10 percent should be used and even less than that in areas where frost damage can occur. One 

other thing that this article mentions is about the compaction characteristics of the aggregate base 

course. The article suggests that the unbound base material should have an optimum moisture 

content of 5-6 percent. Overall this study stated nothing new but allowed for some checks as far as 

why the gradation curves currently in use have some of the characteristics that they do, as well as 

serving a to check some of the compaction results obtained in the lab. 

 Arnold et al. (2003) considered the suitability of different grades of aggregate in their 

performance in pavement design. This study was based in the United Kingdom and involved high-

quality Northern Ireland aggregate, which was said to be required by specification, and it looked at 
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lower quality local aggregate. The reason behind this study was to look at the current specification 

for unbound granular aggregates for pavement design. According to Arnold et al. (2003) the current 

specification for aggregate was based upon aggregate strength, durability, cleanliness, grading, and 

angularity, and not upon long term performance. The authors set out to see if using lower quality 

aggregate could still give good long term performance in rutting despite it being out of spec. Arnold 

et al. (2003) used a repeat-load triaxial device in order to simulate pavement loading. In this test 

they loaded the samples through 50,000 loading cycles for permanent strain. The study used two 

different, well graded, aggregates. One labeled as poor quality and one labeled as good quality. The 

good aggregate achieved a maximum dry density of approximately 119 pcf at 5 % optimum moisture 

content, and the poor aggregate had a maximum dry density of 131 pcf with 7.5 % optimum 

moisture content. The article states that as close to 100% AASHTO T-180 determined density should 

be used. What the study found was that the repeated load triaxial (RLT) test was a fairly good way of 

predicting material behavior of unbound aggregate in the laboratory. In reference to the strength of 

the material, they found that the poor aggregate performed adequately if a large enough cover was 

placed on top. They found that approximately 2.8 in of cover was needed for the poor aggregate. 

While this study does not focus entirely on the graded effects of the soil in regards to its strength, it 

does show that many other factors go into the performance of the aggregate base course, including 

the dimensions of the asphalt above. 

 
2.4.2) Frost Susceptibility 

 
 

Johnson (1974) deals with some of the questions surrounding the use of aggregate base 

courses, especially in terms of the frost susceptibility of the soil. The author deals with several points 
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in this regard including drainage, frost susceptibility, thickness, and strength. Much of the discussion 

deals with the effect of solving frost heave by removing fines from the gradation as well as using 

open graded aggregate base courses to allow drainage. The author also suggests using asphalt 

stabilized, highly pervious drainage layers above the base in order to provide more drainage. The 

author also suggests using a tough plastic membrane to encapsulate the base in order to prevent 

frost heave. The other important conclusion that the author draws from his work is that more study 

is needed in the areas of repeat load triaxial testing with aggregate that has experienced freeze and 

thaw cycles, repeat load bearing tests on aggregate that is thawing, and field evaluation of 

encapsulated aggregate base. 

 Babic et al. (2000) focused on how fine particles in unbound base course material affected 

several of its properties. The study used 2 types of particles, one of stone and one of clay. The 

properties that were tested were the California Bearing Ratio and the permeability. In the 

introduction, the author comments on how the amount of fines in the base course is important 

because if it is too great it could cause the base course to weaken from freeze/thaw cycles and it 

could also inhibit drainage. When commenting on the freeze/thaw properties, this paper references 

Casagrande’s conclusion that materials with over 3% fines tend to be sensitive to freezing. This 

experiment used two different sample types with natural sized aggregate and crushed stone. They 

conducted experiments on the optimum moisture content, density, swelling, bearing capacity, and 

permeability. 

 After testing the bearing capacity before and after thawing they developed several 

conclusions. For one they saw that the bearing capacity was greater with natural material than with 

crushed material. They also observed that the type of fine particles used had more effect on the 
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bearing capacity than the type of granular material they used. The samples with fine stone particles 

had the bearing capacity grow when the amount of fines increased up to 10%. The bearing capacity 

with the clay particles grew until the sample was at 5% fines, and then it began to decline. For the 

CBR 80% criterion the standard was easily met with the crushed stone particles, however it was only 

met with clay particles if they were kept at below 6% of total mass. The results also showed that 

after freezing the bearing capacity was reduced by an average of 5%, however it decreased more 

with the natural aggregate than the crushed stone which they attribute to more interlocking of 

particles. When they comment on the results of their permeability tests they seem to think they 

results were expected. They show the permeability decreases with more compaction energy, the 

permeability also decreases as the number of fines increases. They show that the clay particles 

cause more of a decrease in permeability than the stone particles which they believe is due to 

swelling from water absorption. The study also notes that permeability decreases as CBR increases. 

One of the major conclusions they draw from all of this is that the bearing capacity criteria can be 

reached with all types of fines as long as they are at or below 5%, however there may be drainage 

issues if clay makes up the majority of the fines. 

With the material used in the gradation experiment, the particles appear to be non-cohesive 

from Casagrande’s method or slightly plastic using the fall cone test.  The normal percentage of 

those particles in the study for this thesis is approximately 8% of total mass for the mid-range 

criteria.  The lower bound of the material runs at approximately 4% and the upper bound is at 12%.  

This is interesting because this study seems to agree that the best particle makeup for non-cohesive 

type fines is from 0-10%.  The study didn’t use over 10% fines but it said that the bearing capacity 

grew with the non-cohesive particles up to the maximum of 10% that they used.  In the gradation 
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study, compaction tests were run on material that has a large percentage of fines, 17% to material 

with no fines.  The optimum dry densities and water contents fell within a similar range; however a 

higher value for maximum dry density was found when a sample with 8% fines was used.   

 Uthus et al. (2007) studied the importance of fines and water content on the deformation 

and frost heave of aggregate base courses. The authors tested three different materials, all ranging 

in quality, in order to see the effect of gradation. They recombined the materials in order to achieve 

the exact same grain size curve. In theory, if gradation was a factor, then the properties affected by 

gradation should be eliminated by the equal gradations. The authors used a Fuller curve to design 

the grain size curves with an n value of 0.35. This lead to approximately 13 percent fines in their mix. 

The authors used the Austrian Mineral Criterion. They found from this that the aggregate materials 

they were using were all high in active minerals. This correlated to a high frost susceptibility. These 

materials were also classified as highly frost susceptible using Casagrande’s frost susceptibility 

requirements. Another conclusion reached in this study was that all of these frost susceptible 

materials were highly water sensitive. That correlated to a high degree in variance of resilient 

modulus. The resilient modulus in all of these tests decreased as the moisture content increased. 

They also showed how frost susceptible materials that were susceptible to water were more 

sensitive to permanent strain. This permanent strain susceptibility was found to be more 

pronounced than the resilient modulus susceptibility due to increasing water content. 

 The work of Bilodeau (2008) looked at the effect of gradation on aggregate base course in 

regards to its frost susceptibility. The authors tested six different grain size distributions, ranging 

from 3.6 % to 15.2 % fines. Samples with low fine particle content, the mineralogy and gradation 

had much more of an effect on the frost susceptibility of the aggregate base than samples with 
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higher fines content. While this work includes the effects of changing the amount of fines, no 

further discussion was made on the overall influence of the entire grain size distribution curve. 

 
2.4.3) Hydraulic Behavior 

 
 

A study by Randolph et al. (1996) looked at the hydraulic conductivity of many various 

aggregate base courses. The authors claim that poor drainage is the primary cause of pavement 

distress. In this test, the study team conducted full scale testing using a large scale permeameter in 

order to measure horizontal hydraulic conductivity. The material used was composed of varying ABC 

gradations from the lower, middle, and upper limits of the Ohio DOT specifications, AASHTO No. 57 

and No. 67 blends, and limits from the New Jersey Dot, and the Iowa DOT. 

The permeability study was conducted using a constant head permeameter that was 12 in. x 

12 in. in cross sectional area, by 18 in. long. As expected, the coarse gradations had much higher 

hydraulic conductivities with the Ohio DOT’s material ranging from a k value of 0.00007 m/s for fine 

blends to 0.042 m/s for the coarse gradations. The results for this brought up an important point. 

The author points out that all of these gradations were in spec, however just because the spec 

gradation is met, does not mean the required hydraulic conductivity is reached. In regards to the 

effect of material type, the authors found that as the maximum dry density of the material 

decreased, the void ratio increased and that lead to overall higher permeability values. They found 

that the more angular materials such as slag had the highest values for permeability. 

Overall this study was conducted in order to give some reference values for aggregate base 

course permeabilities which could be used in practice. The authors find that their values compare 

favorably with other published values, which leads them to conclude that their testing method was 
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satisfactory. They conclude by saying the volumetric pore spaces for aggregate base ranges from 6 

percent in fine aggregates to 42 in coarse aggregates, which leads to saturation water contents of 

76.5 % and 14.9 % respectively. Due to this behavior, the author cautions that the correct aggregate 

base course should be selected for the correct application, especially when drainage is an issue. 

 Boadu (2000) presents new regression-based models to predict hydraulic conductivity from 

grain size distribution. The article starts off by talking about the need for a model for predicting 

hydraulic conductivity. It suggests that the cost of measurements in the field is large because of the 

cost of monitoring wells. It also talks about the time consuming and often inaccurate results in the 

lab because of the difficulty of creating a representative sample. There are models that predict 

hydraulic conductivity, but they use pore-size distribution to predict the value of k which requires 

expensive equipment. The models Boadu uses in his experiment use grain size distribution, fractal 

dimension, entropy of the dimensions, porosity, density, and amount of fines to predict the 

hydraulic conductivity. 

In his research for preparing for this experiment, the author addresses previous models 

used including Hazen’s (2.7) equation, Krumbein and Monk’s (2.8) empirical relationship, and the 

Kozeny-Carmen model (2.9). 
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For equation 2.7, k = hydraulic conductivity (cm/s), A = constant, d10= effective diameter at 

which 10% by mass of the material passes.  For equation 2.8, dw is the geometric mean diameter, by 

weight, in mm, σ = standard deviation of the ψ distribution function (ψ = -log2d, in mm).  In equation 
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2.9, k = hydraulic conductivity, ρw = fluid density, μ = fluid viscosity, ϕ = porosity, and dw = 

representative grain size. 

 Boadu (2000) addresses the shortcomings of each of these models, mainly due to the fact 

that they do not represent the entirety of the grain size distribution. This is where he makes the 

distinction that the proposed model will account for that using his regression based methods. 

 This experiment was conducted in North Carolina, with soils from 41 different locations. 

Boadu used ASTM D 698 to compact the samples to find optimum water and dry densities, which 

uses a compactive effort similar to the Standard Proctor Test. For each of his samples, he performed 

constant head tests for soils with low fine contents and variable head tests for soils with high fines 

contents. The grain size for each soil was determined using ASTM D 422. The porosity of the soil was 

also determined using the equations 2.10 and 2.11: 

                                                               7 � :;0<8 =8>
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                                          (2.11)

    

In equation 2.10, Vt = total volume, Wm and γm = the total weight and unit weight of the 

matrix.  Where as in equation 2.11, WSAT = total weight of saturated soil sample, and γw = the unit 

weight of water.  Equations 2.10 and 2.11 both gave very similar results (less than 3% difference). 

 During his work, Boadu discovered that the hydraulic conductivity of the material decreases 

when the fines content is increased from 0-11%. However after that point the fines content’s 

influence seems to wane, which is due to the fact that the soil takes on the hydraulic properties of 

the fines at that point. When comparing the fines content to porosity, Boadu found that the porosity 

decreased as the fines content went from 0-5%; however it increased after that point. He also found 
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that the entropy of the grain size distribution is brought to a critical point at approximately 8% fines. 

The influence of fines and fractal dimensions was found to be the most critical at approximately 8% 

fines as well. Combining these analyses, the author developed a regression equation to predict 

hydraulic conductivity (Equation 2.12): 

                                  ln
� � 33.09 � 0.10 � 7 � 0.33 � G H 7.36 � I H 11.09 � J                          (2.12) 

 where D = fractal dimension, S = entropy, ϕ = fractional porosity, P = fraction of fines (%), 

and ρ = bulk density (Mg/m3). He notes that all of the variables are important, especially the bulk 

density, which was shown earlier to be very important for the water retention characteristics of 

aggregates. When comparing his efforts to those equations developed beforehand, the data from 

this regression model fared much better. It showed that this is more robust and can be used on a 

wide variety of grain sizes, while model’s like Hazen’s can only be used for a very particular type of 

soil. He suggests that his models have practical applications in the lab and can even possibly used to 

get reliable results in the field faster and in less time. 

 Boadu’s discussion of how fines influence behavior is significant. The reason being is that 

many of the critical states for fines were approximately 8%, which is consistent with many 

specifications for ABC. Also, the fact that 11% was the largest value where the hydraulic conductivity 

would be affected by the amount of fines correlates well with upper limits on fines content for many 

ABC materials. 

 D’Andrea (2001) is a short article discussing the work of Boadu.  D’Andrea points out that 

the equations such as Hazen’s were not meant for a wide range of values for hydraulic conductivity.  

Boadu doesn’t suggest they are meant for all of these values but he does not mention it when 

talking about the shortcomings of their work.  Another interesting point that the author brings up is 
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that Boadu compared the results for his regression model with results obtained from laboratory 

testing of the materials.  However, the author points out those values for hydraulic conductivity 

cannot always be accurately represented in the lab because of the fact that the flow is usually 

straight lined and does not represent the anisotropic conditions often found in the field.  The author 

of this discussion had two more questions for Boadu.  He brought up the fact that in his use of 

Hazen’s equation to show how the results for these materials do not correlate, practically the same 

value for conductivity was found for each soul despite differing d10 values.  This is an interesting 

point seeing hat it shouldn’t be the case.  The last point the author brings up has to do with how the 

compaction was done.  It appears that in his preparation of the soils, Boadu makes it seem like 

samples of the sand used in his experiment were re-compacted.  The author brings up the point that 

in the current version of the standard this is strictly prohibited because it could have a significant 

effect on calcareous sands.   

 The points that this discussion bring up are very thoughtful.  It would have been very 

informative to see how these equations related to values found for the hydraulic conductivity of the 

soils out in the field.  This could have strengthened his argument significantly.  It may be of some use 

to use this model on soils where hydraulic conductivity values for the field and the lab are known 

and compare what the regression model gives for these in order to see how it fares. 

 Boadu responds to the questions raised by D’Andrea by first addressing the fact that the 

author came out with the conclusion that grain size is the most important influence on permeability, 

which Boadu then suggests that the distribution is the most important part.  He talks about how the 

chart showing Hazen’s results actually holds true for a narrow range of hydraulic conductivities for 

the material which was used in the experiment.  He addresses the issue of differing field and 



59 
 

laboratory results by saying that field values may not be available and that the author was certainly 

right in taking that into account.  He then goes on to say that a balance must be struck between field 

measurements and lab results.  Finally on the issue of reusing sand in compaction, Boadu suggests 

that the compactive effort used to create these samples was not enough to destroy the sand 

samples used and influence the results. 

 
2.4.4) Particle Shape and Size 

 
 

Townsend and Madill (1964) looked at the effect of aggregate angularity on the strength, 

density, and permeability of aggregate base courses. These tests were conducted using the CBR test 

and the standard triaxial test. The gradations used for this test consisted of Talbot’s curve for 

maximum density. 

From their work, several conclusions were drawn. For one, it was found that as the 

angularity of the aggregate coarse portion of the blend increased, it actually decreased the unit 

weight found using the standard compactive effort. They found that by increasing the coarse 

particles angularity, their CBR test values for small strain tangent modulus revealed large increases 

in stability and strength. This increase in angularity did have some drawbacks. For one it was found 

that as the angularity of the material increased, the permeability of the aggregate decreased, which 

the authors suggest may have made it unacceptable for some aggregate base course applications. 

 The main purpose of the Janoo et al. (2004) study was to discover how the aggregate 

angularity affects the resilient modulus and shear strength in road base courses. The article begins 

by talking about the various factors that have been known to affect resilient modulus such as stress 

state, moisture content, temperature, plasticity index, density, and gradation. It goes on to state 
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how the only topic that has been researched in depth has been the effects of stress state. One 

important aspect to note is when it talks about how grain size distribution affects the resilient 

modulus, it states that according to some studies it found that as the maximum aggregate size 

increased, the resilient modulus of the material decreased. 

The material used in the experiment was based on the Vermont Agency of Transportation subgrade 

specifications. As part of their experiment they wanted to see how natural edges as opposed to 

crushed aggregate played a part in affecting the resilient modulus so aggregate above the No. 4 

sieve was sorted as such. They used an AASHTO classification of A-1-a for their test specimen 

gradation. Another thing they considered in the experiment was the effect of the size of the sample. 

