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Abstract: The morphology of coarse aggregate has a significant impact on the road performance
of asphalt mixtures and aggregate characterization studies, but many studies were based on the
two-dimensional morphology of coarse aggregate, which failed to consider morphological charac-
teristics in a holistic manner. In order to quantitatively analyze the shape, angularity, and texture
characteristics of roadway coarse aggregates, a rapid and accurate multiparameter characterization
method of coarse aggregate 3D morphology is explored in this article. A 3D laser scanner is used to
obtain the 3D point cloud data of pebble, granite, and basalt, and the solid models of the three coarse
aggregates are reconstructed. In addition, the fitted ellipsoidal algorithm and Laplace smoothing
algorithm are proposed for the characterization analysis of the overall shape, angularity, and surface
roughness of coarse aggregate, and the variation rules of multicharacteristic parameters of coarse
aggregate are summarized. The results of the study show that the ratio of the three axes of the fitted
ellipsoid can be used to classify the shape of coarse aggregate into four types, among which the cubic
shape accounts for the majority of the coarse aggregate. By analyzing the fitted ellipsoidal value
and the change rate of angularity of coarse aggregate, it is concluded that the larger the values of
both, the more angular the aggregate is. Moreover, the study finds that the fitted ellipsoidal value can
characterize not only the shape of coarse aggregate, but also its angularity to some extent. Compared
with the spherical value, the fitted ellipsoidal value has better variability and is more “sensitive” to
the overall data. The change in surface area can well characterize the texture of coarse aggregate.
When the particle size is small, the larger the surface area change rate of the coarse aggregates, the
better the roughness of the aggregates, among which the surface area change rate of basalt is the
largest. The influence of aggregate morphology was not adequately considered in previous studies
of asphalt-aggregate adhesion, and this study provides parameter help for subsequent quantitative
analysis of the relationship between asphalt-aggregate adhesion and coarse aggregate morphology.

Keywords: road engineering; 3D morphology of coarse aggregate; 3D laser scanning; Laplace
smoothing; fitting ellipsoid model

1. Introduction

Coarse aggregate is one of the most common construction materials used in road
construction, accounting for 50–80% of the total amount of asphalt mixture, which con-
stitutes the basic structural skeleton of asphalt pavement. The shape, size distribution,
texture, strength, and other characteristics of coarse aggregate not only directly affect the
performance of asphalt mixtures [1], but also affect the spalling property of asphalt pave-
ments. The spalling of coarse aggregate can be divided into adhesion damage and cohesion
damage, both of which are related to the morphology of asphalt and coarse aggregate [2].
Moreover, the binding of coarse aggregate to binder is related to the physical properties of
coarse aggregates, such as porosity, texture, and surface area, so it can be seen that effective
coarse aggregate morphology characterization is one of the relevant indicators of aggregate
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adhesion. Li et al. [3] studied the characteristics of coarse aggregate morphological parame-
ters, particle size, and particle gradation by statistical analysis and 2D image digitization.
According to the size in space and the aggregation pattern in the morphological analysis,
the morphology of coarse aggregate can be divided into three categories: shape, angularity,
and texture [4].

Wang et al. [5] described the shape of coarse aggregate by the shape index SI and
roundness, and Zhao [6] proposed CHA (an evaluation index of angularity) to evaluate
the angularity of coarse aggregate by using digital processing technology and computer
technology combined with the convex packet algorithm. Regarding texture, Bessa et al. [7]
used a high-resolution profilometer to collect the surface morphology data of samples
to achieve the characterization of surface texture. Moreover, Lucas et al. [8] obtained the
surface texture characteristics by wavelet-metering the image at the pixel level, while Masad
and Button [9] used the corrosion-expansion method to quantify the texture characteristics
of coarse aggregate. In addition, Zhang et al. [10] characterized the surface texture of coarse
aggregate by analyzing the fractal dimension D. However, due to the serious impact of
placement in the 2D method on the data and the incompleteness of the 2D analysis, an
increasing number of scholars have described the morphology of coarse aggregate as a
whole from a 3D perspective. Yang et al. [11] proposed the sphericity S for describing the
degree of irregularity of coarse aggregate to characterize the shape of aggregate, which
solved the problem of characterization inaccuracy by means of traditional measurements
and 2D digitized images [12]. Fu et al. [13] identified the triangular mesh model surface
of aggregate particles by using programming techniques to characterize the angularity of
coarse aggregate by calculating the principal curvature and principal curvature direction.
Additionally, Li et al. [14] used the box counting dimension method to quantitatively
analyze the acquired surface texture of coarse aggregate.

