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CHAPTER I
INTRODUCTION

Shape has a great impact on the performance of hot mix asphalt (HMA) [McGennis et al.
1995]. Angular and rough textured aggregates promote interlocking among aggregates in HMA
and accordingly, they are desirable physical properties in order to produce mixtures that resist
permanent deformation. On the other hand, the presence of flat and elongated aggregate
particles is undesirable in HMA. Such particles tend to develop poor resilient properties in the
mix, are more susceptible to permanent deformation, and break down during construction.
Therefore, these properties need to be carefully measured and monitored in HMA production.

In the current Superpave system, technicians determine coarse aggregate angularity by
manually counting the number of fractured faces (ASTM D 5821) (American Society for Testing
and Materials). Fine aggregate angularity is measured by the uncompacted void content in a
sample of fine aggregate that is poured into a calibrated cylinder after flowing through a standard
funnel (Method A, AASHTO T304)(American Association of State Highway and Transportation
Officials). Researchers normally use proportional caliper to determine the form (flat and
elongation) of coarse aggregate particles (ASTM D 4791).

Fine aggregate angularity tests cannot always discern between poor and good performing
aggregates [Huber et al. 1998]. Packing properties (i.e., uncompacted voids) of aggregate are
not only a function of angularity, but are also affected by surface texture, gradation, and
aggregate specific gravity. Furthermore, the test methods for measuring coarse aggregate
properties are laborious, and it is often difficult to test a large enough aggregate quantity to be
considered as a representative sample. These tests are also subjective due to the fact that the
determination of the degree of flatness and elongation is based on visual inspection. In addition,
the current flat-elongation procedure yields a single index reflecting the proportion of aggregates
that exceeds a predetermined average dimension ratio. This method is far less descriptive than a
probabilistic method for summarizing the results. Another limitation of the current Superpave
aggregate shape tests is that two distinct and unrelated tests are required to measure the
angularity of coarse and fine aggregates.

Recently, we have witnessed a number of advances in the field of imaging techniques.
Electronic and computerized imaging systems offer a great opportunity to speed aggregates
characterization. Researchers now view image analysis techniques for determining aggregate
properties as a viable and cost-effective alternative. They are fast, dependable, and accurate
methods. There is an initial cost involved in setting up a system; however, benefits could easily
overshadow the initial costs by recouping the initial investment through extended pavement life
[Masad 2003].

The main goal of this project is to evaluate the sensitivity of HMA performance to
aggregate properties measured using conventional and image analysis methods. The specific
objectives of this project are:

¢ Quantify angularity, form, and surface texture of both fine and coarse aggregates.
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Correlate aggregate shape properties as classified by image analysis techniques with
performance.

Determine whether surface properties characterized using image analysis techniques
are superior to conventional tests in terms of their correlation to performance.



CHAPTER I
MEASUREMENTS OF AGGREGATE PROPERTIES

This section describes the image analysis techniques and conventional methods
researchers use to measure the aggregate shape properties. It also presents the materials used in
this project.

Image Analysis Methods

A particle shape can be fully expressed in terms of three independent properties: form,
angularity, and surface texture [Masad et al. 2001, Masad 2003]. Form reflects variations in the
proportions of an aggregate. Angularity reflects variations at the corners; that is, variations
superimposed on form. Surface texture is used to describe the surface irregularity at a scale that
is too small to affect the overall shape. These three properties can be distinguished because of
their different scales with respect to an aggregate size.

Form and angularity are analyzed using black and white images as shown in Figure 1.
Particle form is quantified by the summation of the incremental changes in a particle radius in all
directions. Radius is defined as the length of the line that connects the particle center to points
on the boundary. Eq. (1) gives the form index (FI):

9:355‘R9 +5—Ro

Form Index = (1)

6=0 RH

where R is the radius of the particle in different directions, and 0 is the angle in different
directions. The changes in radii are measured with a fixed change in the central angle equal to 5
degrees.