They used some standard sizes and some large scale samples. Before they tested the specimen’s for 

MR they tested them using AASHTO T-99 for optimum water content and dry density. They found 

that the natural aggregate had a higher dry density than the crushed aggregate with more angular 

sides. Also, they found that the optimum water content was higher for large samples they made not 

of the typical sample size used in the standard. The standard they used to test for the resilient 

modulus was AASHTO TP46-94, with some modifications for the large scale samples to produce 

similar circumstances. Another test this group ran was the particle index test, which is based on the 

fact that the void ratio and rate of change of the void ratio is based on particle shape, angularity, 

and surface texture 

 In their results they see that the percent of crushed material cannot directly be related to 

the resilient modulus because of the difficulty of actually determining that, however they explain 

how the void ratio and density which are directly affected by the angularity can be shown to affect 

the resilient modulus. Because of that they kept the void ratio of the samples the same and changed 
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the mix of natural and crushed aggregates. They found that at bulk stresses less than 46.4 psi (320 

kPa) the MR of the material was approximately 25% greater with all natural aggregates. However 

when a bulk stress of 46.4 psi (320 kPa) or greater was used the opposite was true, which they said 

was expected because as bulk stress increases so does resilient modulus. They attempted to explain 

why the crushed samples fared worse in the lower bulk stress state by hypothesizing that the 

angularity causes reorientation and settlement of the particles because of the lower confining 

pressure and load. They found that the smaller test samples were not able to be used to show the 

effects of angularity. The study concluded based on their results for the particle index was minimally 

affected by the angularity of the aggregate. To help demonstrate that no relationship existed they 

created a sample pavement structure and ran a few tests to determine the particle index and MR. 

They found that the resilient modulus increased slightly when the void ratio was kept constant and 

the particle index increased but the correlation was very poor and they decided that no 

relationships could be drawn between the two. They showed that the only affects to the resilient 

modulus that they could observe due to particle angularity were in low stress conditions, where the 

particle shape could cause realignment. From these results it was concluded that the source 

material’s angularity has minimal effects on the resilient modulus of the base course material.  For 

the gradation study, the material is crushed rock blend, which relates what was found with what 

was used during this experiment. 

 
2.4.5) Cross-Anisotropic Characterization 

 

 

Seyhan et al. (1999, 2002, and 2005) used a new triaxial device developed by the University 

of Illinois, which could determine laboratory stress path loading variance effects on the resilient 
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response of aggregates. This machine was used in order to put cross-anisotropic and isotropic 

loading conditions on the aggregate. The study team conducted both compression and axial 

extension tests on aggregate samples. What they found were that the modulus values found with 

the compression loadings were higher than those where the loads were in extension. The cross-

anisotropic modulus values were found to increase as the total stress increased. They deemed the 

loading conditions seen in these tests as extreme cases. They also considered the effect of moving 

wheel loading in their results. Another conclusion drawn from this team’s testing was the idea that 

the vertical resilient moduli of anisotropic behavior were larger than the horizontal moduli. 

 

 
Figure 2.3: Effect of Deviatoric Stress on Permanent Deformation and Resilient Modulus 

 

 
 Adu-Osei et al. (2001) dealt with the cross-anisotropic behavior of granular materials. 

According to the article, cross-anisotropic behavior is a better model for predicting the behavior of 

soils such as aggregate base course. According to the author, the resilient properties of the base 

material are very important in determining the behavior of pavements especially when the top 

asphalt layer is very thin. The behavior of the granular layer is discussed as non-linear, and Adu-Osei 

et al. (2001) claim that predicting material behavior using finite element programs cause tension 
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zones to form in the pavement. The authors then go on to explain that recent advances in the field 

have revealed that using cross-anisotropic behavior for the unbound layer helps to eliminate these 

zones of horizontal tension, and thus create a more realistic model. This study conducted Rapid 

Triaxial Tests in order to find the anisotropic properties of unbound granular base material. They 

used four different aggregates including California granite, Texas crushed limestone, Texas gravel, 

and Minnesota gravel. All of the specimens were well graded. From their testing, Adu-Osei et al. 

(2001) found that granular base material’s modular ratios, horizontal-to-vertical modulus, and 

shear-to-vertical modulus were constant for each material no matter what the stress. The Poisson’s 

ratio was found to be stress dependent. The authors also developed a regression model from their 

testing. That allowed them to develop a cross-anisotropic model for predicting aggregate base 

material and they believe that this sort of analysis should be applied to all future pavement design.  

In the testing conducted for the gradation, only isotropic conditions were considered for the triaxial 

testing.  Cross-anisotropic behavior was not considered as the aggregate was tested using 

conventional soils testing.  Despite not being part of this study, it is important to consider when 

thinking about behavior that may not fit these models. 

 Salehi et al. (2008) looked at how gradation, material type, and saturation affect the 

anisotropic behavior of granular bases. The material used in this study consisted of aggregates 

composed of limestone, granite, and gravel. The average dry unit weight was approximately 131 pcf 

(20.6 kN/m3) with water contents ranging from approximately 3% to 8%. The gradations used for the 

fine medium and coarse are shown in Table 2.6: 
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Table 2.6: Gradations Used in Salehi et al. (2008) 
 

Sieve Opening 

[mm] 

Percent Passing [%] 

Fine Intermediate Coarse 

25 100 100 100 

19 85 85 85 

12.5 74 74 72 

9.5 70 66 62 

4.75 67 54 40 

2.36 62 41 25 

1.18 52 30 18 

0.6 42 23 14 

0.3 34 18 10 

0.15 28 14 8 

0.075 20 10 7 

 

 

 
 The authors proceeded to develop a model using a Weibull distribution and cross-

anisotropic modular ratios. When a sensitivity analysis was performed, it revealed that particle 

angularity is very important in determining anisotropic behavior. What it found was that aggregates 

that are very angular are less anisotropic in behavior. These types of aggregate would include 

materials such as crushed rock. Elongated particles were found to reorient themselves during 

compaction, which caused anisotropic behavior. 

 
2.4.6) Numerical Models 

 
 

Korfiatis and Manikopoulos (1982) established a relationship between the grain size 

distribution curve and the maximum dry density for granular soils such as aggregate base course. 

Through use of the particle size distribution curve and the log-normal functional form equations, the 

authors developed their equation by relating the packing density to the slope of the grain size 

distribution curve. The final form of their equations appeared as Equations 2.13 and 2.14: 
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 where s is the slope of the grain size curve, γdmax is the maximum dry density and γd is the 

material density. The authors found that the maximum dry densities found in the lab only had 

standard deviations of 3.5% from the predicted values. Korfiatis and Manikopoulos (1982) did not 

find a relationship for 0 < s < 0.2. This relationship could be used to examine the maximum dry 

densities of different grain size distributions of aggregate base course when lab data was not 

available. 

 Åberg (1996) developed an equation to predict void ratio as a function of grain size 

distribution. The focus of this study was to use that equation to develop a way to find the smallest 

void ratio for dense materials with varying high and low grain sizes. Åberg defines two types of 

granular material in his work. One is type A granular material with only fixed grains, and type B 

material with fixed grains and small loose grains. Åberg goes on to say that in order to find the 

smallest void ratio only type B material can be used because the void ratio can be lower in type B 

material by simply increasing the size of the small loose particles. The equation to describe void 

ratio is given as Equation 2.15: 
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 where c = a coefficient that depends on the shape of grains (c = 0.6 for spheres, c = 0.75 for 

sand/gravel, and c = 1.0 for crushed rock); y = ordinate of the grading curve of the material, 0 ≤ y ≤ 
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1.0; x(y) = grain size corresponding to ya = ordinate that gives the largest value of e as a function of 

ya. 

 Åberg goes on to run both numerical and analytical analyses which he uses to find the 

smallest values for his y ordinate values and their respective grain sizes. During his calculations he 

found a few things that could affect the outcome. He noticed that materials that are graded to the 

smallest void ratio may encounter particle interference and thus not attain proper grain size 

distribution and void ratio. He found that with type A material should consist of two or three grain 

size fractions separated by grading gaps. He suggests that this study may have use but that void 

ratio may have to be compromised to attain certain workability. It seems though that this would be 

difficult to achieve in the field given the fact that the aggregates fall in a banded range when 

brought to the field and this study calls for very specific limits to the grain sizes used. However this 

may be used to possibly narrow the range of acceptable gradation in order to improve performance. 

 Day (1997) comments on Åberg’s model for predicting the smallest possible void ratio. In 

Åberg’s paper, he comes to the conclusion that a gap graded soil produces the smallest void ratio. 

However, the author of this article disagrees and brings up several samples of soil that have the 

smallest void ratio’s are well graded, one being well-graded decomposed granite with a void ratio of 

0.21 and dry unit weight of 137 pcf. Day (1997) states that in order to have the smallest void ratio 

four things are needed: 

• Well-graded soils 
• A high ratio of d100/d0 
• Clay particles to fill the smallest void spaces 
• A process to compact the soils into dense structures 

 
 Åberg (1997) responds that the models predict the behavior very well and that “to believe” 

isn’t a good enough reason to justify the type of soil with the smallest void ratio. He does however 
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agree that items 2-4 are needed to have a minimum void ratio. Åberg uses soils that are naturally 

present or are made from quarried material in a certain band range. These models could be tested 

using some sample that has been recombined to meet these specific grain size distributions. 

 Fredlund et al. (2000) sought to represent the grain size distribution of soils by using a 

mathematical form. The authors believe that by representing grain size distribution mathematically, 

one can classify the soil, analyze the soil-water characteristic curve, represent the entire curve 

between two measured points, and also make it easier to locate similar soils in a database. They 

seek to achieve this goal by presenting two equations, one unimodal and one bimodal for the 

gradation.  

Previous work done in this area has focused on using a log-normal equation to represent the 

gradation curve. However while these models have improved over the years they have yet to 

accurately depict the entire grain size distribution. One of the reasons is because those methods 

assume that the GSD is symmetric, and that is not the case most of the time. Also, those models do 

not work well with gap graded soils, because the four-parameter log-normal equations do not fit the 

curves. For their work, this research team found a unimodal equation for well-graded and uniform 

soils, and then another method for representing gap graded soils. 

The equation developed by this team had similar characteristics to the soil-water 

characteristic curve, and the final equation was based on an earlier equation by Fredlund. Using this 

equation, the team also developed a particle size probability density function. For the gap graded 

soil, the curve shows bimodal behavior. In order to represent this in an equation, two unimodal 

curves were stacked together and nine parameters were used to adjust them. The author lists four 

applications which these equations can be used for. For one he says that a continuous function can 
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be estimated. Also, he says that by using this mathematical model, soils curves can be stored in 

databases and similar soils can be grouped together. The equations can also be used to more 

consistently determining the physical indices of soils as well as the soil-water characteristics. 

In testing their equation they found that their unimodal model worked well with over 600 

soils, except ones where the bimodal formula was needed. In an effort to look into grouping soils, 

they attempted to group soils based on the equations parameters, however they discovered that 

this grouping could not be used. Instead soils were better grouped by physical parameters. Since 

this was the case, the author points out those physical parameters can easily be determined from 

their equations. 

In all, several very good models were developed to represent grain size distribution and 

correlations to predict dense gradations based on certain criteria. A lot of work has been done in 

order to look at the frost susceptibility of aggregate base course due to fines content. In general it 

was concluded by Babic et al. (2000) that blends with over 3% fines were susceptible to frost action, 

while other authors such as Bixby (1957), Greene (1962), and Johnson (1974) comment on the 

detrimental effects of too many fines in aggregate blends. Another important topic looked at was 

the permeability of aggregate base courses. Roston et al. (1976) and Randolph et al. (1996) both 

cautioned that the right blend should be considered for permeability effects. They cautioned a very 

dense blend with low permeability may not be a good thing due to retention of water and frost 

action, so in that case they suggest a coarse blend. A few other studies showed how as angularity 

increased, the material properties of the aggregate blends became better for engineering purposes. 

In all broad view of factors affecting material behavior was developed. 
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CHAPTER III – MATERIAL CHARACTERIZATION 

 

 

Laboratory tests were performed to characterize the behavior of the ABC received at the 

NCSU Constructed Facilities Laboratory (CFL). The first step was grain size distribution testing on the 

as-received material. The rock powder which passed the No. 200 sieve was subjected to a 

hydrometer analysis, specific gravity testing, and finally its Atterberg limits measurements (material 

passing #40 sieve). The Atterberg limits were measured using the traditional Casagrande cup 

method along with rolling threads to find the plasticity index. The fall cone test, while less 

traditional, is also more operator-independent, so it was also used to measure soil plasticity. 

Moisture content-maximum dry unit weight tests were then performed for each of the five 

gradations. Finally, strength and elasticity testing was performed on the five gradations of material. 

Unconsolidated undrained (UU) tests were used to measure shear strength. Resilient modulus tests 

were performed to characterize the elastic response of the material under repeated axial loading. 

 

3.1) Preliminary Work 

 

 

3.1.1) Selection of Grain Size Distributions 

 

 

 The grain size distributions used for this study were derived from the North Carolina 

Department of Transportation’s specification section 1010 for the guidelines for aggregate base 

course material for roads.  The specification outlined in section 1010 of the code is appears in Table 

3.1. 
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Table 3.1: NCDOT Limits for Aggregate Base Course Percent Passing 

 

Sieve Size Opening Size [mm] NCDOT Limits Percent Passing 

[%] 

1 ½” 38.1 100 

1” 25.4 97 - 75 

½” 12.7 80 - 55 

No. 4 4.75 55 - 35 

No. 10 2 45 - 25 

No. 40 0.425 30 - 14 

No. 200 0.075 12 - 4 

 

 

 

 For this project, five grain size distributions were selected.  The first two encompassed the 

upper and lower boundaries of the NCDOT specification as outlined in Table 3.1.  The next gradation 

chosen fell exactly in the middle of those two boundaries, in order to represent an optimal 

gradation.  The final two grain size distributions that were selected involved curves that were 5% 

more coarse and 5% more fine than the NCDOT specifications in order to examine of small 

deviations from the specifications actually made a difference.  Table 3.2 and Figure 3.1 show the five 

gradations chosen for each sieve size as well as the respective grain size curves. 
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Table 3.2: Percent Passing for Each Sieve for Grain Size Study Gradations 

 

Sieve Size 
Opening 

Size  [mm] 

5% Below 

GSD 

Lower 

Bound GSD 

Baseline 

GSD 

Upper 

Bound GSD 

5% Above 

GSD 

1 ½ in 38.1 100 100 100 100 100 

1 in 25.4 70 75 86 97 100 

½ in 12.7 50 55 67.5 80 85 

No. 4 4.75 30 35 45 55 60 

No. 10 2 20 25 35 45 50 

No. 40 0.425 9 14 22 30 35 

No. 200 0.075 0 4 8 12 17 

 

 

 

 
Figure 3.1: Gradations Selected for Grain Size Effects Study 
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 By looking at the boundaries, the differences between the coarsest specified blend and the 

finest specified blend could be examined.  The baseline gradation, which sat between those 

boundaries would represent the most well graded sample.  In the literature review, a very common 

theme was that the most dense or well graded specimens gave the best engineering properties for 

aggregate base course.  So by testing this gradation, those theories could be tested.  The 5% coarse 

and 5% fine gradations were chosen in order to see the effect of aggregate material that may come 

to the field too coarse or too fine.  Based on the results of the testing, the NCDOT’s specification 

could be modified, for example if coarse blends gave better engineering properties than fine blends, 

even outside of the specifications, a recommendation could be made that the specification should 

shift toward more coarse blends.  The reason for not selecting any gradation beyond the 5% coarse 

or fine mark was to keep all of the gradations fairly well graded.  If the gradations shifted more 

coarse or fine, they would become poorly graded.  The idea of the study was to adjust the current 

specifications slightly, and if a totally new gradation was sought a different study would need to be 

conducted. 

 

3.1.2) Grain Size Distribution 

 

 

A grain size analysis was performed to determine if the material met NCDOT specifications. 

The procedure used followed ASTM D 422 testing requirements.  Table 3.3 shows the stack of sieves 

which was used in the initial investigation. Since much of the material passing the No. 200 sieve 

stuck to larger particles, additional testing was performed to quantify the effects. A new sieve 

analysis was performed with material being washed through each sieve and the grain size 

distribution was determined. A statistical analysis was performed in order to see how much material 
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retained on each sieve was not passed through its proper sieve using a 20 min sieve time with the 

sieve shaker. This result allows for knowledge of the makeup of the material when bulk quantities of 

it needed to be recombined to achieve a desired GSD. 

Two other sets of testing were conducted along with the sieve analysis tests in order to 

characterize the material. These tests included specific gravity testing, which was conducted in 

accordance with ASTM D 854 with no deviations to the testing procedure. A hydrometer test was 

also run on the material passing the No. 200 sieve, and this was carried out following ASTM D 422. 