In recent years, extraction techniques for morphological features of coarse aggregate
have also been developed. Cheng et al. [15] obtained the internal structure of the mixture
by CT tomography, and produced continuous 2D slice images by scanning, and finally
aggregated the images into a 3D model. Then, Gao et al. [16] obtained the 3D angle (3DA) of
coarse aggregate to characterize its angularity with the help of CT technology. Jin et al. [17]
studied the angle and the surface texture of aggregate based on the surface triangulation
method. With the increase in extraction methods for 3D modeling of coarse aggregate,
the application of 3D morphological characterization of aggregate has been developed
in various studies. For instance, Li et al. [18] studied the processing quality of aggregate
by 3D morphological characterization. Apart from this, Lucas et al. [19] measured and
evaluated the aggregate-binder adhesiveness by analyzing the angularity and texture of
the aggregate. However, the study only analyzed the adhesiveness of coarse aggregates in
the asphalt mixture, and lacked quantitative analysis of single coarse aggregates, which
could not well investigate the adhesion mechanism between coarse aggregates and asphalt.
In addition, literature analysis also found many other problems in the existing studies
of characterization of coarse aggregate, such as the influence of how coarse aggregates
are placed on characterization in 2D studies, complicated parameter calculation in 3D
characterization, and the tedious process of obtaining models by CT scanning.

Therefore, the objective of this article is to quantitatively investigate the 3D morpho-
logical characteristics of single coarse aggregate and asphalt-coarse aggregate adhesiveness.
For this purpose, laser scanning technology is used to obtain the 3D model of coarse aggre-
gate, and the photoelectric colorimetric method is used to determine the degree of a strip of
asphalt. Furthermore, a fitted ellipsoidal model with better shape reproduction is proposed
to replace the previous sphericity model, and its programming algorithm and application
in the experiment are detailed. Additionally, the Laplace smoothing algorithm is written to
smooth the prominent textures on the surface of models, while reducing the destruction of
the basic texture to the greatest extent. On this basis, this article studies the variation rule
of 3D morphological features (shape, angularity, and texture) in three coarse aggregates
with different lithologies.
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2. Index of 3D Morphological Characterization of Coarse Aggregate and Algorithm
2.1. Fitting Ellipsoidal Value

For the morphological characterization of coarse aggregate, some studies applied
rectangularity, i.e., finding the minimum external rectangle at the periphery of the aggregate
model, and calculating the ratio relationship between the long, middle, and short axes of
the rectangle so as to describe the morphology of aggregate. Other studies employed a
sphericity value [20], where the larger sphericity value indicated that the 3D morphology
of coarse aggregate is closer to a sphere. Still other studies evaluated the shape of the
aggregate based on sphericity value and shape factor, and proposed the index of ellipsoidal
value, which was the volume of the original model divided by the volume of the smallest
external ellipsoid.

Due to the discrepancy between the models of the studies above and the initial model,
this research attempts to characterize the morphology of coarse aggregate by the ratio
between the long semi-axis (a), the middle semi-axis (b), and the short semi-axis (c) of
the minimum fitted ellipsoid, as shown in Figure 1. Meanwhile, the angularity of coarse
aggregate can also be characterized to some extent by calculating the fitted ellipsoidal
degree E through the minimum-fit ellipsoidal model, the equation of which is given in
Equation (1).

E =
V1

V2
(1)

where V1 represents the volume of the fitted ellipsoid (mm3) and V2 represents the volume
of the original 3D aggregate (mm3).
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Figure 1. Schematic diagram of fitting ellipsoid model.