Angularity is analyzed using both the radius and gradient methods. The radius method
quantifies angularity by the difference between a particle radius in a certain direction and that of
an equivalent ellipse (Figure 2). The equivalent ellipse has the same major and minor axes as the
particle, but has no angularity. Normalizing the measurements to the radius of an equivalent
ellipse minimizes the effect of form on this angularity index. The angularity index using the
radius method is expressed as:

R, - R
0 EEO (2)
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Angularity Index-Radius Method=

0-355



where Ryis the radius of the particle at a directional angle 0 , and Regyis the radius of an

equivalent ellipse at a directional angle 0. Figure 2 shows an illustration of the radii used in Eqs.
(1) and (2).

0.31in. (540 pixels)

C

Figure 1. An Example of an Image Used in Form and Angularity Analyses.

Equivalent Ellipse

T~

REEG

Figure 2. All Hlustration of the Radii Used in the Radius Method and Form Index.

The gradient method is based on the concept of gradient vectors. The gradient of an
image f(x,Y) atlocation (x,y) is the vector as shown below:
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It is known from vector analysis that the gradient vector points in the direction of
maximum rate of change of f at (X, y). The two important quantities associated with this vector
are the magnitude and the direction of this vector. The magnitude of the vector is given by Vf |
where:

vf =mag(Vf)=[G> +Gj]% “4)

The direction of the gradient vector has been used in this project to calculate the measure
of angularity of aggregate particles. Let H(X, y) represent the direction angle of the

vector VT at (X, y). Then, vector analysis yields:

O(x,y)=tan™ (%]

y

©)

where the angle is measured with respect to the X axis.

In the gradient method, the direction of the gradient vector for adjacent points changes
rapidly at the edge if the corners are sharp. On the other hand, the direction of the gradient vector
changes slowly for adjacent points on the edge of the particle for rounded particles. Thus the
change in the angle of the gradient vector o for a rounded object is much less compared to the
change in the angle of gradient vector for an angular object. Angularity values for all the
boundary points are calculated and their sum accumulated around the edge to finally form the
angularity index of the aggregate particle. The angularity index is defined as:

N-3
Angularity Index-Gradient Method = Z |l9I - l9i+3| (6)
i=1

where the subscript i denotes the i point on the edge of the particle, and N is the total number
of points on the edge of the particle.

Texture analysis is conducted on gray images similar to the one shown in Figure 3.
Texture is analyzed with the help of wavelet theory, which presents a multi-scale analysis of
textural variation on aggregate images. Wavelet analysis is a powerful method for the
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decomposition of the different scales of texture [Mallat 1989]. The wavelet transform works by
mapping an image onto a low-resolution image and a series of detailed images. The low-
resolution image is obtained by iteratively blurring the original images, eliminating fine details
in the image while retaining the coarse details. The remaining detailed images contain the
information lost during this operation. The low-resolution image can further be decomposed into
the next level of low-resolution and detailed images.

Figure 4 illustrates the Wavelet analysis. The texture information lies in the detail
coefficients LH, HL, and HH. The LH coefficients pick up the high-frequency content in the
vertical direction, the HL coefficients pick up the high-frequency content in the horizontal
direction, and the HH coefficients pick up the high-frequency content in the diagonal direction.
Thus, depending upon the selected detail coefficient, directionally oriented texture information
can be extracted. Since the directional orientation of the texture content is not emphasized in
this project, texture contents in all the directions are given the same weight. Thus, a simple sum
of the squares of the detail coefficients (the texture content) is computed as the texture index of
the aggregate at that particular resolution. More importantly, detail coefficients have
information at different scales, depending upon the level of decomposition. Multi-resolution (or
scale) analysis is a very powerful tool that is not possible using a regular Fourier transform.

400 pixels (0.16 in.)

Figure 3. An Example of an Image Used in Texture Analysis.