A total of five initial dry sieve grain size analyses were performed to characterize the 

material that was delivered to the laboratory. Results are presented in Figure 3.2. It is clear from the 

results that the material delivered was very close to the NCDOT standards at the coarse end of the 

curve. Given a knowledge of materials processing, this is contradictory to what would be expected 

(i.e., too much fine material), so the test was re-run with washing through the No. 40 and No. 200 

sieves. Figure 3.3 shows the results from this testing. 

 

 

Table 3.3: Sieve Sizes Used in Initial Grain Size Distribution Investigation 

 

Sieve Sizes 

1 ½” No. 10 

1” No. 40 

¾” No. 60 

½” No. 140 

3/8” No. 200 

No. 4 --- 
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This particular curve showed that the material was still very fine on the upper sieves, but the 

amount of passing No. 200 material was still slightly low despite washing. This testing also backed 

up what was visually apparent in the field, that there was a very large amount of material retained 

on the No. 40 sieve. Finally, more testing was done to develop the grain size curve if material was 

washed through all sieves. The result can be seen in Figure 3.4. 

 

 
Figure 3.2: Grain Size Distribution Results for Unwashed Material Received 

 

 

 

Once again this curve was slightly fine in relation to the NCDOT upper bound, but met the 

specification. This time around, the material passing the No. 200 sieve was very close to the NCDOT 
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overall, with most of the material being around the No. 4 and No. 40 sieves, with low quantities of 

the rock powder making up the fines. Later on in the course of the project, the small amounts of 

fines and coarse material became a problem in terms of being able to make as many samples as 

needed for all of the very large scale testing. 

 

 
 

Figure 3.3: Grain Size Distribution for Washed #40 And #200 Sieves 
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Figure 3.4: Grain Size Distribution for Washed Material 

 

 

 

From these original tests, it became apparent that it would be necessary to account for fine 

material that adheres to material passing the #10 sieve but is otherwise retained on the #40 or #200 

sieve. The obvious solution is to wet-sieve all material that passes the #10 sieve. However, initial 

laboratory work indicated that this would be much too time, labor, and space intensive to be 

feasible. Instead, ten representative samples (approximately 200-g each) of material retained on the 

#40 sieve were washed through a #40 and a #200 sieve and ten representative samples 

(approximately 100-g each) of material retained on the #200 sieve were washed through the #200 

sieve. This results in average measures of the percentage of material passing the #10 sieve that must 

be washed through the #40 and #200 sieves. The results for that testing are shown in Figure 3.5: 
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Overall, it was determined that the material retained on the No. 40 contained 7.2% by mass 

material retained on the No. 200 sieve, and 8.5% by mass material passing the No. 200 sieve. The 

material retained on the No. 200 sieve was found to contain 12.3% by mass material passing the No. 

200 sieve. 

 



 

 

Figure 3.5: (a) Percentage of Material Passing 

Washed Through #200; (b) Percentage 

Sieve Subsequently Washed Through #40; 

and Retained on 

78 

 
(a) 

 
(b) 

 
(c) 

f Material Passing the #40 Sieve and Retained on #200 Subsequently 

Washed Through #200; (b) Percentage of Material Passing the #10 Sieve and Retained 

Sieve Subsequently Washed Through #40; and (c) Percentage of Material Passing 

n the #40 Sieve Subsequently Washed Through #200.

n #200 Subsequently 

nd Retained on the #40 

Passing the #10 Sieve 

Through #200. 
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Figure 3.6 shows the selected grain size curves used for the project.  They all have a fairly 

similar shape, but some are more well graded than others, especially the baseline grain size 

distribution.  Table 3.4 shows the values for specific diameters of each particle as well as the Cc and 

Cu values for each gradation. 

 

 
Figure 3.6: Selected Grain Size Curves for Gradation Study 
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Table 3.4: Particle Size Values for Each Gradation 

 

 
5% Below 

GSD   [mm] 

Lower Bound 

GSD [mm] 

Baseline GSD   

[mm] 

Upper Bound
 

GSD [mm] 

5% Above 

GSD [mm] 

d85 31.1 29.9 24.5 15.6 12.7 

d60 18.0 15.1 9.15 5.78 4.75 

d50 12.7 9.93 5.91 3.08 2.00 

d30 4.75 3.08 1.10 0.425 0.263 

d15 0.989 0.489 0.179 0.100 0.062 

d10 0.489 0.212 0.096 0.068 0.045 

Cc 2.57 2.97 1.38 0.459 0.324 

Cu 36.7 71.2 95.3 85.0 106 

 

 

 

Per Budhu (2007) Cc between 1 and 3 as well as Cu above 4 indicate well graded soils.  If the 

Cu is below 4 it indicates a poorly graded soil.  And soils with Cc above 3 or below 1 with a Cu above 4 

can indicate gap graded soils.  From Table 3.5 it is clear that the baseline gradation is the most well 

graded of the aggregate mixtures.  With the inclusion of a good mixture of very small and large 

particles, this assessment makes sense.  The more gap graded curves appear to be the outliers, 

which also correlates with the makeup as the coarse sample has mostly coarse material while the 

fine sample is composed mainly of smaller fine particles, especially around the No. 10 and No. 40 

sieves.  A hydrometer analysis was performed on the material passing the No. 200 sieve to complete 

of the grain size distribution curves. Note that because the content of the material passing the #200 

sieve does not vary across gradations (only the amount does), it is only necessary to perform one 

hydrometer analysis to complete each of the curves. The results (as applied to the baseline GSD) of 
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the hydrometer test are shown in Figures 3.7 and 3.8.  A specific gravity of 2.70 (average from five 

tests) was used in interpreting the hydrometer results. 

 

 
 

Figure 3.7: Hydrometer Results for Passing #200 Material 
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Figure 3.8: Combined Hydrometer and Baseline GSD 
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grain size mixtures would be used to characterize the material for strength and deformation and the 

differences that grain size caused. 

 

3.1.3) Specimen Compositing 

 

In order to create specimen’s that had the gradations outlined in Section 3.1.1, the material 

needed to be sieved and re-composited for each test that was run.  The material was broken down 

into the following sieve sizes, which corresponded to the guidelines set by the North Carolina 

Department of Transportation’s specification.  These sieve sizes specified by the NCDOT are shown 

in Table 3.5. 

 

 

Table 3.5: Sieve Sizes Specified by the NCDOT Spec. Section 1010 

 

NCDOT Specified Sieve Sizes for Aggregate Base Course Material 

1 ½” No. 10 

1” No. 40 

1/2” No. 200 

No. 4 --- 

 

 

 

  The first testing where sample re-compositing was done was in the compaction testing.  

For this testing an 8,000 g sample for each gradation was needed.  In order to re-composite that 

sample, the 8,000 g of aggregate were broken up into the respective percent retained on each sieve 

according to the gradations selected in Section 3.1.1.  Once the proper mass of material retained on 

each sieve size was measured, all of the material was blended together.  This process was done by 

taking the aggregate, mixing it on the mixing tables at the NCDOT’s labs and then the proper water 

content was added.  The soil was left to absorb the water, and then it was mixed once again.  This 
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same process was repeated for the triaxial tests as well as the resilient modulus testing.  Figure 3.9 

shows the material for each sieve size and what it looked like before it was mixed together. 
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Figure 3.9: Particles Retained on NCDOT Specified Sieves, (a) 1” Sieve Material, (b) ½” Sieve 

Material, (c) No. 4 Sieve Material, (d) No. 10 Sieve Material, (e) No. 40 Sieve Material, (f) No. 200 

Sieve Material, (g) Passing No. 200 Sieve Material 
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(a) 

 

 
(b) 

 



87 

 

 
(c) 

 

 
(d) 
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(e) 

 

 
(f) 
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(g) 

 

 

 

 

3.2) Index Properties 

 

 

 Several tests were run in order to characterize the aggregate material.  These tests included 

specific gravity, grain size distribution tests, and Atterberg limits testing. 

 

3.2.1) Specific Gravity 

 

 

 One of the first set of tests which were run in order to characterize the fines of the 

aggregate base course was specific gravity testing.  Several tests were run on the baseline aggregate 

blend passing the No. 4 sieve according to ASTM D 854-06.  No deviations were made from the 

testing procedure.  The resulting tests gave an average specific gravity value for the rock used for 
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the testing in this thesis of 2.70.  This value was used in all necessary calculations during the course 

of this project.  The value found makes sense since 2.70 is a commonly used value for soils. 

 

3.2.2) Atterberg Limits 

 

 

 Atterberg limits tests were run on the material passing the No. 40 sieve in order to get a 

better understanding of the material behavior of these fines. Fines can control the overall behavior 

of the soil, especially once they make up approximately 12% of the total mass. 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. At first Atterberg Limit tests were done for both plastic limit and liquid limit 

according to ASTM D 4318. It was found however, that using Casagrande’s method to determine 

liquid limit and the plastic limit tests outlined in the ASTM standards produced results which showed 

the material was not plastic. No matter what the water content, the material would not hold 

together to roll threads. In the liquid limit test, the material would only take 2 or 3 drops before 

failure would occur, even with barely any water. As a result, it was thought that the rock flour was a 

non-plastic material. This makes sense considering much of the research outlined in the literature 

review found that plastic fines in aggregate base course reduce the engineering properties 

significantly.  

Despite the results found from the ASTM procedure, additional testing was done using a 

different method. This method uses the British Fall Cone in order to test the Atterberg limits of the 

soil. For this testing, aggregate base course material passing the No. 40 sieve was used. Fall cone 

tests were performed in accordance to British Standard 1377:1990. The multiple point method was 

used to determine the liquid limit. The plastic limit was then determined using a 240-g cone, as 
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proposed by Wood and Wroth (1978). In this test an 80-g cone falls into a soil sample of known 

(nominal) water content and the depth of penetration is recorded after 5 seconds. Water content is 

plotted versus penetration depth on a logarithmic scale. This procedure is repeated for 3-5 values of 

water content for each gradation. A semi-logarithmic line is regressed onto the data, and the liquid 

limit is defined as the water content corresponding to a penetration of 20 mm. The 240-g cone was 

also dropped at each of the varying water contents. These data were plotted alongside the data 

from the 80-g cone. The plasticity index of the soil is then determined from Equation 4.1 (Wood and 

Wroth, 1978): 

                                                              �� � �∆�
��	
���



�
                   (3.1) 

Where ∆w is the average vertical distance between the best-fit lines of the 80-g cone and the 240-g 

cone (in theory, the two lines should be exactly parallel), and m1 and m2 are the weights of the two 

cones, respectively. 

The Casagrande cup results and the plastic limit tests conducted according to ASTM yielded 

a result of non-plastic fines. The results for the British Fall Cone tests are presented in Table 3.6 and 

Figures 3.10 through 3.14.  Fall cone test results are used for classification as they are less operator-

dependent and their interpretation has a firmer theoretical background. The Casagrande chart 

showing the relationship between liquid limit and plasticity index (as determined by fall cone) is 

presented as Figure 3.15. 
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Table 3.6: Atterberg Limits of ABC Gradations 

 

Gradation Liquid Limit Plastic Limit Plasticity Index 

5% Fine 28 19 9 

Upper Bound 28 17 11 

Baseline 27 15 12 

Lower Bound 28 18 10 

5% Coarse 38 15 23 

 

 

 

 
Figure 3.10: Cone Penetrometer Results for 5% Fine Material 
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Figure 3.11: Cone Penetrometer Results for Upper Bound Material 

 

 
Figure 3.12: Cone Penetrometer Results for Baseline Material 
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Figure 3.13: Cone Penetrometer Results for the Lower Bound Material 

 

 

 
Figure 3.14: Cone Penetrometer Results for 5% Coarse Material 

 

 

y = 5.6087ln(x) + 10.982

y = 5.5928ln(x) + 8.6389

20

22

24

26

28

30

32

34

36

38

40

10 100

W
a

te
r 

C
o

n
te

n
t 

[%
]

Penetration [mm]

80g Cone

240g Cone

y = 13.006ln(x) - 1.0962

y = 13.317ln(x) - 7.3466

20

22

24

26

28

30

32

34

36

38

40

10 100

W
a

te
r 

C
o

n
te

n
t 

[%
]

Penetration [mm]

80g Cone

240g Cone



95 

 

Based on fall cone and GSD results, the 5% fine material is classified as a clayey sand (SC) 

according to the USCS classification system. The material has very low plasticity. This was evident 

when the material was handled, because despite what the water content was the material would 

never act plastically and would crumble at the slightest touch. An important observation to make 

was that as the material became finer, the soil appeared to swell more. With the 5% fine sample it 

became difficult to place the material in the container for the test especially at higher water 

contents, because the material would swell considerably when being pressed into the container. 

The upper bound material is a poorly graded gravel with clayey fines (GP-GC). Both the 

liquid and plastic limits for this soil combination are virtually the same as the 5% fine sample. There 

is not much difference between these two soils except that the fines content is slightly higher. The 

upper bound distribution represents the approximate point of transition from sandy to gravelly soil. 

This baseline material is classified as a well-graded gravel with clayey fines (GW-GC) 

according the USCS method. Once again the liquid limit for this gradation is approximately 27, which 

is the same as the last two tests. This time the plastic limit is practically the same. This could be due 

to the fact that the soil gradation only varies slightly from the upper bound of the NCDOT 

specification. While the last two soil gradations have a much greater plastic limit than the 5% fine 

sample, they still did not display much if any plastic behavior when then material was being 

handled. 

At lower bound of the NCDOT specification, the material becomes more sensitive to 

increasing water content. As a result, fewer points could be obtained between the depths specified 

in the British standard. This lower bound material is classified as a well-graded gravel (GW) 

according to the USCS. The liquid limit is still at approximately 28 for this gradation. This seems to 
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show that no matter what the gradation of this material, as long as fines are present, the liquid limit 

is constant. The plastic limit decreases slightly from the baseline gradation, however the amount is 

about 2, which could be at least partially due to curve fitting. Between all of the NCDOT specified 

gradations the Atterberg limits are basically the same. 

The 5% coarser material is also a well-graded gravel (GW). This sample shows the most 

significant differences of all of the gradations. The liquid limit increases by approximately 10, while 

the plastic limit stays about that same amount. This drastic change from all of the other gradations 

is most likely due to the absence of fines and the liquefaction of the soil under the weight of the 

cone. This is the only sample where no particles passing the #200 sieve are present. This is 

interesting, because it seems to show that while the amount of fines ranged from 4% to 17% in the 

previous samples, the Atterberg limits were relatively similar, while when they were removed the 

properties changed significantly. This suggests that the fines content of this material play a very 

significant role in its behavior even when only present in small amounts.  The reason for the much 

larger liquid limit value is most likely due to liquefaction of the soil under the weight of the cone as it 

is dropped.  This would cause large negative pressures in the soil which would give the appearance 

of a very high liquid limit.  In reality, there were no fines to give plasticity to the material, so the 

values obtained during testing were misleading.  Also, it is important to note that even with an 

increased apparent plastic limit with this sample, the material still did not exhibit plastic behavior 

when being handled.  The exact behavior of the soil under the testing conditions is not known, but if 

the soil was to exhibit liquefaction the negative pore pressures generated would give a large 

apparent shear strength, thus increasing the liquid limit value of the soil.  As a result, the 5% coarse 

material must be assumed to be non plastic. 
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Figure 3.15: Casagrande Plasticity Chart With Results From Each of the GSD’s 

 

 

The relationship between the Atterberg limits of each gradation can be seen by looking at 

the results side by side in Figure 3.16: 
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Figure 3.16: Comparison

 

 

 

The primary observation from the 

the matrix does not have a significant impact on the liquid and plastic limits of the material at four 

of the five GSD’s. This initially counterintuitive result is explained by the fact that all of the material 

is derived from the same host rock. Thus, the material passing the #200 sieve behaves in much the 

same manner as that passing the #40 sieve (but retained on #200). When plotted on a Casagrande 

chart (Figure 3.15), the Atterberg limits for each of the GSD’s lie very near the

associated with the values for “rock flour” (e.g., Holtz and Kovacs, 1981).

Nonetheless, there is a noticeable increase (above the mean) in the liquid limit for the 

coarsest specimen (5% Coarse), which is comprised solely of material 

sieves. Figure 3.17 indicates that the percentage of material passing the #40 sieve that also passes 

the #200 sieve varies significantly across the gradations, particularly at the coarsest extreme. Note 
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: Comparison of Liquid Limit and Plasticity Indices of the Five Gradations
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also that the slope of the liquid state line (the best-fit line for the 80-g cone data) is significantly 

different for the coarsest specimen, indicating a more gradual change in penetration with increasing 

water content. In essence, specimens comprised solely of material from between the #40 and #200 

sieve are behaving as fine sands, making their characterization using traditional approaches difficult. 