In previous studies, a sphericity value was proposed and used in the characterization
of aggregates. However, the sphericity value would be affected by the angularity of coarse
aggregate, causing variability due to the large angular projections, and thus making the
sphericity model inconsistent with the actual shape. Furthermore, the subsequent studies
found that the shape of coarse aggregate was close to an ellipsoidal shape. For this reason,
the concept of ellipsoidal value, that is, using the similarity of aggregate to an ellipsoidal
sphere, was proposed and verified to be effective in not only characterizing the shape to
some extent, but also in reflecting the angularity characteristics of aggregate. Therefore,
this study proposes an algorithm and obtains a new fitted ellipsoidal model that is different
from the minimum external spherical model, as shown in Figure 2, where R denotes the
diameter of the minimum external sphere.
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2.1.1. Constructing the Penalty Function

To obtain the new fitted ellipsoid parameters, the penalty function needs to be con-
structed in the first place, which is based on the principle of minimizing the sum of the
distances of all points to the surface of the ellipsoid, so as to find the closest ellipsoid. The
ellipsoid is expressed by Equation (2). Then substitute the point cloud coordinates of the
model into the ellipsoid equation to derive the function as in Equation (3) so as to find the
a, b, and c that make the minimum f.
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Next, a handheld 3D scanner is used to obtain the 3D point cloud coordinates (xi,
yi, zi) of the coarse aggregate, and then the 3D point cloud coordinates are substituted
into Equation (3) and a new multivariate function is obtained, as is shown in Equation (4).
In order to facilitate the program calculation, the function can be simplified to the form
of Equation (5), where n is the total number of all 3D point cloud data that make up the
3D model.
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2.1.2. Optimizing Function

In order to improve the computational efficiency, it is necessary to optimize the original
model by using optimization algorithms. There are many optimization methods such as
gradient descent, the Newton method, conjugate gradient, the dogleg method, etc. Here,
the Newton method is used to obtain the best-fitting ellipsoidal model for speeding up the
convergence of the function and improving the efficiency of the operation. Substitute the
point cloud coordinates of the model into the penalty function. To make the calculation
result of the penalty function close to zero, the function is optimized by the Newton method
to speed up the efficiency of the calculation, and the optimization stops when the function
stops getting small.
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Since this algorithm program is written by using the 3D mesh module in CGAL, the
source code needs to be transcoded, and Cmake software (a cross-platform installation
tool) is used here for transcoding. By transcoding the generated standard source files (C++,
Unix), we obtain the runtime program, and the transcoding process is shown in Figure 3.
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Figure 3. Algorithm transcoding process.

Based on the principles of the formulas presented above, the C++ algorithm program
is written using VS. Several databases (iosteam, string, vector, cmake, and cgal) are used to
program the point cloud data in order to apply it to the huge amount of point cloud data.
First, the exponential residuals (error terms) are set. Then the triaxial parameters of the
fitted ellipsoid are defined, and the equations are set. Here, the parameter squared is used
to facilitate the calculation. The equations are then substituted into the main function to
calculate the triaxial parameters, followed by parameter optimization until the exponential
residuals are close to zero and the operation stops.

The fitted ellipsoid value is obtained by importing the 60 models into the algorithm
program for calculation, and here the calculation result of the programming algorithm for
one of the models is shown in Figure 4 to provide a parameter basis for later use.
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The minimum rectangular bounding box, as a good model for 3D shape character-
ization, is used to verify the triaxial error of the fitted ellipsoid. The errors of the fitted
ellipsoidal model are calculated by comparing the long, middle, and short axes of the
minimum rectangular bounding box of all 60 coarse aggregate models with those of the
fitted ellipsoidal models. In this article, MAE (mean absolute error) and RMSE (root mean
square error) are introduced as the error assessment criteria. It can be seen in Table 1 that
MAE ≤ 0.679 and RMSE ≤ 0.764 are both within the allowable error range, indicating that
the parameters of the fitted ellipsoidal model are feasible. Compared with the minimum
rectangular bounding box, the fitted ellipsoidal model can avoid the adverse effects caused
by the large angularity of the aggregate projection and provide more accurate parameters
for later calculation (volume and surface area of the fitted ellipsoidal model).
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Table 1. Error term calculation.