To describe the texture content at a given resolution or decomposition level, a parameter
called the wavelet texture index is defined. The texture index at any given decomposition level
is the arithmetic mean of the squared values of the detail coefficients at that level:

6



3
Texture Index  (Wavelet Method) = % z (Di, i (X, y)) (7
i=l j=I

J
where n refers to the decomposition level, N denotes the total number of coefficients in a
detailed image of texture; i takes values 1, 2, or 3, for the three detailed images of texture; j is the
wavelet coefficient index; and (X, y) is the location of the coefficients in the transformed

domain. In this project, the texture is decomposed to six levels. However, only the results from
level six are presented since previous research showed that level six was the least affected by
color variations and the presence of dust particles on the surface [Fletcher et al. 2003]. The
image analysis techniques described above were programmed in a C++ program to facilitate the
analysis.

Original Image Transformed Image
LL HL
2-level Wavelet LH HH HL
Pixel - > /
Values Transformation
LH HH

Detail Coefficients for
1* level transformation

Figure 4. Two-level Wavelet Transformation.

Description of Aggregate Imaging System (AIMS)

Aggregate images were captured using the aggregate imaging system (AIMS) that was
developed recently to capture images of both fine and coarse aggregates [Masad 2003]. This
system is versatile enough to capture images at different resolutions, field of view, and using
different lighting schemes in order to analyze the form, angularity, and texture of fine and coarse
aggregates. AIMS utilizes three closed loop DC servo motor linear actuators with 9.84 in. of
travel in the X and y-axes and 1.97 in. of travel in the z-axis. This allows for precision movement
of all three axes simultaneously and independently from each other. The X-axis motion is running
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on a slider bar where the camera is attached. The y-axis motion of the aggregate tray and back-lit
table is running on a bearing guide assembly, which creates smooth uniform motion.

The z-axis controls the auto focusing of the camera. The auto focus utilizes high spatial
frequency for a signal of a video microscope connected to the camera. The video microscope
has a 16:1 zoom ratio, which allows capturing a wide range of particle sizes without changing
parts. A black and white video camera with an external control is used. The camera is connected
to a magnification lens. The camera and video microscope are attached to a dovetail slide with a
motion range of 11.81 in. in the z-axis to allow the capture of images of a wide range of
aggregate sizes. All motions are connected to a multi-axis external controller that offers both
manual and automatic control of motions, as well as enhanced black level and contrast controls.
The motion of the microscope, the lighting table, and image acquisition at specified resolutions
are all controlled using a program written in Lab View [Masad 2003].

Conventional Tests

Researchers considered the following conventional tests to assess surface properties: fine
aggregate angularity (FAA), compacted aggregate resistance (CAR), and flat-elongated test
(FE). The experimental procedures followed in the first two tests were based on the Superpave
system and according to AASHTO procedures. The method used in the CAR test was based on
the current practice as outlined in Shah’s master’s thesis [Shah 2003]. Brief descriptions of these
test methods are given here for completeness.

The National Aggregate Association (NAA) originally developed the FAA test and was
later adopted by the ASTM as method C1252 and by AASHTO as method T304. The FAA test
measures the loose uncompacted void content of a sample of fine aggregate that fall from a fixed
distance through a given sized orifice. A decrease in the void content is associated with more
rounded, spherical, smooth surface fine aggregate, or a combination of these factors. Method A
of this procedure is used by Superpave to determine aggregate angularity to ensure that fine
aggregate has adequate internal friction to provide rut resistance to an HMA.

The CAR test was developed for evaluating shear resistance of compacted fine aggregate
in its as-received condition. The test works by applying compressive load on the aggregate
specimen using the Marshall testing machine. The compressive load versus displacement is
plotted. The maximum compressive load that the specimen can carry is reported as CAR
stability value. This value is assumed to be a function of the material shear strength and
angularity.

The FE test provides the percentage by number or weight of flat, elongated, or both flat
and elongated particles in a given sample of coarse aggregates. The procedure uses a
proportional caliper device to measure the dimensional ratio of aggregates. The aggregates are
classified according to the undesirable ratios of width to thickness or length to width,
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respectively. Superpave specifications characterize an aggregate particle by comparing its length
to its thickness or the maximum dimension to the minimum one. In this project, the TxDOT
procedure “Tex-280-F” was used to measure the percentage of flat/elongated particles that have
the longest dimension to shortest dimension ratio greater or equal to 5.
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CHAPTER I
MATERIALS AND MIX DESIGN