Indeed, had this material been tested in a Casagrande cup, it likely would have liquefied instead of 

flowing, leading to a conclusion of “nonplastic”. 

 

 
Figure 3.17: Percentage of Material Passing the #40 Sieve That Also Passes the #200 Sieve for Each 

Gradation 

 

 

 

3.3) Moisture Content – Dry Unit Weight Relationship 
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NCDOT modification of AASHTO T 180-01 (Method D). The reason for using method D was so that 

the coarse material in the sample could remain. Several modifications were made to this procedure 

as well in order to look at the properties desired for this study. NCDOT calls for a representative 

sample of approximately 200 lb to be selected in order to be tested and for the material to be 

separated on the 1”, ½”, and No. 4 sieves. For this experiment, in order to obtain the desired 

gradation, aggregate base coarse material was sieved and sorted by material retained on the 1”, ½”, 

No. 4, No. 10, No. 40, No. 200, and passing the No. 200 sieve in order to meet the requirements of 

section 1010-1 of the NCDOT specifications. This material was then recombined in the appropriate 

proportions in order to obtain the 17.64-lb (8000-g) sample required for the tests.  The five 

gradations used are shown in Table 3.7. 

Results for each of the gradations are presented from Figure 3.18 through Figure 3.22 and 

Table 3.8 through Table 3.12. Cubic splines were fit to the data in order to remove any human bias 

from the process of selecting maximum unit weight and optimum moisture content (OMC). The 

curves were differentiated to find their inflection points, which correspond to the OMC. These 

points were then used to determine the maximum dry density. 
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Table 3.7: Five Grain Size Distributions Used for the Tests Based on NCDOT Spec. Table 1010-1 

 

Sieve Sieve 

Opening 

[mm] 

Baseline 

GSD [% 

Passing] 

Upper 

Bound GSD 

[% Passing] 

Lower 

Bound GSD 

[% Passing] 

5% Above 

GSD [% 

Passing] 

5% Below 

GSD [% 

Passing] 

1 ½” 38.1 100 100 100 100 100 

1” 25.4 86 97 75 100 70 

½” 12.7 67.5 80 55 85 50 

No. 4 4.75 45 55 35 60 30 

No. 10 2.0 35 45 25 50 20 

No. 40 0.425 22 30 14 35 9 

No. 200 0.075 8 12 4 17 0 

 

 

Table 3.8: Compaction Results for 5% Fine Gradation 

 

Test No. Wet Unit Weight 

[pcf] 

Water Content 

[%] 

Dry Unit Weight 

[pcf] 

1 138.8 4.09 133.3 

2 141.3 4.96 134.6 

3 143.3 6.02 135.2 

4 143.0 7.20 133.4 

5 142.8 8.15 132.0 

 

 
 

Figure 3.18: Dry Unit Weight-Moisture Content Curve for 5% Fine GSD 
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Table 3.9: Results for Dry Density Tests on the Upper Bound GSD 

 

Test No. Wet Unit Weight 

[pcf] 

Water Content 

[%] 

Dry Unit Weight 

[pcf] 

1 140.4 4.10 134.8 

2 142.5 5.08 135.6 

3 144.1 6.17 135.8 

4 144.2 7.08 134.7 

5 143.6 7.99 133.0 

 

 

 

 
 

Figure 3.19: Dry Unit Weight-Moisture Content Curve for Upper Bound GSD 
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Table 3.10: Results for Dry Density Tests on the Baseline GSD 

 

Test No. Wet Unit Weight 

[pcf] 

Water Content 

[%] 

Dry Unit Weight 

[pcf] 

1 139.4 3.74 134.4 

2 142.9 4.92 136.2 

3 146.2 5.97 138.0 

4 145.7 6.95 136.3 

5 146.2 7.76 135.7 

 

 

 

 

 
 

Figure 3.20: Dry Unit Weight-Moisture Content Curve for Baseline GSD 
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Table 3.11: Results for Dry Density Test on the Lower Bound GSD 

 

Test No. Wet Unit Weight 

[pcf] 

Water Content 

[%] 

Dry Unit Weight 

[pcf] 

1 141.5 4.11 136.0 

2 142.8 4.86 136.1 

3 145.1 5.88 137.0 

4 146.3 6.59 137.2 

5 147.4 7.66 136.9 

 

 

 

 
 

Figure 3.21: Dry Unit Weight-Moisture Content Curve for the Lower Bound GSD 
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Table 3.12: Compaction Results for 5% Coarse Gradation 

 

Test No. Wet Unit Weight 

[pcf] 

Water Content 

[%] 

Dry Unit Weight 

[pcf] 

1 137.5 3.76 132.5 

2 139.2 4.69 133.0 

3 141.6 5.66 134.0 

4 144.9 6.27 136.4 

5 145.5 6.74 136.3 

 

 

 

 
 

Figure 3.22: Dry Unit Weight-Moisture Content Curve for 5% Coarse Gradation 
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specimen. The granularity of this specimen suggests that standard moisture-density characterization 

may not be appropriate, particularly at high values of moisture content. 

Results across all tests are summarized in Table 3.13. Figure 3.23 presents all of the 

compaction curves on a single set of axes to facilitate comparison. The results indicate that across 

each of the gradations tested, maximum dry unit weight and OMC vary over a relatively narrow 

range. Figure 3.24 and Figure 3.25 show variations in the maximum dry density and OMC as 

functions of gradation. 

 

 
 

Figure 3.23: Dry Unit Weight-Moisture Content Curve for All Five Grain Size Distributions, Where 

<0>I 5% Above the Spec, <1> Is the Upper Bound Curve, <2> Is the Baseline GSD, <3> Is the Lower 

Bound Curve, and <6> Is the 5% Below Spec. 
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Table 3.13:  Summary of Results, Moisture-Density Testing 

 

Grain Size Distribution 
Maximum Dry Unit Weight 

[pcf] 

Optimum Moisture Content 

[%] 

5% Finer 135.2 5.79 

NCDOT Upper Bound 135.8 5.76 

NCDOT Baseline 138.0 5.93 

NCDOT Lower Bound 137.3 6.56 

5% Coarser 136.5 6.46 

 

 

 
 

Figure 3.24: Maximum Dry Densities for the Five Samples Plotted as Single Points 

 

 

 



108 

 

 
 

Figure 3.25: Optimum Water Contents for the Five Samples Plotted as Single Points 

 

 

From the testing and the data collected during this portion of the study several conclusions 

can be drawn. Clearly, specimens comprised of the baseline grain size distribution can be compacted 

to the highest maximum dry density, but the differences across gradations are quite small. Slightly 

less water was required in order to achieve maximum dry density in finer specimens, likely due to a 

lubricating effect that arises from having many fine particles in the mixture. In general, it is difficult 

to conclude that varying the gradation by the amounts in this study is enough to significantly affect 

the compaction characteristics of the material (with the notable exception of the liquefaction of the 

coarsest specimen during compaction at high water contents). 
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3.4) Particle Shape Analysis 

 

 

 One of the other major physical properties of aggregate base course that influences the 

behavior was the particle shape.  It was found that natural gravels tended to be more rounded, and 

thus when tested for their strength and resiliency, were less suitable for road base material than 

crush and run material that is made of angular crushed rock.  The rock used in the study for this 

thesis was crushed aggregate.  

 In order to look at particle shape, pictures were taken of aggregate samples at each sieve 

size.  For the larger aggregate sizes, those pictures were taken with a standard digital camera with a 

scale in the picture.  For the smaller aggregate, a microscope was used to gather images of the 

individual particles.  Using the pictures of the material, the particles were then given two values 

pertaining to their shape.  Those values were the roundness and the sphericity as defined in 

Santamarina et al. (2001) where the roundness compares “the curvature of different surface 

features in the particle to the lowest curvature that can be assigned to the particle” and the 

sphericity is defined by Santamarina et al. (2001) as indicating “whether one, two, or three of the 

particle dimensions are of the same order of magnitude.”  The more sphericity a particle exhibits, 

the more like an ideal sphere the shape is, while the more round a particle is the more uniform in 

shape the particle would be.  On the other hand if the particle is less spherical, it would tend to be 

more elongated and if it was less round, then it would be more angular.  50 particles at each sieve 

size were analyzed in order to get an average value for roundness and sphericity.  The   

 Based on the literature review, decreased roundness would benefit the strength of 

aggregate base course material.  If one were to imagine a bunch of marbles acting as a base course, 

the sides would be smooth as the roundness would approach a value of 1, while the marbles would 
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be of equal diameter all around which would give a sphericity of 1.  Since the particles would be of 

uniform shape and smooth, the interlocking between particles would be almost non-existent.  If a 

force were to be applied to this mass of marbles, they would fail once that force exceeded the 

frictional resistance from the smooth surfaces of the marbles against each other.  On the other 

hand, if mass of very angular particles with different shapes and sizes were used as a road base, they 

would gain strength from not only the frictional resistance between the particles, but from the 

interlocking of the angular parts of the particles as well.  Thus from this simple analogy, it becomes 

obvious why crushed aggregate would display more strength in testing than gravels which have 

been smoothed by natural weathering.  

By looking at the pictures of the aggregate at each sieve size, values can be assigned to the 

particles for roundness and sphericity from 0 to 1, 0 being the least round or spherical and 1 being 

the most.  This helps in this study of aggregate base course by quantifying just how round and 

spherical the particles are, so that in future studies, if another source of aggregate is looked at and a 

simple particle shape analysis is done, it can be seen if a large variation in the particle shape may 

account for any differences seen in the performance of the material.  Each particle was measured in 

three dimensions to see how spherical the partical was.  This involved comparing how close the 

three dimensions were for each particle.  If the three dimensions were similar, the particle was more 

spherical.  If the dimensions were very different, then the particle was less spherical.  The roundness 

was judged by looking at the angularity of different sections of the particles.  The more angular the 

particle, the less roundness it possessed. 

Figure 3.26 shows the basis for which these particles were given values for roundness and 

sphericity.   
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Figure 3.26: Sphericity and Roundness (Krumbein and Sloss, 1963) 

 

 

 

 For this simple particle shape analysis, around 20 particles at each sieve size were examined 

and given a value for roundness and sphericity.  Finally, an average value for those particles was 

given for each sieve size and was then qualified as far as roundness per the definitions given in 

Powers (1953).  Figure 3.27 shows examples of the pictures of the particles that were examined in 

this analysis. 
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Figure 3.27: Particles for Shape Analysis. (a) Retained on 1” Material. (b) Retained on ½” Material, 

(c) Retained on No. 4 Material, (d) Retained on No. 10 Material, (e) Retained on No. 40 Material, 

(f) Retained on No. 200 Material, (g) Passing No. 200 Material 
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(a) 

 

 
(b) 



114 

 

 
(c) 
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(g) 

 

 

 

 

 Values for roundness and sphericity could be assigned to all the different sized material, 

except for the material passing the No. 200 sieve.  Despite several attempts to get pictures of 

individual particles or particle structures, the rock flour material was simply too small for the 

available equipment at the time this study was conducted.  In the future, more powerful 

microscopes could be used to do an analysis on this material but at this time the study focused on 

all of the material larger than 0.075 mm in diameter.  Table 3.14 shows the results for the average 

roundness and sphericity for each sieve size. 
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Table 3.14: Average Sphericity and Roundness for Aggregate Material for Each Sieve Size 

 

Sieve Size Average Sphericity Average Roundness Description per 

Powers (1953) 

1” 0.50 0.33 Subangular 

½” 0.53 0.33 Subangular 

No. 4 0.49 0.31 Subangular 

No. 10 0.50 0.36 Subrounded 

No. 40 0.63 0.49 Subrounded 

No. 200 0.61 0.49 Subrounded 

 

 

 

 From the results of this analysis a few observations can be made.  All of the particles fall in a 

fairly close range in the chart presented in Figure 3.26.  The particles tend to be somewhat long or 

flat with a ratio of about 2:1 in one direction.  The particles are also fairly angular, but they do not 

have jagged edges.  The edges of the particles are more dulled.  The larger aggregate is more 

angular than the smaller particles.  This is most likely due to the crushing of the particles as these 

were produced from the quarry. The smaller particles, especially those retained on the No. 40 sieve 

and below are both more spherical and more rounded.  This shift seems rather dramatic at this 

particle size, when the average sphericity shifts from around a value of 0.5 to a value of 0.6, while 

the roundness jumps from a value of around 0.3 to a value closer to 0.5   

 The averages found follow along with what is observed in the pictures.  In the pictures of the 

larger aggregate, they tend to be more elongated and flat with sharper edges.  In the pictures taken 

from the microscope, the particles begin to have a more uniform shape with softer edges. 

 When looking at these results, one may begin to question whether the shape of the fines 

may play an important role in the behavior of the material.  The coarse particles seem like they 

would provide strength to the material with their angularity.  The fine particles however seem like 
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they may actually hurt the performance of the material with their more rounded edges, thus 

lowering the desired performance parameters of the aggregate base course when more fines are 

present.  In fact this result is seen with the triaxial testing.  The more fine samples do appear to have 

lower strengths than the coarse samples, and part of this can be attributed to less interlocking of the 

particles due to their more rounded edges. 

 This simple analysis helps to provide some reason as to why the fines tend to be reducing 

the strength of the aggregate blends where they are present.  The values obtained here can also 

serve to compare future aggregates studied similar to this one.  If a similar study is run on aggregate 

from a different quarry, and that aggregate happens to have similar values for roundness and 

sphericity of particles, then it can be concluded that particle shape did not play a part in any 

differences in performance behavior.  However if the rock tested is much more angular and has 

higher strength values or if it is much more rounded and has lower strength values, then part of that 

strength gain can be attributed to its particle shape. 
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CHAPTER IV – STRESS DEFORMATION TESTING 

 

 

4.1) Shear Strength Testing 

 

 

 Shear strength testing was conducted on the five gradations of aggregate base course 

material.  This testing consisted of large scale (6 in. diameter) unconsolidated drained triaxial 

testing, resilient modulus testing, and standard (3 in. diameter) consolidated undrained and 

unconsolidated undrained triaxial testing. 

 

4.1.1) Triaxial Testing – Large Scale UU 

 

 

 Unconsolidated undrained (UU) triaxial tests were performed to measure material shear 

strength. The ASTM standard for UU testing (D 2850) requires that “[t]he largest particle size shall 

be smaller than 1/6 the specimen diameter.” The largest conceivable particle in any of the materials 

will be just small enough to pass the 38.1-mm (1.5-in.) sieve, resulting in a specimen that is 9 in. in 

diameter by 18 in. tall. The largest specimen that could be reasonably accommodated was 6 in. in 

diameter by 12 in. tall. Nonetheless, the authors concluded that since the goal of the work was to 

study GSD effects on material response that it would be preferable to perform the 6 in. by 12 in. 

tests on complete specimens rather than to perform smaller tests on specimens that had been 

stripped of oversize material. UU tests were selected for several reasons: 

• Saturation time for these large specimens would have likely been on the order of one to two 

weeks (a preliminary test indicated that a specimen was still not fully saturated after five 

days of backpressure), if full saturation could be achieved at all. This would be a significant 

burden on the NCDOT laboratory as the equipment would be tied up for extended periods. 
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• Saturating specimens of this size is not only time-consuming but also extremely difficult. 

Being able to force water to all points within the specimen while using pressures (and/or 

vacuum) low enough to prevent preferential flow or internal piping is nearly impossible. 

• UU tests are reasonable representations of loading conditions in the field. Since the ABC 

material will likely remain unsaturated for its service life (as do most soils above the 

groundwater table), consolidation will be an extremely slow process (unsaturated hydraulic 

conductivity is several orders of magnitude lower than saturated hydraulic conductivity). In 

addition, since most loading is transient and rapid (e.g., wheel loading); field loading 

conditions are largely undrained (or at best, partially drained). 

 Samples were compacted to 100% of their optimum dry densities as determined from the 

NCDOT modified proctor standard. The specimens were compacted directly into the triaxial 

chamber in 8 lifts with consistent compaction energy as the NCDOT modified proctor. Due to the 

slightly thicker layers, 91 blows were used for each layer using a 10 lb proctor hammer. The tests 

were then conducted according to ASTM D 2850 Rev A. 

Three UU tests were run on each of the five gradations. One test was run at a confining 

stress of 3 psi, one at 5 psi, and one at 7 psi. The reason behind selecting these confining stresses 

came in the use of the material. Since aggregate base course is used under road beds close to the 

surface, the actual confining pressures experienced by the ABC are relatively low. The large triaxial 

setup which was used for testing is shown in Figure 4.1. 
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(a) 

 

 
(b) 

 

Figure 4.1: (a) & (b) Large Scale (6 in. x 12 in.) Triaxial Setups 
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Stress strain curves for the UU testing are shown in Figure 4.2 through Figure 4.6. Mohr’s 

circles at peak deviator stress for each of the tests are in Figure 4.7 through Figure 4.11. Figure 4.12 

presents the average undrained shear strengths for each of the gradations. 

 

 

 
Figure 4.2: Stress-Strain Curve for 5% Fine GSD 
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Figure 4.3: Stress-Strain Curve for Upper Bound GSD 

 

 
Figure 4.4: Stress-Strain Curve for Baseline GSD 
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Figure 4.5: Stress-Strain Curve for Lower Bound GSD 

 

 
Figure 4.6: Stress-Strain Curve for 5% Coarse GSD 
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Figure 4.7: Mohr’s Circles for 5% Fine GSD 
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Figure 4.8: Mohr’s Circles for Upper Bound GSD 
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Figure 4.9: Mohr’s Circles for Baseline GSD 
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Figure 4.10: Mohr’s Circles for Lower Bound GSD 
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Figure 4.11: Mohr’s Circles For 5% Coarse GSD 
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Figure 4.12: Undrained Shear Strengths Compared to the Percentage of Fines in Each Material 

 

 

 

The results show that as the amount of fines decreases and the amount of large coarse 

material increases, the undrained shear strength of the material increases. Unlike the compaction 

curve where the largest dry density occurs with the baseline grain size distribution, the strength of 

the material is not at its optimum at the baseline gradation. In fact the strength increases as the 

material becomes coarser. This seems reasonable given the characteristics previously seen by the 

fine material. It acts almost like clay according to some of the plasticity tests despite it being a rock 

powder. The more fine material that is added, the weaker the material becomes. As the fine 

material is removed, the material is more of gravel and as a result is stronger. 
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Table 4.1: Average Undrained Shear Strength Results for UU Testing 

 

Gradation 

Average Undrained Shear 

Strength at Peak 

[psi] 

Average Undrained Shear 

Strength at 15% Strain 

[psi] 

5% Fine 39.85 30.49 

Upper Bound 41.63 31.71 

Baseline 50.38 39.35 

Lower Bound 57.85 48.51 

5% Coarse 67.23 46.39 

 

 

 

 
 

Figure 4.14: Average Undrained Shear Strength Results For UU Testing 
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Figure 4.15: (a) Triaxial Test at Failure After Test, (b) Failed Specimen Removed From Cell, (c) 

Failed Specimen Out of Membrane, (d) Aggregate Material After Drying 
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(a) 

 

 
(b) 
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(d) 
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By looking at the behavior of this material under undrained conditions, the results seem 

obvious but are informative enough that some conclusions can be drawn.  As a material becomes 

more gravely, one would expect the internal friction angle to increase due to several factors 

including increased angularity of the soil particles.  So when it was observed that the shear strength 

of the aggregate base course increased with decreasing fines, it was as expected.  The interesting 

thing that comes out of this particular set of testing is the large difference that exists between the 

material containing fines and the material without any rock powder.  The three tests on the finer 

side of the gradation curves all had undrained shear strength values very close to each other as seen 

in Figure 4.13.  The two samples with little to no fines had undrained shear strengths ten to twenty 

psi greater than those samples with a significant amount of fines.  When looking at the difference 

between the coarsest sample and the finest sample, the coarser sample had undrained shear 

strengths 68% greater than the finer sample.  This is a large gain in strength seeing that the grain 

size curves are different but not too different and the base material has the same mineralogy.  While 

it hasn’t been very apparent in some of the previous testing, it is clear with the shear strength of the 

material that the grain size distribution does have a significant effect on the performance of the 

material. 

These results indicate increasing strength with increasing coarse fraction. It is postulated 

that this is due to percolation of large particles along the long axis of the specimen. These large 

particles then go on to form the primary load-bearing network in the specimen with the smaller 

particles serving as the bracing network to prevent buckling of force chains (as originally proposed 

by Radjai, et al., 1998). This would also serve to explain the significant increase in peak stress 

observed in the coarsest specimen at the highest confining stress. At high values of global axial 
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strain, the difference in shear strength is less pronounced due to the breakdown of the bimodal 

force transmission network at high particle displacements. 

 

4.1.2) Resilient Modulus Testing 

 

 

Resilient modulus defines a material’s elastic behavior after some plastic deformation with 

cyclic loading. This cyclic loading is applied to represent the type of loading that aggregate base 

course would experience under a dynamic traffic load. The aggregate base course was assembled 

once again in large cylinders (6 in. x 12 in., see Figure 4.16) as in the triaxial testing and was confined 

to several pressures ranging from 3 to 20 psi. At each confining pressure, quick pulses of axial load 

were applied and the deformation behavior of the soil was measured in order to determine a 

resilient modulus. The higher the modulus value obtained, the more resistant the material is to 

plastic deformation. The testing was conducted in accordance with AASHTO T-307 with no 

deviations from the procedure. Figure 4.17 shows the loading sequence used for aggregate base 

material according to AASHTO T-307. Two tests were performed for each aggregate gradation. 
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Figure 4.16: Resilient Modulus Specimen Setup 

 

 

 
Figure 4.17: Load Sequence for AASHTO T-307 Base Material 
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As each test was run, data was collected on the deformation of the material.  The resilient 

modulus corresponding to each loading sequence was calculated by Equation 4.1. 

                                                                    �� �
��

��

                               (4.1) 

where MR is the resilient modulus, σd is the deviatoric stress, and εr is the recoverable strain.  

The data could be presented in several ways.  Here it was chosen to plot the calculated resilient 

modulus value at each loading cycle against the bulk stress on the sample on a log-log plot. The 

combined results for the resilient modulus tests are shown in Figure 4.18 through Figure 4.20.  The 

resilient modulus was plotted on the y-axis and the bulk stress was plotted on the x-axis. 

 

 

 
Figure 4.18: Average Resilient Modulus Data  
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Figure 4.19: Resilient Modulus Results for Five Gradations 
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Figure 4.20: Average Resilient Modulus Results for Five Gradations 

 

 

Figures 4.19 and 4.20 show the resilient modulus values obtained by testing the different 

gradations of aggregate base course. The top figure shows the results from all ten tests that were 

run while the bottom figure shows the average values. In this set of testing, two tests were run at 

each gradation. Both specimens were identical and were compacted at 100% of their modified 

proctor density. Looking at the results, a few trends can be noticed. One is that all of the tests are 

fairly similar in the values they give. From the literature review, it was commonly found that the 

coarser material gave higher resilient modulus values all around. This wasn’t always found to be the 

case, but for the most part this was a common theme. Looking at the results from the testing, it 

appears that that is true. However for these results, this statement only appears to be true for lower 
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appears to lose some of its resiliency as less energy is being absorbed without deformation. The fits 

for the data for the coarse results are the lines that appear flatter and closer together. The reason 

behind the differences in the experimental results and the reported results can be many. For one, 

these tests were run using a new standard AASHTO T-307, which calls for low confining stresses to 

be applied first which then increases to higher confining stresses. The older standard, which many of 

these studies used, had the high confining stresses applied first and then those stresses were 

lowered as the test went along. This could have caused the material response to be completely 

different. During testing it appeared as if the coarse blends were very stiff at first, but when large 

axial load pulses were applied, some rock fragments displaced. By doing this it would cause caused 

large deformations thus accounting for the lower modulus values. The finer blends on the other 

hand deformed fairly uniformly during testing. This is due to the smaller particle makeup of the 

specimens. If one particle displaced in the finer blend, only a small deflection would occur, but if a 

larger one deflected in the coarse samples, much larger displacements would occur. It appears that 

this may have been the case around the middle pressure for confining. If this is true, it would be 

best to look at the beginning of the testing when the samples were intact. This is also not a bad 

assumption because of the fact that the base course would be very close to the surface thus it 

would be subjected to very low confining stresses. It also makes comparison to the shear strength 

results easier. Since the shear strength of each blend was compared to the amount of fines in each 

gradation, it is helpful to look at see how the resilient modulus varies with varying fines content.    

Figure 4.21 shows the resilient modulus values that were found at low confining stress. 
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Figure 4.21: Resilient Modulus vs. Fines Content at 3 psi Confining Stress 

 

 

 

The data in Figure 4.21 comes at a confining stress of 3 psi. This is one of the values before 

the coarse grain samples show some sort of change in response and is representative of all of the 

other mean stresses before that occurrence. Much like the shear strength, the gradations with less 

than 8 percent fines have higher resilient modulus values. These coarse samples are stiff and were 

able to absorb more of the cyclic loading without permanently deforming. In the case of pavement 

design, this would be ideal. Not only would larger shear strengths be obtained, but better resistance 

to rutting would be a property of aggregate base courses using this gradation. It is interesting to see 

what happens at around 8% fines. At that point, the aggregate blend stabilizes as far as the resilient 

properties are concerned. This could mean that as the amount of fines increases to this much, it 

governs the behavior of the soil and its deformation characteristics. While the values are different 

between fine and coarse grained resilient moduli, the difference is not as significant as stated by 
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some of the studies. Those studies found increases of 50 to 160% for coarser blends. With these 

particular gradations however, that difference is not as well defined. The coarse grained resilient 

modulus values range from 20-30% higher. This falls more in line with the findings of Barksdale 

(1984) and Zaman et al. (1994) where they found resilient modulus values for coarse soils that 

ranged from 10% above the fine grained gradations to hardly any difference.  It was also found in 

the literature that aggregate bases with more fines were subject to gradual shear failures and in the 

long run deformed more.  The more coarse aggregates were found to be stiffer initially but were 

subject to rutting as the material slipped.  Those results are consistent with what was observed for 

the resilient modulus testing for this study.  Figure 4.22 shows the resilient modulus values found at 

a confining pressure of 15 psi.  It can be seen that at these higher confining pressures, the samples 

with more fines have higher resilient modulus values.  The breakdown of the coarse material was 

not evident visually.  In none of the tests were any sorts of deformations observed on the grid 

patterns on the membrane.  The shift of the material must have been some sort of small 

rearrangement of the material that was not visible.  The actual point at which this change in 

behavior is not clear.  It appears to occur about mid way through the testing sequence from the 

average resilient modulus behavior.  DEM modeling of resilient modulus tests on materials with 

varying gradations have shown similar trends (Mojarrad, 2009).  In the tests with larger bulk stresses 

applied, the more fine samples were observed to have higher resilient modulus values.  The reason 

for this was not explored in this study, but warrants further research.  It was theorized that the 

shakedown effect could have had a part to play in the results.  Other reasons for this behavior could 

include the liquefaction of the material under loading, just as with the Atterberg Limits results.  

Finally, the internal stability of the material could be the reason behind this behavior. 
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Figure 4.22: Resilient Modulus vs. Fines Content at 15 psi Confining Stress 
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reasons behind this can only be theorized at this point.  Additional study is needed in the future to 

find the exact cause. 

 

 

Figure 4.23: Average Resilient Modulus Results on a Linear Scale 
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material is usually found at a foot or less beneath the surface, the material is subjected to very low 

confining pressures and thus the best estimate for the performance of each gradation would be at 

the very low confining stress values.  Figure 4.24 shows the trends seen in strength behavior at 3 psi 

confining pressure.  From those results, it is apparent that the coarser gradation gives the best 

performance, while the fines begin to govern performance at the baseline gradation, effectively 

eliminating much of the influence of the coarser particles.  Other factors should be considered when 

looking at the resilient performance of the material.  Those other factors include the material’s 

ability to drain. 

 

 

Figure 4.24: Strength Behavior of ABC at Low Confining Pressures 
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4.2)  Standard Triaxial Testing 

 

 

Four standard triaxial tests were run on the ABC material to examine size effects on the 

sample and help to understand the data found from the large scale UU testing.  The UU tests were 

run on large unsaturated specimens (6” in diameter) compacted to 100% of the NCDOT’s modified 

proctor compaction.  The reason behind the large specimen sizes came in the fact that ASTM D 4767 

specifies that the specimen must be six times larger than the largest particle.  In this case the largest 

particles are held on the 1” sieve.  For the UU tests, three specimens were prepared for each 

gradation.  Due to limitations in equipment and the fact that the aggregate base coarse had 

extremely high strength, the tests had to all be run at extremely low confining pressures.  The 

pressures chosen were 3 psi, 5 psi, and 7 psi.  While these pressures seem low, they mimic 

conditions which the aggregate base course would see in the field.  For the compaction curves, it 

was found that baseline mixture for the aggregate base course had the highest dry density.  This 

density did not carry over for the strength results.  The average undrained shear strength from each 

test increased as the gradation became coarser.   

Since large triaxial setups are very rare in most geotechnical testing laboratories, it was the 

goal of this portion of the study to see if the properties of the large samples could be mimicked in 

smaller (2.8”x5.6”) specimens.  The study conducted on this focused on two of the gradations used 

from the large scale study.  This study focused on the upper and lower bounds of the NCDOT’s 

specification.  The reason for choosing these two gradations came from the fact that the effect of 

material becoming coarser could be illustrated clearly without going outside of the current standard.  

Two types of tests were performed on each gradation.  UU tests were performed in order to see 

how these values correlated with the results from the larger specimens, and CU tests were 
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performed in order to see how full saturation and consolidation would affect the strength of the 

material. 

The small specimens could not be constructed the exact same way as the large specimens 

because of the larger particles involved with aggregate base course.  In order to follow the standard 

of particles no larger than 1/6
th

 of the specimen diameter, all material above the ½” sieve was 

replaced with material retained on the #4 sieve.  This rock replacement was considered the best way 

to keep the structure of the soil as close to its original makeup as possible.  By replacing the coarse 

material with large amounts of material retained on the #4 sieve, the gradation of the soil was 

essentially changed.  While this may seem counterintuitive, studies discussed below have been 

conducted on rock replacement and it has been found that materials that have very large amounts 

of coarse material can be accurately replicated through rock replacement.   

The specimen dimensions and mass of material were measured in order to compact the 

specimen’s to 100% of the maximum dry density found in the previous study.  It was found however 

that the specimens could only be compacted to approximately 93%-94% of the maximum dry 

density found before with equivalent compaction energy.  The UU tests were performed by 

compacting the specimen, placing in the triaxial cell, applying an effective confining pressure of 5 psi 

for each test and then shearing was begun.  Shearing was performed at a rate of 0.009 in/min which 

is the standard used in the NCDOT’s Materials and Testing Laboratory.  The CU tests were 

compacted to the same density as the UU tests.  They were saturated for approximately one week 

for each sample.  The Skempton B value obtained by saturation would reach a value of 0.93 but no 

higher.  According to Black and Lee (1973) the B value at 100% saturation for rock can be as low as 

0.2885 and 100% saturation for dense sands would yield a B value of 0.9218-0.9916.  Since this 
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material falls somewhere in between those two materials, it was assumed that the B value of 0.93 

was the B value at 100% saturation.  This value was also obtained on an attempt at a CU test from 

the large scale testing.  After saturation the specimen was consolidated.  Very little consolidation 

took place, which can be attributed to the material’s stiffness.  During shearing a confining pressure 

of 5 psi was placed on the specimen and it was sheared at the same rate of 0.009 in/min as the UU 

tests.   

The grain size distribution of aggregate base course material places limitations on the size of 

testing equipment which can be used.  Laboratory compaction testing ASTM D698 – Laboratory 

Compaction Characteristics of Soil using Standard Effort limits the portion of coarse material 

retained on the ¾ “ Sieve to 30 percent.  Compaction testing of samples with more than 30 percent 

retained on a ¾” may be performed if the excess coarse fraction is either scalped or scalped and 

replaced with an equivalent mass of finer material. Caution must be applied interpreting the results 

from scalped/replaced and scalped specimens.  Outlined in ASTM D4718 is a procedure to correct 

scalped/replaced laboratory compaction testing water content and density data when the data have 

been obtained from a specimen minus the coarse fraction.   In triaxial compression testing of the 

removal of the coarse fraction for standard testing will report lower shear strength values.  The 

reduction in reported shear strengths is the result replacing tougher gravel particles with fine sand 

and silt particles.  The Laboratory Soil Testing EM 1110-2-1906, published by the United Starts Army 

Core of Engineers (USACOE) recommends the removal of coarse gravel materials when the coarse 

fraction comprises more than ten percent of the sample by weight.  Using large scale testing 

equipment eliminates the need for scalped/replaced specimens however practical concerns of cost 

and feasibility may necessitate the use of standard testing.  Donaghe and Torrey, (1979) investigated 
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standard and large scale undrained triaxial testing with scalped and replaced earth rock mixtures in 

cooperation at the US Army Engineer Waterways Experiment Station.  The testing program of 

Donaghe and Torrey, (1979) consisted of 38.1-cm diameter large scale tests and 15.2-cm diameter 

standard tests.  Standard testing was performed using scalped and replaced specimens to large scale 

tests with gravel contents, material retained on No. 4 sieve, of 20, 40 and 60 percent.  From the 

experimental data it was observed that standard triaxial tests, 15.2-cm, predicted conservative 

values for the peak deviator stress of large scale specimens at gravel contents greater than 40 

percent.  Shearing strain was applied at a rate of .008 percent per minute until peak behavior 

occurred or 1 percent axial strain was reached.  Axial strain was applied at rate to complete testing 

by the end of a work day after peak or 1 percent strain was observed.  Peak deviator stress was 

observed at low axial strains 1 to 2 percent, in comparison to the peak axial strain observed in 

testing of specimens containing coarse fractions.  The effect of the gravel portion was to create a 

more brittle material response.  Considerable pore water pressure build up was observed at very 

early stages in standard testing which did not occur on the same level in large scale specimens until 

the gravel content was greater than 60 percent.  Donaghe and Torrey, (1979) interpret the early 

increase in pore water pressure for the scalped/replaced specimen is due to a loose structure in 

comparison earth rock mixtures.  The data also indicates that applying a given effort of compaction 

will produce less contractive specimens as the grain size distribution becomes finer.  The 

scalped/replaced specimens are observed to be compacted to a higher degree than an earth rock 

mixture compacted with and equivalent effort.  In the testing of the Donaghe and Torrey, (1979) full 

size specimens become sensitive to rapid pore pressure rise when the gravel content of a specimen 

dropped below 20 percent by weight.   
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From the results of the large scale UU testing shown in section 4.1.1, it is clear that as the 

amount of coarse material increased, so did the undrained shear strength.  This would be expected 

as the large amount of rock material in the mixture would increase its stiffness.   