Table 1 shows materials selected for this project. One limestone, three siliceous gravels
and three granites were selected. The limestone is hard material with low porosity. Gravel-1 is a
siliceous river gravel where both fine and coarse fractions were received crushed from the
source. Gravel-2 is also siliceous but is comprised of crushed fines and uncrushed coarse
aggregate. Gravel-3 is siliceous, and both fine and coarse aggregate portions were uncrushed as
received from the source. The image analysis was conducted on material retained on 0.2 in sieve
and passing 0.46 in. sieve to represent fine aggregates, and retained on the 0.49 in. sieve and
passing the 0.75 in. sieve to represent the coarse aggregates.

Results from Measuring Aggregate Shape Properties
Figures 5, 6, and 7 show the distributions that represent the properties of all aggregates.

Statistical parameters such as the median value can be used to represent the entire population as
shown in Tables 2 and 3.

Table 1. Aggregate Properties—Conventional Test Results.

Source Aggregate Type Aggregate Size and FAA (%) CAR (Ibs) Flat &
Description Fine Compacted Elongated
Aggregate Aggregate Particles
Angularity Resistance

Texas Limestone Crushed Coarse -- -- 12.50
Crushed Fine 45.53 4266.70 --

Texas Gravel-1 Crushed Coarse -- -- 6.40
Crushed Fine (Crushed 47.81 5000.00 --
Natural Sand)

Texas Gravel-2 Uncrushed Coarse -- -- 3.30
Crushed Fine (Crushed 49.85 5000.00 --
Natural Sand)

Texas Gravel-3 Uncrushed Coarse -- -- 6.00
Uncrushed Fine 39.00 480.20 --
(Natural Sand)

Oklahoma | Granite-1 Crushed Coarse -- -- 7.90
Crushed Fine 50.02 4700.00 --

Oklahoma | Granite-2 Crushed Coarse -- -- 15.0
Crushed Fine 47.39 4450.00 --

Georgia Granite-3 Crushed Coarse -- -- 5.00
Crushed Fine 48.00 2232.00 --
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Table 2. Median Values of Fine Aggregate Image Analysis Parameters.

Source Aggregate Type Radius Gradient Form 2D | Texture
Angularity Angularity

Texas Limestone 11.19 2652.38 6.59 192

Texas Gravel-1 12.80 2611.39 9.40 96.00
Texas Gravel-2 14.83 3532.02 7.78 100.00
Texas Gravel-3 9.27 2044.5 5.95 93.00
Oklahoma | Granite-1 17.04 5128.38 8.44 197.00
Oklahoma | Granite-2 19.07 3157.37 9.73 126.80
Georgia Granite-3 17.99 4401.4 7.87 145.00

Table 3. Median Values of Coarse Aggregate Image Analysis Parameters.

Source Aggregate Type Radius Gradient Form_2D | Texture
Angularity | Angularity
Texas Limestone 15.50 3041.00 7.15 245.50
Texas Gravel-1 11.71 2926.85 6.30 110.00
Texas Gravel-2 9.90 1725.24 5.77 91.00
Texas Gravel-3 10.09 1936.26 5.39 150.00
Oklahoma | Granite-1 13.96 2988.81 8.29 276.00
Oklahoma | Granite-2 14.59 2728.66 9.10 150.00
Georgia Granite-3 12.77 3347.32 6.52 422.00

Figure 5 shows that among all the fine aggregates tested, the granites are most angular
while the uncrushed river gravel is least angular as measured by both the radius and gradient
methods. We observed that form values were also higher for the granites compared with other
aggregates. Both limestone and granites possess higher texture values compared to gravels as
shown in Figure 7 (a).

Coarse aggregate image analysis results show that limestone is most angular when
evaluated via the radius method while Granite-3 is most angular when the evaluation is via the
gradient method (Figure 6). This result is because the gradient method captures very small
surface irregularities while measuring angularity of a particle [Fletcher et al. 2003]. In the case
of coarse aggregate texture as shown in Figure 7 (b), both the limestone and the granites show a
higher level of texture as compared to the gravels. The texture of the coarse fraction of the
Granite-3 aggregate is the highest.