The results for the standard UU tests are shown in Table 4.2 as well as Figure 4.25.  Like the 

larger tests, the undrained shear strength of the samples increases as the amount of coarse material 

increases.  However, it can be seen that the strength of the material is 16%-23% lower than that of 

the larger materials.  This could be due to several reasons, such as the gradation and density being 

less, the stiffness of the material being less, as well as limitations in the rock replacement method. 

 

 

Table 4.2: Standard UU Test Results 

 

Test - Gradation γd-max [pcf] Rd [%] Su [psi] 

Upper Bound 127.2 93.7 34.9 

Lower Bound 127.9 93.1 44.4 

 



152 

 

 
 

Figure 4.25: Standard UU Stress Strain Curves 

 

 

 

The results from the CU tests are shown in Table 4.3 and Figure 4.26.  The undrained shear 

strengths for these two tests were much higher than those for the UU tests.  That would be 

expected, because as the specimen is consolidated, its shear strength should increase.  The curious 

thing about this is that it would be expected that an unsaturated sample would have a higher 

apparent shear strength than a saturated sample because of the matric suction affects.  The 

effective peak friction angles found were comparable to values in other studies. 
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Table 4.3: Standard CU Test Results 

 

Test - 

Gradation 

γd-max [pcf] Rd [%] Eu [psi] φ’peak [deg] Su [psi] 

Upper Bound 128.7 94.7 2,975 43.1 61.1 

Lower Bound 128.9 93.9 2,210 43.4 125.5 

 

 

 

 
 

Figure 4.26: Standard CU Stress Strain Curves 

 

0

20

40

60

80

100

120

140

160

180

200

220

240

260

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

D
e

v
ia

to
r 

S
tr

e
ss

, 
q

  
[p

si
]

Axial Strain [%]

Lower Bound

Upper Bound



154 

 

 
 

Figure 4.27: Upper Bound CU Mohr’s Circle 
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Figure 4.28: Lower Bound CU Mohr’s Circle 
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Figure 4.29: p-q Diagram for Standard CU Tests 

 

 

 

Janoo et al. (2004) completed CU testing on aggregate base course in 6-in and 12-in 

diameter specimens.  The reported peak friction angle for 6-in diameter specimens tested by Janoo 

et al. (2004) was 41 to 46 degrees.  These values are in good agreement with the peak friction angles 

of 34 degrees observed in 2.8-in diameter CU testing observed by the authors. 

However, the standard 2.8-in CU lower bound test exhibited significantly higher shear stress 

when compared with the peak shear stress and strain observed in the CU upper bound, fine, 

aggregate base course specimen.  The significant increase in apparent shear strength of aggregate 

base course is thought to be related to the saturation phase of CU testing.  Consolidating the 2.8-in 

diameter lower bound specimen resulted in the formation of a brittle material which does not 

simulate the engineering properties of aggregate base as it used in engineering applications.  The 
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high peak axial strain measured for the CU lower bound test in accordance with the brittle behavior 

observed by Donaghe and Torrey, (1979).  The 2.8-in diameter CU lower bound specimen did not 

appear to fail on a visible plane.  The failure observed was similar to that of a homogenous sand.  

Upon completion of the triaxial test the CU lower bound specimen displayed visual characteristics of 

a cemented rock mixture.  It is thought that during specimen saturation cementation of rock and 

finer materials may have occurred.     

The unconsolidated undrained standard 2.8-in diameter specimens exhibited peak failure at 

lower strain values in comparison the large scale 6-in diameter UU specimens tested at the NCDOT’s 

Materials Testing Laboratories.  Rock replacement alterations to the gradations of the 2.8-in 

diameter UU tests are thought to have created a less brittle material with lower shear strength than 

the 6-in diameter UU specimens.  

Several conclusions can be drawn by looking at the results from the standard triaxial testing.  

First, undrained shear strength measurements from standard triaxial tests performed using rock 

replacement methods should be applied with caution as design criteria.  The next conclusion that 

can be drawn is that modification of the grain size distribution of aggregate base course material for 

standard triaxial testing alters the material performance characteristics.  The materials tested in 

standard triaxial tests with UU conditions with rock replacement report lower shear strength values 

as lower peak strains are observed indicating a less brittle material.  Another interesting observation 

was that saturated CU tests yield much higher undrained shear strength than partially saturated UU 

tests.   This is most likely due to the consolidation of the specimen, which would give higher shear 

strengths.  Overall this testing showed a few things.  For one much like the initial tests done with the 

large scale tests, when the specimens are saturated and tested in CU conditions, the strength is 
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much greater than the unsaturated specimens.  It appears though that in order to best understand 

the material behavior of what would be present in the field, large (6”x12”) specimens should be 

used so that the gradations can stay intact.  Even larger specimens could be tested if the facilities 

allowed for it.  Another thing to consider when looking at these results is that with the large amount 

of material scalping, the aggregate base material is fundamentally a different material, especially 

the lower bound material.  The lower bound sample had 65% of all the material retained on the No. 

4 sieve.  The material was basically a uniform gravel with some fines, which is different than the well 

graded gravel it was before.  The upper bound specimen had 45% of the material retained on the 

No. 4 sieve, a whole 20% less.  As a result of this, the results may have been closer to the actual 

values. 

 
 

Figure 4.30: Comparison of Undrained Shear Strength Results 
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CHAPTER V – ANALYSIS 

 

 

5.1)  Classification of Aggregate Base Course 

 

 

 The aggregate base course blends selected for this study were classified based on two 

systems, the first being the Unified Soil Classification System and the second was AASHTO’s 

Classification of Soils and Soil-Aggregate Mixtures.  Table 5.1 shows the classifications found for 

each of the five blends.  Data from the sieve analysis and the Atterberg limits testing were used for 

these classifications. 

 

Table 3.2: Particle Size Values for Each Gradation 

 

 
5% Below 

GSD   [mm] 

Lower Bound 

GSD [mm] 

Baseline GSD   

[mm] 

Upper Bound 

GSD [mm] 

5% Above 

GSD [mm] 

d85 31.1 29.9 24.5 15.6 12.7 

d60 18.0 15.1 9.15 5.78 4.75 

d50 12.7 9.93 5.91 3.08 2.00 

d30 4.75 3.08 1.10 0.425 0.263 

d15 0.989 0.489 0.179 0.100 0.062 

d10 0.489 0.212 0.096 0.068 0.045 

Cc 2.57 2.97 1.38 0.459 0.324 

Cu 36.7 71.2 95.3 85.0 106 
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Table 5.1: Engineering Classifications for Each of the GSD’s 

 

Gradation 5% Fine Upper Bound Baseline Lower Bound 5% Coarse 

USCS 

Classification 
SC

 
GP-GC GW-GC GW GW 

AASHTO 

Classification 
A-2-4(0) A-2-6(0) A-2-6(0) A-2-4(0) A-2-6(0) 

 

 

 

 As anticipated, the classifications came out to be gravels or sands.  The two coarsest blends 

were classified as well graded gravels, while the baseline was classified as well graded gravels with 

clay.  The upper bound gradation was classified as a poorly graded gravel with clays.  The finest 

blend was classified as a clayey sand with gravel.  It was interesting to note that the secondary 

symbols of the classifications were that of clay.  The rock powder, which made of the fines portion 

of the aggregate material, behaved like a clay more than a silt, which what it was initially thought to 

behave like.  When looking at the results for the shear strength testing and resilient modulus 

testing, it appeared that as the fines reached a certain point, around the 8% mark; they began to 

govern the behavior of the mixture.  Seeing that the fines were clay, they would be more reactive 

and thus could have a large influence over the material behavior.  In the 5% fine blend most of the 

material was found on the No. 4 sieve.  With little material larger than that and the rest of the 

material in the small sand grain range, this material was the closest to a soil blend and some of the 

earliest versions of aggregate base course used in the United States.  Once again, an important 

conclusions that can be drawn out of these classifications is that the blends are all very similar 

except for the blends that fall 5% outside of the North Carolina Department of Transportation’s 

boundaries for acceptable aggregate blends. 

 



161 

 

5.2) Aggregate Base Course as a Soil 

 

 

When considering the soil characteristics of aggregate base course, as shown in section 5.1, 

the coarse gradations can be considered as well graded gravels.  The very fine gradations are a 

different story.  They are classified as poorly graded gravels or sands containing clay.  This divide 

between the gradations follows along with much of the data found through the experimentation.  

The coarse blends are stronger, and sometimes more resilient.  However, the line between these 

two seemingly different soils is in reality fairly thin. 

In this study, it was found that generally there was not a huge difference in performance 

between the gradations, but that there was a slight edge in desired strength and resiliency at low 

confining pressures for the coarser blends.  The coarse blends also have the advantage of improved 

permeability so that if freeze thaw action was ever a concern, then the water would drain away 

from the road base, keeping it dry.  With those things in mind, one might go ahead and suggest that 

the acceptable ranges for grain size distribution could be shifted to more coarse blends.  While this 

makes sense from the strength testing, other factors may come into play.   

 One of the major field observations that came out of the compaction testing was the fact 

that while most of the blends were very stable to pack and created solid samples, the 5% coarse 

samples were a different story.  The large amount of coarse particles in the blend made mixing and 

compacting the specimens very difficult.  As noted in section 3.3 when the 5% coarse specimen was 

compacted, the water content became more and more unpredictable as it got around 6%.  At that 

point, the specimen could no longer hold any more water and whatever was in excess of around 6% 

became standing water on top of the sample.  Another observation from those compaction tests 

was that while other blends would compact and for the most part remain in their deformed state, 
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the coarse sample, especially at high water contents would never become stable.  As one portion of 

the sample was compacted, the opposite side would heave.  This continued throughout the entire 

compaction process.  This unstable behavior was also seen when compacting the samples for the 

triaxial testing and the resilient modulus testing.  This instability of the material may also be the 

reason behind the sudden drop in resilient modulus values as larger stresses were applied. 

 In looking at the internal stability due to hydraulic loading for erosion of the sample, one 

could look at the material in terms of filter requirements.  Since the fine particles help keep stability 

in the material and they prevent the formation of tunnels and sinkholes, you need to material to be 

able to retain its fine particles.  On the other hand, you also want the material to be permeable 

enough so that water is not trapped in the base of the roads leading to frost heave in the winters 

and degradation of the road base.  According to Terzaghi et al. (1996) the internal erosion of filters 

was prevented if the d15 of the filter material was ¼ the size of than the d85 of the base material or 

greater.  Lowe (1988) suggests that this same filter criteria can be used to check a single soil for “self 

filtering.”  By that, Lowe means to say that the grain size distribution of a soil may be so that the 

larger and smaller particles act as a filter upon themselves.  What Lowe (1988) proposes is that if 

one were to divide the grain size curve of a soil at any arbitrary point, and take the d15 of the coarser 

fraction and compare it to the d85 of the finer fraction and that ratio is less than 5, the soil can be 

considered self filtering and thus internally stable against erosion.  This was done for all of the grain 

size curves in this study.  The arbitrary point chosen was at 30% passing.  So the d15 for the coarse 

fraction was measured at 40.5% passing for the entire curve, while the d85 of the fines fraction was 

measured at 25.5% passing for the entire curve.  The results of this analysis appear in Table 5.2.  The 

d15’/d85’ ratios shown in Table 5.2 show that according to Lowe’s (1988) criteria for internal stability, 
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that all of the soils should be self filtering.  One observation that can be made is the fact that the 

coarse soils were originally hypothesized to be the least internally stable, but in fact they are the 

most internally stable soils.  This is most likely due to the fact that there is an absence of very small 

fines in the coarse gradations, which means only larger particles are present, making internal 

erosion more difficult.  The least stable blend is the Upper Bound grain size distribution.  The lower 

stability in this gradation is due to the fact that it is coarse enough to have some larger particles, but 

at the same time large amount of fines are present and would be more prone to erosion.  These 

findings bring up somewhat of a dilemma.  In testing, it was observed that the coarse blends were 

unstable under loadings, while this analysis shows the fine blends have the potential to become 

unstable due to hydraulic activity.  As a result, it appears as though the optimal blends as far as 

stability is concerned are the Baseline and Lower Bound gradations. 

 

Table 5.2: d Values for Internal Stability of ABC 

Diameters 5% Fine Upper Bound Baseline Lower Bound 5% Coarse 

d15’ [mm] 1.00 1.53 3.51 6.94 8.92 

d85’ [mm] 0.240 0.338 0.849 2.14 3.51 

d15’/d85’ 4.17 4.53 4.13 3.24 2.54 

 

  While the permeabilities of the gradations were never measured in this study, they can be 

estimated by Hazen’s (1892) empirical equation.  Equation 5.1 shows Hazen’s equation as presented 

in Terzaghi et al. (1996).  This is a rough estimate, but since his studies were conducted and proven 

fairly effective in predicting the permeabilities of sands, they should be close when dealing with this 

coarse material. 
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                                                         (5.1) 

 

 Where d10 is in mm. Table 5.3 shows the coefficient of permeability results for each 

gradation using the previously calculated d10 values. 

 

Table 5.3: Coefficient of Permeability Estimation for Each Gradation 

 

Parameters 5% Fine Upper Bound Baseline Lower Bound 5% Coarse 

d10 [mm] 0.045 0.068 0.096 0.212 0.489 

k [m/s] 2.0x10
-5 

4.6x10
-5 

9.2x10
-5 

4.5x10
-4 

2.4x10
-3 

 

 

 

 According to the criteria presented in Terzaghi et al. (1996) k values up to the order of 

magnitude of 10
-6

 m/s are considered soils with good drainage.  The upper bound and especially the 

5% fine specimens are at the very edge of the boundary between good and poor drainage.  This was 

expected, and shows that the 5% fine samples may be very susceptible to poor drainage and frost 

damage as well as water damage.  This poor drainage could also be even worse if clay from the 

surrounding site was introduced to the aggregate base course during the construction process.  

Because of the fineness of the material, some clay or extra fines present in the material would cause 

problems, where in the more coarse blends, the very large particles and void spaces may be able to 

overcome some contamination. 

 Another simple conductivity estimate can be performed by using the FHWA Subdrainage 

Manual’s (FHWA-TS-80-224, 1980) nomographs.  A nomograph uses the amount of fines, the d10 

value, and the dry density of a soil to predict its coefficient of hydraulic conductivity.  A nomograph 
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investigation was performed on each of the aggregate gradations and the results are presented in 

Table 5.4.  Figure 5.1 shows a sample nomograph for the baseline grain size distribution. 

 

Table 5.4: Coefficients of Permeability from FHWA Nomograph 

Coeff. Of 

Perm. 

5% Fine Upper Bound Baseline Lower Bound 5% Coarse 

k [ft/day] 2.4x10
-2

 4.8x10
-2

 6.4x10
-2 

3.7x10
-1

 10 

k [m/s] 8.5x10
-8

 1.7x10
-7

 2.3x10
-7

 1.3x10
-6

 3.5x10
-5 

   

 

 
Figure 5.1: FHWA Nomograph for Baseline GSD 
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 The results from the FHWA nomographs are much different than those from Hazen’s 

equation.  In this case the permeabilities predicted are much lower.  The nomograph is most likely a 

better representation because it account for fines and dry density as well as the d10 value.  As a 

results, now th3 5% coarse and the lower bound curves are the ones with “good” drainage according 

to Terzaghi (1996).  The baseline and upper bounds are considered to have poor drainage.  Once 

again the 5% fine sample is the least permeable and thus it is considered practically impervious 

according to Terzaghi.  Having a soil that was practically impervious would lead to many ill effects in 

the road base performance such as water retention and frost damage. 

 Overall it appears that the aggregate base course studied can act as two totally different 

soils.  However, in practical use the in place NCDOT specification gives a more uniform soil, whose 

differences are not that many, and whose performance in the end is fairly even.  So when thinking 

about aggregate base course as a soil, it should be considered a well graded, and clayey gravel.  

Anything more gravelly or more like sand should be thought of as an unusable base course material 

due to the stability issues addressed before. 

 

5.3) Variation of Gradation and its Effects 

 

 

 Examining the results from all of the testing gives a very good idea of how gradation 

affects the performance of aggregate base course material.  From section 3.3, it was clear that the 

baseline gradation gave the highest dry density.  As it was the gradation in between the finest and 

the coarsest acceptable blends, the combination of fine and coarse particles should lend itself to a 

more dense packing.  The surprising result out of that study was the fact that the densest packing 

was only around 3 pcf greater than the more poorly graded aggregate blends, which one would 
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expect to have lower packing densities.  In all, it can be concluded that of the gradations chosen, 

there was not a significant difference in the dry densities and that the packing density of the 

material probably doesn’t have much if any effect on the performance of the material.  The density 

of aggregate blends was found to be very important in many of the studies examined in the 

literature review.  Those differences in density dealt with much wider gradation variations.  They 

also dealt with different materials, whose gradations were much more different than the narrow 

range of gradations chosen in this study. 

 In order to understand why these blends may not vary in density very much, it would be 

useful to look at theoretical grain size distribution curves which maximize density of ideal particles. 

Often aggregate blends for concrete and aggregate mix design are based upon 

mathematical relationships design to given a curve for optimum packing.  As discussed in the 

Significance of Tests and Properties of Concrete and Concrete Aggregates (1955), in 1907 Fuller and 

Thompson developed an equation for an aggregate blend which gave the minimum void ratio for 

aggregate particles in concrete.  The result of their work was Equation 5.2. 

                                                           � 100 
 ��� ����⁄                                                             (5.2)                                                                             

 Where P is the percent passing, di is the diameter in question, dmax is the maximum particle 

diameter in the blend. 

It was later discovered that this equation made a concrete mixture which was very hard to 

work with and could not be used in the field.  It was also discovered that the equation they 

developed was only applicable to the particular aggregate blend that they tested.  In 1923 Talbot 

and Richart developed another equation that incorporated the fineness of the material into the 

aggregate blend.  Equation 5.3 shows this equation. 
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                                                           � 100 
 ��� ����⁄ ��                                                         (5.3) 

 Where β is the fitting parameter for the optimum curve.  According to Santamarina et al. 

(2001), β usually varies between 0.3 and 0.5 where the smaller number correlates to a larger 

amount of fines. 

 

 

Table 5.5: Resulting Percent Passing From Fuller and Talbot Curves at Each Sieve Size 

 

Sieve 

Size 

Openin

g Size 

[mm] 

5% 

Below 

GSD 

Lower 

Bound 

GSD 

Baseline 

GSD 

Upper 

Bound 

GSD 

5% 

Above 

GSD 

Fuller 

Curve 

[Talbot 

Beta = 

0.5] 

Talbot 

Relation 

[Beta = 

0.3] 

1 1/2 in 38.1 100 100 100 100 100 100 100 

1 in 25.4 70 75 86 97 100 81.6 88.5 

1/2 in 12.7 50 55 67.5 80 85 57.7 71.9 

No. 4 4.75 30 35 45 55 60 35.3 53.5 

No. 10 2 20 25 35 45 50 22.9 41.3 

No. 40 0.425 9 14 22 30 35 10.6 26.0 

No. 200 0.075 0 4 8 12 17 4.44 15.4 
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Figure 5.2: Fuller and Talbot Curves vs. Gradations Used in Gradation Study 

 

 

 

 A couple of observations can be made from Figure 5.2.  One major observation is that the 

Fuller curve closely resembles the lower bound gradation.  If this curve truly represents the blend 

with the densest packing, then it is clear that the maximum dry density of 138 pcf obtained for the 

baseline gradation must not be the maximum possibly density that can be achieved with this 

material.  This raises the question as to why the baseline gradation is the way it is.  The answer to 

that question may deal with several of the issues originally raised with Fuller’s work.  An aggregate 

blend with that curve may be very hard to work with.  The shape of the grain size curve that most 

resembles Fuller’s curve is the 5% coarse gradation.  As noted earlier, that blend was very difficult to 
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work with in making samples and in compacting.  Another reason the curves may be different comes 

from the fact that Talbot found that Fuller’s curve was the maximum dry density for the particular 

material Fuller worked with, but not of every material.  It may be that the aggregate material used in 

North Carolina may have a different optimum curve.  In order to examine the makeup of these grain 

size curves, the Talbot equation was used to find the β value for each of the five grain size 

distributions.  Figures 5.3 through 5.7 show the Talbot fits for each of the five gradations.  Table 5.5 

shows the fitted β value to each curve. 

 

 
Figure 5.3: 5% Fine GSD Talbot Fit 
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Figure 5.4: Upper Bound GSD Talbot Fit 

 

 
Figure 5.5: Baseline GSD Talbot Fit 
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Figure 5.6: Lower Bound GSD Talbot Fit 

 

 
Figure 5.7: 5% Coarse GSD Talbot Fit 
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Table 5.6: β Values for Five Grain Size Distributions 

Parameter 5% Fine Upper Bound Baseline Lower Bound 5% Coarse 

β 0.235 0.273 0.364 0.507 0.610 

 

 

 By examining Table 5.6 some interesting observations can be made.  Much like what was 

seen in Figure 5.2, the β values or the Upper Bound curve and the Baseline GSD are very close to the 

fine gradation suggested by Talbot.  The Lower Bound has a β value of 0.507 which is very close to 

the 0.50 suggested by Fuller for the optimum blend.  Much like what was found in Fuller’s study, the 

0.50 β value does not correlate with the absolute maximum density.  For this study, it appears that 

the Baseline GSD’s β value of 0.364 is closer to the optimum value for this particular material.  By 

examining the compaction results, this is justified as the maximum dry densities for the Baseline and 

Lower Bound curves are 138 pcf and 137.3 pcf respectively.  While the Upper Bound gradation has a 

maximum dry density of 135.8 pcf.  This would suggest that the maximum density most likely lies in 

between the Baseline and Lower Bound curves, but does not exhibit maximum packing at a β value 

of 0.5.  The three aggregate blends used by the NCDOT are very close to the range of normal β 

values proposed by Talbot (1923).  Overall it appears as though the boundaries for the specifications 

used by the North Carolina Department of Transportation were developed following the principles 

proposed by both Fuller and Talbot, whether knowingly or unknowingly.  The slight difference in the 

β values is due to material differences from their tests as well as other factors which may have gone 

into consideration.  Those factors would include permeability requirements as well as workability 

requirements.  One thing to take from this analysis would be that Talbot’s relationship could be used 

to create new blends for further experimentation or even to create specifications.  Since these 
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curves fit so nicely to the data, it would be very simple to investigate the effects of even more 

extreme gradations by simply changing the β value.  Specifying the β value for acceptable gradations 

could also be used instead of the current acceptable passing ranges.  The use of certain β values 

would create much more controlled mixtures, and thus would result in more uniform behavior. 

 While the density may not be different enough in the gradations chosen in this study to 

affect the performance, the packing may have had a significant effect to cause performance 

differences.  A good way to look at the effect of the packing would be to look at the specific surface 

of the material.  A useful way of calculating the specific surface comes from Santamarina et al. 

(2001) which is shown in Equation 5.4. 

                                                               �� �
�������
��� !"#$

                                                           (5.4) 

 

 Table 5.7 shows the specific surface values for each of the gradations used in this study. 

 

 

 

Table 5.7: Specific Surface Values for Each Gradation 

 

Values 5% Fine Upper Bound Baseline Lower Bound 5% Coarse 

Cu 106 85.0 95.3 71.2 36.7 

D50 [mm] 2.00 3.08 5.91 9.93 12.7 

Ss [m
2
/kg] 15.6 8.29 4.81 2.19 0.956 

 

 

 

 Table 5.6 shows something very interesting.  While the densities between the gradations 

only ranged from 138 pcf to 135 pcf, a mere 2%.  The specific surface between the fine and the 

coarse blends vary as much as 1,900%.  That is a huge difference in surface area to mass.  What that 

means is there is 19 times the surface area per gram of fine blend as there is for one gram of the 

coarse blend.  That fact, coupled with the inclusion of fines (i.e. passing the #200 sieve) in the rock 
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flour means that the particles in the 5% fine blend would be much more reactive and thus would 

have more influence over the material’s behavior.  According to Santamarina et al. (2002) the 

specific surface can indicate material behavior.  The authors suggest that if the Ss value is greater 

than 1, which all of these blends have except the 5% coarse sample, then the surface related forces 

control the material response, alter fabric formation, and control all sorts of other behavior of the 

material.  Since it is widely accepted (e.g. the USCS classification system) that fines can control 

material behavior, especially when present in large amounts, this appears to hold true.  In the 5% 

coarse sample, there were no fines.  In the other specimens however there are fines present and 

this specific surface value would suggest that they influence the behaviors seen in the testing done 

for this study.  Figure 5.8 highlights the relationship between the specific surface and the amount of 

fines.  A second order polynomial was fitted to the data points.  The fit was very nice, and it suggests 

that as the amount of fines increases, the specific surface increases in a squared amount.  That 

suggests by increasing the fines just 10 percent, the specific surface would increase by 100 times.  

That simple relationship illustrates the great effect of adding fines.  Since the behavior of the soil is 

controlled by specific surface, it shows the great effect of just a few fines.  This relationship is very 

important when considering different blends.   
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Figure 5.8: Specific Surface vs. Percent Fines 

 

 The effects of gradation have been examined in terms of compaction.  Now it is time to look 

at the effects of gradation on the strength properties.  As shown in section 4.1.1 it was found that as 

the gradation became coarser, the undrained shear strength of the material increased.  Figure 4.28 

and Table 4.1 show the results of those tests.  Tables 4.2 and 4.3 show the strength results from the 

standard triaxial testing as well. 
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Table 4.1: Average Undrained Shear Strength Results For UU Testing 

 

Gradation 

Average Undrained Shear 

Strength at Peak 

[psi] 

Average Undrained Shear 

Strength at 15% Strain 

[psi] 

5% Fine 39.85 30.49 

Upper Bound 41.63 31.71 

Baseline 50.38 39.35 

Lower Bound 57.85 48.51 

5% Coarse 67.23 46.39 

 

 

 
Figure 4.28: Comparison of Undrained Shear Strength Results 

 

 

Table 4.2: Standard UU Test Results 

 

Test - Gradation γd-max [pcf] Rd [%] Su [psi] 

Upper Bound 127.2 93.7 34.9 

Lower Bound 127.9 93.1 44.4 
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Table 4.3: Standard CU Test Results 

 

Test - 

Gradation 

γd-max [pcf] Rd [%] Eu [psi] φ’peak [deg] Su [psi] 

Upper Bound 128.7 94.7 2,975 43.1 61.1 

Lower Bound 128.9 93.9 2,210 43.4 125.5 

 

 

 

 Considering Figure 4.28, the behavior of increasing shear strength as the coarseness 

increases is seen.  In the large scale UU testing, the average undrained shear strengths increased 

approximately 69% between the finest gradation and the coarsest gradation.  As mentioned earlier, 

once the amount of fines reaches around 12% (the upper bound curve and the 5% fine curve) the 

average undrained shear strength actually levels off.  This would indicate that at that point the fines 

in the aggregate blend are most likely controlling the behavior of the material.  This behavior is 

consistent with the USCS classification system which classifies soils differently once they reach a 

total of 12% fines. 

 The increase in shear strength for the large UU tests between the upper bound curve and 

lower bound curve is around 39%.  For the standard UU testing, the increase in undrained shear 

strength was around 27%.  While these two values do not match exactly, clearly consistent.  By 

looking at the behavior of the unconsolidated undrained testing, one can predict the behavior of the 

aggregate base course as it is applied in the field.  The difference in behavior between the upper and 

lower bounds of the NCDOT specification shows a greater value for the lower bound of the curve, 

with the difference in performance is approximately 16 psi (30%) between the blends.   

 Looking at the CU tests from the standard triaxial testing, a much larger performance 

difference is seen.  The internal friction angles of the blends are similar at approximately 43°.  The 
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undrained shear strength for each sample however is much different.  The strength of the lower 

bound sample is approximately double that of the upper bound.  More testing is needed in this area, 

but if these results were to show a trend matching this great rise in shear strength, then it would be 

beneficial to recommend a gradation which is much more coarse than what is currently in place.  

Caution must be applied to these results however, because the blends for the small triaxial samples 

were not the same as the blends that would be put into the field.  This high rise in shear strength 

may be related to the large amount of No. 4 material in the lower bound samples, and if CU tests 

were run on large scale tests which did not have rock replacement, the results could be much 

different. 

 The next area to look at with the effects of gradation on the performance of aggregate base 

course of material would be to examine the effects of gradation on the resilient modulus a bit 

further than before.  As mentioned in section 4.1.2 it was found that at low confining pressures, the 

resilient modulus values for the coarse blends were found to be slightly greater than the resilient 

modulus values for the finer blends.  These states of low confining pressure, such as 3 psi and 5 psi, 

mimic the field conditions at which the aggregate material would be exposed.  This layer of 

aggregate material is at most one to two feet below the surface, and would have very little if any 

confining pressure acting on it.  On the other hand, at high confining pressures, it was found that the 

finer gradations had better performance.  It has been theorized several times in this report as to the 

reason this change happens, but it is most likely due to internal stability of the soil structure when 

large stresses are applied.   
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5.4) The Effects of Other Factors 

 

 

 A quick summary of the effects of other factors affecting the performance of aggregate base 

course will help in the recommendation of a gradation for future use as well as a testing regime that 

would make future testing in this area much more meaningful as well as give much better results.   

 The first factor that was looked at had to do with the plasticity of the fines.  As discussed 

before, fines can be very important in the material performance of the aggregate material.  In the 

past it was found that having fines with too great a plasticity caused the material to become weaker 

and more susceptible to water when it was introduced into the road base.  The effect of plasticity 

also relates to the frost susceptibility of the aggregate base material.  It was found that material that 

did not drain well, and material that had highly plastic fines, were susceptible to frost damage, 

especially in colder regions.  This would suggest the use of low, to non plastic fines with a more 

coarse gradation for better drainage.  As shown in section 5.3, the finest gradation in this study still 

had what was considered good drainage, but the value which was obtained was so close to what 

was considered poor drainage, that any variation from that gradation would cause major problems. 

 Another factor that was found to affect the performance of the material had to do with the 

testing itself.  Size was found to play a part in the values obtained for undrained shear strength.  It 

was found from the standard testing that smaller samples gave slightly lower undrained shear 

strength values.  This was not conclusive because of the gradation differences between the samples.  

What it did show however was that in order to accurately recreate the conditions of the material in 

the field, specimens at least 6” in diameter needed to be used.  Going along with testing behavior.  It 

was found in the literature that the aggregate material in the field is actually exposed to an-isotropic 

conditions.  It has been shown how the material in the field would only be exposed to very low 
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confining stresses because of the shallow depths the material would actually be used.  On the other 

hand, very large axial stresses would be applied to the samples since the traffic loads, especially 

from larger vehicles would apply very large point loads on the road base.  Since no CU testing was 

conducted on large samples, the samples were not consolidated anisotropically, but in the future, it 

would be wise to consolidate the samples in a more realistic manner which would be present in the 

field.   

 Finally, particle shape was examined in order to see the effects of the material’s shape on 

the performance behavior.  A simple study was done in order to assign values for roundness and 

sphericity to the particles at each sieve size.  It was found that the larger particles were more 

elongated and had sharper edges than the smaller particles.  The particles especially at the No. 40 

sieve and below showed they were much more uniform and had softer edges.  It was theorized that 

this shape difference between the fine and coarse material could have been one of the major 

contributors to the lowered strengths seen in the triaxial testing.  

 Cho et al. (2006) examined the effect of particle shape on determining critical state 

parameters.  Cho found several interesting relationships.  Equations 5.5 and 5.6 show those critical 

state relationships.  By using the roundness values found in Section 3.4, presented in table 3.14, 

those parameters can be estimated for the five gradations. 