Figures 5 and 6 illustrate that radius angularity has a tighter distribution (less spread)
than gradient angularity and that gradient angularity provides a superior means by which to
differentiate among aggregates. All seven aggregates were analyzed using the Tukey’s statistical
test for multiple comparisons. This analysis was performed separately for fine and coarse
material. The analysis results showed that gradient angularity values overlap less and have a
larger spread than radius angularity as shown in Table 4. This trend was found for both fine and
coarse aggregates. The statistical analysis results confirm that the gradient method can
differentiate between aggregates better than the radius method.
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Table 4. Statistical Analysis: Tukey’s Test Results of Coarse Aggregates.

(a) Coarse Aggregate-Radius Angularity

Aggregate No. Subset for alpha = .05
Type Particles| 1 2 3

Gravel-2 50 A

Gravel-3 50 A B

Gravel-1 50 A B

Granite-3 50 A B C
Granite-1 50 A B C
Granite-2 50 B C
Limestone 50 C

(b) Coarse Aggregate-Gradient Angularity

Aggregate Type No. Subset for alpha =.05
Particles| 1 2 3 4 5
Gravel-2 50 A
Gravel-3 50 B
Granite-2 50 C
Gravel-1 50 D
Granite-1 50 D
Limestone 50 D
Granite-3 50 E

Image analysis testing was performed on limestone, Gravel 3, Granite-1, and Granite-3.
after crushing in the laboratory using a cone crusher. The effect of crushing on the individual
aggregates is summarized as follows:

e Neither Granite-1 nor Granite-3 showed a significant change in parameters derived

from image analysis (e.g., form, angularity, or texture) due to the effects of crushing.
This result is not surprising and even reinforces the efficacy of image analysis as the
granites were crushed at the production plant prior to original image analysis testing.

e The texture did not change significantly after crushing for either the limestone or

Gravel-3.

Figure 8 shows that the gradient value for Gravel-3 increased after crushing but the
texture value didn’t change significantly (Figure 9). These results are in agreement with
previous findings that crushing of siliceous gravels improves angularity, but has little effect, if
any, on texture [Fletcher et al. 2003].
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Table 1 shows aggregate properties as measured by conventional methods. Both the fine
aggregate angularity method and the compacted aggregate resistance method show that Gravel-3
is least angular. Furthermore, these two methods show that crushed gravels, Gravel-1, and
Gravel-2, are more angular compared to limestone. Granite-2 was found to have the highest flat
and elongated values. Image analysis results were compared to conventional test results like fine
aggregate angularity, compacted aggregate resistance, and flat and elongated results. A
reasonable correlation was observed between flat and elongated test results and form index value
of coarse aggregates (R” = 0.58). A correlation with R? = 0.5 was observed between the
uncompacted void content (FAA) values versus radius and gradient angularity values of fine
aggregates. No correlation was observed between the compacted aggregate resistance values
versus radius and gradient angularity values of fine aggregates.

Sensitivity of HMA Performance to Aggregate Shape

Four of the aggregates were used to prepare asphalt mixes using the Superpave mix
design procedure for a traffic level between 10 to 30 million equivalent single axle load’s
(ESAL). Gradations were kept almost the same for all mixes. Specimens for the volumetric
analysis were compacted using the Superpave gyratory compactor to 109 gyrations (Nges). The
binder selected for this project was PG 64-22. The mixing and compaction temperature for the
binder selected, as measured by the Superpave method, was 320 °F (160 °C) and 295 °F (146
°C), respectively. Table 5 shows the mix design information.

Table 5. Mixture Design Information.