                                 %&� � 42 ) 17 
 +                                                                 (5.5) 

                                                                          , � 1.2 ) 0.4 
 +                                                                  (5.6)          
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Table 3.14: Average Sphericity and Roundness for Aggregate Material for Each Sieve Size 

 

Sieve Size Average Sphericity Average Roundness Description per 

Powers (1953) 

1” 0.50 0.33 Subangular 

½” 0.53 0.33 Subangular 

No. 4 0.49 0.31 Subangular 

No. 10 0.50 0.36 Subrounded 

No. 40 0.63 0.49 Subrounded 

No. 200 0.61 0.49 Subrounded 

 

Table 5.8: Critical State Parameters Estimated From Particle Roundness 

CS Parameter 5% Fine Upper Bound Baseline Lower Bound 5% Coarse 

R 0.391 0.388 0.375 0.364 0.361 

φcs [°] 35.4 35.4 35.6 35.8 35.9 

Γ 1.04 1.04 1.05 1.05 1.06 

 

 

 Examining the results from Table 5.8, a better understanding of the aggregate behavior is 

available.  Since no CU testing was performed, this relationship gives very helpful values for future 

analysis of the material.  The small differences in roundness only yield minimal differences in the 

critical state friction angle.  Since all of these gradations are very close and they are made of the 

same mineralogy, this relationship seems reasonable.  The slope λ was found by Cho et al. (2006) to 

be estimated poorly by particle shape.  Thus in order to get a full understanding of the critical state 

parameters of these soils, CU testing is needed.  What this data does give is a very simple way to 

estimate critical state strength of the aggregate material.  Because of the small discrepancies in 

critical state angle, it appears in this case that particle shape is not critical in the performance 

differences in these gradations. 
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In reality there are many other factors that go into the performance of aggregate material.  

Other factors that should be considered in future studies include the effects material composition.  

The effects of the location of the aggregate quarry, and the effects of different fine materials on 

aggregate blends. 

 

5.5) Recommendation of the Optimum Blend for ABC 

 

 

 Based on all of the testing, the literature review, and the examination of other factors on 

material performance such as permeability, and particle shape, it appears that as the coarseness of 

the blends increases, the higher the strength and resiliency.  In recommending a new guideline for 

aggregate blends, the obvious answer may seem to be to recommend a more coarse specification 

with a limit on the number of fines, while the coarseness of the material could be as much as 5% 

more coarse than the current standard.  Based on strength tests, that recommendation would seem 

like the obvious choice.  Unfortunately there are many other factors that come into play as the 

coarseness of the material is increased. 

 As the material becomes coarser, the workability of the material decreases.  As discussed 

when the Fuller curve was examined in section 2.4.4, later literature suggested that the Fuller curve 

did give a very dense curve, but the aggregate blends were very hard to work.  The difficulty in 

workability was experienced during the moisture density testing.  Every gradation except the 5% 

coarse blend could be compacted and would remain stable.  As all of the fines were removed from 

the material, it appeared as if the stability was lost.  If a very coarse blend like this was placed in the 

field, it would have to be compacted with a vibratory compactor, however stability of the aggregate 

may still be an issue.  The question of stability with the very coarse samples was also raised in the 
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resilient modulus testing.  As the stresses increased on the aggregate material, the coarse blends 

appeared to become more unstable and thus lost a lot of their resiliency.  This was not an issue with 

the finer blends, and was most likely due to the internal stability provided by the fine particles in the 

soil structure.  Even though permeability was not tested, it was theorized that if the soil was too 

coarse, there may be erosion of the smaller particles over time as water passed through the 

aggregate base.  In order to counter this, a greater mix of particles was necessary. 

 It was obvious from the testing that using a blend 5% more fine than the standard only 

served to hurt performance of the material.  That particular blend had lower strength, lower 

resiliency, lower density, and was found to be susceptible to poor drainage, to more rounded 

particles, and the possibility of frost damage.  It is clear that there would be no performance 

advantage in recommending a finer blend than is already in place.  In reality, the upper bound of the 

NCDOT’s curve had similar strength and resiliency values as the 5% fine sample.  Since the fines 

content in both blends is 12% and above, it is very likely that the fines govern much of the behavior 

of the material.  As shown in the literature, material with fines contents greater than around 8% are 

governed by those fines.  This would suggest that the finest that the aggregate blends should be 

would be the baseline grain size distribution. 

 As a result of these findings, the best recommendation for aggregate base course blends 

would be to do one of two things.  In order to get the best performance however, it is the 

suggestion of the author that the finest blend for the aggregate base course specification should be 

the baseline grain size distribution used in this study and the coarsest blend should remain as the 

lower bound of the NCDOT specification.  The benefit of narrowing the specification would be that 

most of the blends would be coarse in nature and thus would have greater strength and resiliency 
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values, but they would still have enough particles to maintain stability and workability.  The 

performance difference for any gradation within those narrow bands would be very small and thus 

the performance of road bases could be predicted and accounted for in road design.  By being able 

to predict the behavior of road base material, it would limit the amount of work needed in other 

studies, especially when looking at things like the effects of the thickness of the road base on the 

strength of the road. 

 

 

 
Figure 5.9: Recommended Grain Size Curves for Best Aggregate Base Course Performance 
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Table 5.9: Recommended Gradation Range for Best Aggregate Base Course Performance 

 

Sieve Size Opening Size [mm] Recommended Limits For 

Percent Passing [%] 

1 ½” 38.1 100 

1” 25.4 86 - 75 

½” 12.7 68 - 55 

No. 4 4.75 45 - 35 

No. 10 2 35 - 25 

No. 40 0.425 22 - 14 

No. 200 0.075 8 - 4 
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CHAPTER VI – CONCLUSIONS AND RECOMMENDATIONS 

 

 

6.1) Conclusions 

 

 

 When looking at the effect of the gradation of aggregate base course on the performance of 

the material, several key conclusions were drawn from this study.  Those conclusions can be broken 

down into several categories, the first being conclusions drawn from material characterization, the 

second being conclusions drawn from strength testing, third being conclusions drawn from 

additional testing and analysis, and finally conclusions can be drawn from the testing conducted 

itself. 

 Overall, aggregate base course was found to be a well graded gravel that became more of a 

sand at the finer gradations.  The fines in the material used during this particular test were found to 

have clay like hydraulic properties.  It was found both through literature study and through 

experimentation that one of the most important factors that influenced the results of all of the 

testing was the amount of fines in the material.  Both the literature and test results showed that as 

fines made up around 12 percent or greater of the total mass of the material, then those fines 

governed much of the behavior which was observed.  Once the fines reached that amount, the 

larger particles made up less of the skeletal structure of the aggregate material and were more of 

larger particles floating in a sea of fines.  This was observed experimentally, because the two finest 

gradations had very similar numbers in resilient modulus, undrained shear strength, maximum dry 

density, and Atterberg limits.  Since the majority of the strength of aggregate base course comes 

from the larger particles, it was concluded that the amount of fines should be limited to either the 

current standard, or even better around 8% as found in the baseline gradation. 
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 The strength testing in this experiment yielded many fruitful results.  One was that was 

found was that as the gradations became more coarse, the aggregate base course material had 

better pavement performance characteristics.  The other important conclusion to come out of this 

experimentation was that the 5% coarse gradation which had no fines, lost some of its internal 

stability.  This loss of material stability is of concern, and it serves to set a limit as to how coarse an 

optimal gradation would be. 

 Additional analysis was done on the material in terms of particle shape, hydraulic 

conductivity, and testing characteristics.  It was found that conductivity may be one of the most 

important considerations when considering aggregate base course behavior.  The reason for this 

came from the fact that in cold regions, it was found that frost action could be a major source of 

road base failure.  If improper drainage existed, then the road base would be exposed to water and 

freeze/thaw damage.  Particle shape was also found to be an important factor in material behavior.  

Many times in past studies, it was found that crushed, angular aggregate gave much better 

performance than natural more rounded gravel.  The material used in this study was crushed 

aggregate, but it was found that as the particle size decreased, the particles became more rounded 

and spherical in shape.  This softening of the shape of the aggregate material was theorized as being 

one of the reasons for the decreased performance of the aggregate material in strength testing.  The 

rounded particles would decrease the effect from interlocking of particles.  Through some empirical 

analysis, it was found that as the average roundness of each gradation increased, they critical state 

friction angle decreased.  The differences for these particular gradations however were minimal.  

The effect of particle shape would be more prevalent if the aggregate materials varied, than in this 

case where the gradations varied slightly.  The manner in which the tests were conducted was also 
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shown to be an important factor in the material behavior.  It was found that for future studies, 

anisotropic consolidation should be used for the shear strength testing in order to simulate field 

conditions more accurately. 

 Finally, several conclusion were made from the testing itself.  It was found that aggregate 

studies should be conducted on large samples (6” or greater in diameter) in order to get the most 

accurate representation of aggregate base course material used in the field.  Rock replacement was 

experimented with on smaller triaxial specimens, but the data obtained from these tests did not 

correlate well with the data from the larger tests.  Another conclusion drawn from testing on 

aggregate base course material was that under consolidated undrained conditions, the material 

became very strong and that a load cell of at least 20,000 lb capacity is needed in order to complete 

large scale CU testing.  It was also found that deformations on large samples are much larger than 

normal, and all LVDT’s be able to measure at least 2” of deformation. 

 Overall in terms of recommendations for the specifications of aggregate base course 

material, it was concluded that the current standard was reasonable.  It was recommended that the 

standard could be adjusted in order to narrow the range of acceptable gradations.  That adjustment 

would call for setting the new upper bound grain size curve to the baseline curve used in this study.  

By narrowing the band of acceptable gradations, the strength performance of the material would be 

more predictable.  It would also serve to increase the average strength properties on all road bases 

since the coarser gradations gave larger strength benefits.  The more coarse gradations would also 

have the benefits of good drainage.  On the other hand, by keeping the lower bound of the 

specifications where they are, the problem of internal aggregate instability in the very coarse blends 

is avoided as well as the workability issue associated with the 5% coarse curve.   
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6.2) Recommendation of a Complete and Effective Testing Schedule 

  

 

 Based on the knowledge obtained from running the experiments for this study, the next 

section of this report will seek to develop and recommend a series of tests that should be run and 

what procedure should be used in order to conduct another similar study in the future.  

 The first step in recommending tests for future studies is to look at all of the testing done for 

this study and examine the benefits/problems and possible improvements to each one.  The first 

test performed on this material was a simple grain size distribution test.  This actually took a lot of 

time and was fairly.  Since combining gradations was the goal of the study, breaking down a bulk 

sample of material in the beginning was a large time sink.  Since the quarry blends the aggregate 

mixes together to meet specifications, if a new study is conducted, the parties involved should order 

bulk material that has yet to be combined.  So instead of one ton of quarry mixed aggregate 

delivered to site, several hundred pounds of material retained on each sieve should be ordered 

separately.  If a sample of fully mixed aggregate is required, that material could be ordered as well.  

If it is not possible to order this material separate, then larger sieve machines should be used.  It is 

recommended that large sieve pan sized sieve shakers be used such as the ones commonly available 

in concrete laboratories and those used at the NCDOT’s materials testing facility.  If large pans are 

used, the material can be separated much more efficiently and more thoroughly.  One problem run 

into during testing was the fact that so much material had to be sieved and the sieves were so small, 

that it took almost 45 minutes to completely separate the fines.  A larger machine with a more 

vigorous shaking motion would help to correct this problem.  Also, much like in this study, a full 

sieving with wash through should be conducted after all dry sieving to determine the fines that still 

remain in the material retained on other sieves. 
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 As far as determining the sieve sizes to use several options could be available.  One could 

choose to do a similar study and use midline, boundaries, and some percentage finer and coarser 

than the standard in question.  One could also experiment with the shapes of different curves within 

the boundaries, making some more gap graded, while others may be more well graded. 

 Hydrometer testing is also recommended.  One study was done in order to determine the 

behavior of the fines in this experiment.  The data found from that helped to determine the d10 

value for some of the gradations, and thus was used in later analysis. 

 When Atterberg limits testing is run, it was the experience of this study that using both the 

British fall cone method and the traditional Casagrande method served a purpose.  By conducting 

the study on the traditional Casagrande cup and by finding that the material was non-plastic 

according to this test, the study was able to sow that this particular material would meet spec under 

common practice in the United States.  By conducting the British fall cone tests, and finding values 

for the LL and PL, other interpretations could be made about the fines and their effects. 

 Compaction testing should be run much like was done in this study.  The amount of testing 

and gradations used are up to those conducting the new study. 

 As far as strength testing, it would be beneficial to run CU triaxial testing on large specimens 

as opposed to UU testing.  CU testing would allow for more thorough interpretation of results 

because the testing parameters are more tightly constrained.  In order to perform CU testing, a large 

load cell would be necessary, with an axial force limit of at least 20,000 lb.  These tests would also 

need to be at least 6” in diameter or greater since it was found that using rock replacement to 

conduct small samples did not give similar strength values and thus the material behaves very 

differently.  The CU tests should be conducted on at least three samples of each gradation, and the 
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confining pressure difference should be greater than the 2 psi used in this study.  It is the 

recommendation of the author that confining pressures of 5 psi, 10 psi, and 15 psi be used in the 

future.  This would give a larger range of strength values from which to derive a failure envelope.  

Those values however would not be so high that the confining pressure would be unrealistic 

compared to what would be seen in the field.  Also, by conducting a CU test, the critical state 

properties of this material could be determined and used for future analysis.  Due to limitations in 

LVDT length, many of the tests could not be run to the critical state condition because the samples 

were so large, that large deformations were necessary for the sample to reach a steady state. 

 Resilient modulus testing should be conducted as well.  Long LVDT’s should be used when 

conducting these trials, especially for the coarse samples.  In the case of this study, the only LVDT’s 

available were rather small, around 1”, and sometimes the deformations came close to reaching the 

LVDT’s limit.  An LVDT with a length of 2” or greater should be used on future testing.  Because of 

the variability of the results obtained from this experiment, more trials of each resilient modulus 

test should be run in order to get a better understanding of the behavior of the material.  At least 3 

samples for each gradation should be used. 

 In order for the characterization of future aggregate base course studies to be complete, 

several other tests should be run.  A particle shape analysis should be run on the material as shown 

here.  This is fairly simple to do, but in order to gain a better understanding of the material passing 

the No. 200 sieve, a more powerful microscope would need to be used with an optical zoom greater 

than 200x. 

 Since drainage and frost action were found to be so important in the development of many 

of the current standards, a permeability study should also be conducted.  This study should be fairly 
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simple and would require a constant head test for most of the samples.  If some of the finer samples 

had very low permeability a fall head test procedure could be used.  At least 2 trials for each 

specimen should be used. 

 

 

Table 6.1: Recommended Future Testing Regime for a Complete Aggregate Behavior Study 

 

Test Standard(s) Number of Trials Per 

Gradation 

Notes 

Grain Size Distribution 

Testing 

ASTM D 422 2 Perform both sieve and 

hydrometer testing. 

Specific Gravity Testing ASTM D 854 2 N/A 

Particle Analysis Krumbein & Sloss (1963) 1 A microscope with 

magnification greater 

than 200x may be 

needed for fines. 

Atterberg Limits Testing ASTM D 4318 

BS 1377: 1990 

2 Conduct both tests and 

investigate the 

differences. 

Compaction Testing AASHTO T 180 

ASTM D 1557 

2 Large specimens are 

needed, which will 

require modifications to 

the AASHTO and ASTM 

Standards. 

CU Testing ASTM D 4767 3 Large specimens are 

needed, at least 6” in 

diameter.  Use confining 

pressures of 5 psi, 10 

psi, and 15 psi, with a 

20,000+ lb load cell. 

Resilient Modulus 

Testing 

AASTO T 307 3 Use LVDT’s at least 2” in 

length. 

Permeability Testing ASTM D 2434 2 N/A 

 

 

 

6.3) Recommendations for Future Work 

 

 

 This study has yielded many useful results in the study of aggregate base course material 

and its behavior.  In future testing, it would be beneficial to run several additional tests to the ones 
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run in this study in order to get a complete picture of the effect of varying gradation on the 

performance of the material.  Hydraulic conductivity testing should be run on each gradation since it 

was found to be an important factor in the selection of aggregate base course specifications.  Since 

internal stability of the material became a question, it would also be beneficial to run testing on the 

material to see if the more coarse gradations were prone to piping or fines loss under normal 

drainage conditions.  The effects of particle shape, especially with the fines should be more closely 

examined in order to determine the extent at which they influence the strength values seen in this 

study.  One other factor that was seen to be important in the literature review, but was not 

examined here dealt with the mineral composition of the aggregate material.  A study should be 

done which looks at testing aggregate stock from all over the state in order to see if these findings 

are limited to just one type of aggregate or if they apply to every aggregate used.  Finally, since the 

fines were found to be such an important part of the overall material behavior, a detailed study 

should be done in order to better determine their makeup and their internal structure. 
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