Mixture Type Binder Binder Maximum Void in Aggregate
Content Type Specific Mineral Bulk
(%) Gravity Aggregate Specific
% Gravity
Limestone 4.85 PG 64-22 2.478 14.72 2.65
Gravel-1, crushed 5.60 PG 64-22 2.421 16.29 2.62
Granite-3, crushed 4.46 PG 64-22 2.471 15.14 2.69
Gravel-3, 3.60 PG 64-22 2.484 11.44 2.60
uncrushed

The aggregates selected for the performance tests were: Limestone, Gravel-1, Gravel-3,
and Granite-3. The aggregates represent considerable variations in surface properties. Table 1
summarizes conventional test results on these aggregates. These results show that fine Gravel-1
is more angular compared to the limestone based on both the uncompacted void content method
and the compacted aggregate resistance methods. The image analysis results show that the
angularity of fine Gravel-1 is comparable to that of limestone. However, the texture of fine
limestone, and angularity and texture of coarse limestone are higher than Gravel-1. In general,
the image analysis results favor the limestone over Gravel-1. On the basis of image analysis
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results, these four mixtures should exhibit resistance to rutting from best to worse in the
following order: Granite-3, Limestone, Gravel-1, and Gravel-3.

Performance related tests were conducted to rank the susceptibility of mixtures prepared
with the selected aggregates to permanent deformation. The tests selected were the asphalt
pavement analyzer (APA), Hamburg wheel tracking device (HW), and dynamic modulus test
(DM).

The APA test was performed under dry conditions following the protocol documented by
Pavement Technology, Inc. [APA 1998]. The rut-depth evaluation is typically determined after
8000 load cycles are applied to 6-inch by 3-inch cylindrical samples compacted to 7 percent air
void. The wheel load is usually 100 Ib (445 N), and the hose pressure is 100 psi (690 kPa).
Higher wheel loads and contact pressures can also be used. APA testing can be performed using
chamber temperatures ranging from 41 °F to 160 °F (5 °C to 71 °C). A temperature of 130 °F
(54.4 °C) was selected for this project. Figure 10 shows results of two replicates tested.
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Figure 10. APA Test Results of Mixes with Different Aggregates (1 in. =25.4 mm).

The HW test was performed following the protocol in TxDOT test method “Tex-242-F.”
This is similar to the one described by Aschenbrener (1996). The test was conducted under
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water at a constant temperature of 122 °F (50°C). In the Hamburg test, the sample is loaded with
a reciprocating motion of the 1.85 in. wide steel wheel using a 158-1b force (705 N).

The test was conducted to 20,000 cycles or to a specified rut depth or 0.49 in. Rut depth
is measured at several locations, including the center of the wheel travel path, where it usually
reaches the maximum value. The samples were compacted to 7 percent air voids. Superpave
gyratory samples with a diameter of 6 inches and a thickness of 2.5 inches (15 cm diameter and
about 6.35 cm high) were tested, and the results are shown in Figure 11.
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Figure 11. Hamburg Test Results of Mixes with Different Aggregates (1 in. =25.4 mm).

Mixes were also tested using a compressive dynamic test to measure the dynamic
modulus as a function of number of cycles. The test was conducted according to the procedure
outlined in Shah’s master’s thesis [Shah 2003]. Samples for each type of mix were subjected to
cyclic testing in both dry and wet testing conditions. Samples were preconditioned before
testing. Dry samples were kept in an oven at 104 °F (40 °C), and wet samples were soaked in
water at 104 °F (40 °C) until they reached at least 85 percent saturation. After preconditioning,
the samples were loaded in materials testing system (MTS) machine. This machine is used to
apply a repeated unconfined compressive load to the sample in a controlled stress mode. The
test is performed at a loading frequency of 1 Hz of haversine wave loading for 20,000 cycles.
The permanent deformation of a sample is determined by measuring the micro strain obtained
through two linear variable differential transducers (LVDTs) on the periphery of the sample.
The samples were compacted to 4 percent air voids and two replicate samples (4 inches in
diameter and 6 inches high) were tested. The dynamic modulus is obtained by dividing the
applied stress by the resilient strain at the end of each cycle, and the results are as shown in
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Figure 12. The average rutting in the APA was 0.57 in. in the case of the Gravel-3 mixtures after
8000 cycles while there was no significant rutting in the case of limestone and Granite-3
mixtures. Approximately 0.09 in. of rutting was observed in the case of limestone while 0.11 in.
of rutting was observed in the case of Granite-3 after 8000 cycles. In the case of the Gravel-1
mixture, an average rutting of 0.26 in. was observed after 8000 cycles (Figure 10).

Figure 11 shows Hamburg test results. Granite-3 reached a maximum rut depth of 0.49
in. in an average of 14,200 cycles; limestone reached the 0.49 in. rut depth mark in 5451 cycles;
Gravel-1 reached the 0.49 in. rut depth mark in 4500 cycles; and Gravel-3 reached the 0.49 in.
rut depth mark in 1280 cycles. The results suggest that performance of the granite mix is
superior to the limestone mix under wet conditions, as evaluated in the HW test. This might
indicate that the granite, which has higher texture and angularity, retained a superior level of
bonding in the presence of water compared with the limestone aggregate. In order to fully assess
the bonding between the binder and aggregate, it is also necessary to calculate the chemical
bonding energy or adhesive bond between the asphalt and aggregate in the presence of water.
Such calculations have been made and are discussed by Cheng et al. [Cheng et al. 2002].

The performance of crushed gravel in wet tests was better as compared to uncrushed
gravel, whereas in the case of dry tests there was no improvement observed in the performance
of crushed gravel. Limestone performed better in both wet and dry tests as compared to crushed
gravel. Also, these results show that granite performed better in the wet condition compared to
limestone. However, in the dry condition both aggregates demonstrated comparable (almost
identical) performance. In the dry condition as shown in Figure 12 (a), the dynamic modulus of
mixtures with both granite and limestone aggregates was approximately 18,000 psi. In wet
conditions as in Figure 12 (b), dynamic modulus of granite was around 12,500 psi; whereas that
of limestone was only about 5500 psi. In addition, mixtures prepared with granite aggregate
showed the highest wet/dry ratios of dynamic modulus compared to the other three aggregate
mixtures. This supports the findings from APA and HW that granite, due to its high texture,
might retain more bonding with the binder and exhibit higher resistance to deformation under
wet conditions compared with limestone. Of course, the chemical surface properties of the
granite must have contributed to this performance and must be considered in a complete analysis.
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Figure 12. Modulus ( E*) Values of Mixes with Different Aggregates

(a) Dry Conditions (b) Wet Conditions.
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CHAPTER IV
CONCLUSIONS

Based on the findings of test results and data analysis, the following conclusions may be

drawn;

Aggregate angularity is a critically important physical aggregate property. Gradient
angularity is superior to radius angularity in its ability to characterize aggregate
angularity and as a tool by which to assess the effects of angularity on mixture
performance. This assessment is based on two factors: (1) the range of gradient
angularity values is substantially greater for the diverse aggregates evaluated than the
range in radius angularity values. (2) The gradient angularity value predicted
performance better than conventional test values.

Image property tests performed on aggregates before and after crushing demonstrated
that image analysis parameters are sensitive to the effects of crushing on surface
shape. Crushing changed the angularity of the siliceous river gravel but did not
influence texture. In the case of the granite aggregates, laboratory crushing did not
affect angularity and form properties as defined by image analysis in two of the three
granites. This is not surprising based on the fact that the granites were previously
crushed during production.

While a reasonable correlation was found between fine aggregate angularity and
angularity based on image analysis, no correlation was observed between compacted
angularity and angularity based on image analysis. However, image analysis values
were able to rank the performance tests in order of rutting susceptibility, especially
under wet testing conditions. As a specific example, Gravel-3, crushed gravel, was
predicted to perform better than limestone based on conventional test results.
However, image analysis (gradient angularity, texture) predicted the opposite in terms
of performance, and this was actually the case.

The dynamic modulus test results were similar for mixtures prepared with limestone
and granite aggregates in the dry condition. This was also the case in APA testing.
However, the relative impact of moisture conditioning on mixtures prepared with
granite, as indicted using the dynamic modulus and Hamburg tests, was less than on
mixtures prepared from limestone aggregates. This was consistent with image testing
(gradient angularity and texture), which predicted that the granite aggregate has
higher texture and, consequently, would have better adhesive bonding with asphalt
than the limestone aggregate.
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