Pebble Granite Basalt

Error term a (mm) b (mm) c (mm) a (mm) b (mm) c (mm) a (mm) b (mm) c (mm)
MAE 0.492 0.357 0.403 0.679 0.422 0.380 0.466 0.388 0.330
RMSE 0.553 0.431 0.498 0.764 0.463 0.437 0.557 0.468 0.415

2.2. Rate of Change of Angularity

Before the advancement of 3D technology, the evaluation of the 2D angularity of an
aggregate could be expressed by the equivalent area of a circle or an ellipse. There was
also the smooth angularity index proposed by Tafesse et al. [21] and others, where the 2D
aggregate was connected by smooth curves, and then the angularity of the aggregate was
studied by analyzing the smooth curves. With the development of 3D modeling technology,
the angularity index of aggregate can be expressed by the sphericity value [22], which is the
ratio of the surface area of a sphere of the same volume to the surface area of an aggregate.
Moreover, some studies express the angle of aggregate by the standard deviation and the
maximum curvature obtained from the analysis of curvature. Since the variability of local
angularity is not adequately considered in the calculation of the sphericity value, and since
the influence of the aggregate shape on the results cannot be excluded when using the
sphere as the equivalent aggregate outer contour, the sphericity cannot well characterize the
angularity of aggregate in flake or with relatively large abrupt angular changes. Therefore,
it is actually still a shape parameter index that cannot be well adapted to most shapes
of aggregate types [23]. In this article, we propose to evaluate the angularity of coarse
aggregate by the change rate of angularity, which is the ratio of the original surface area of
aggregate to the surface area of the fitted ellipsoid, with the advantage of eliminating the
interference of the shape of the aggregate for the angularity index, as shown in Equation (6).

D =
S0

S
(6)

where D represents the change rate of angularity; S represents the original surface area of
coarse aggregate; S0 represents the surface area of the fitted ellipsoid.

2.3. Change Rate of Surface Area

Based on the textural characterization of the aggregate, some researchers have ex-
tended the 2D form of JRC (the evaluation index of rock surface roughness recommended
by the International Society of Rock Mechanics) to its 3D form. Additionally, the local
area on the fracture surface of the particles can be characterized by the method of point
cloud coordinate calculation [24]. In this article, the texture description is based on the area
change after the model processing, and through the parameter of surface area change rate,
it reflects the textural change pattern of the aggregate more directly, which can provide
more convenient verification parameters for other subsequent practical applications. The
change in surface area is mainly obtained by smoothing the outer contour of the 3D model,
eliminating the obvious protrusions on the surface, and restoring the geometric appear-
ance of the original model to the greatest extent. The parameter of surface area change
rate of coarse aggregate can accurately evaluate the complexity of the surface texture of
coarse aggregate. The calculation of the parameter is simple and effective, simplifying
the complexity of the calculation in previous studies and making it suitable for fast and
accurate calculation in engineering. The formula for the surface area change rate is shown
in Equation (7).

∆S =
S− S1

S
(7)

where ∆S represents change rate of surface area; S represents surface area of the original
3D aggregate model (mm2); S1 represents surface area of the 3D aggregate model after
smoothing (mm2).
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In order to obtain the surface area of the smoothly processed 3D aggregate model,
the method of Laplacian coordinate reconstruction is applied for mesh smoothing, which
means that the mode length of the original model’s Laplacian coordinate δ is reduced
while the vector direction is not changed, and then further optimization of the model is
performed. The principle of optimization is to make the same Laplacian coordinates equal
to the Laplacian coordinates of the cosecant, and finally extend the coordinates of one point
to the whole 3D model. Then we can get the Laplacian coordinates of all points close to the
same as the cosecant Laplacian coordinates, so as to achieve optimization.

The collected point cloud data are processed to obtain the triangular grid model, on
which the Laplacian coordinates of the vertex Vi can be interpreted as the difference of
the weighted combination between the coordinates of Vi and the coordinates of one of its
neighboring vertices. δi is called the Laplacian operator, expressed as Equation (8), whose
spatial geometric form is shown in Figure 5.
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δi = ∑
{i,j}∈E

wi jvj − vi =

 ∑
{i,j}∈E

Wi jvj

− vi (8)

The weight satisfies the normalization and can be expressed as Equation (9).

wi j =
ωi j

∑{i,k}∈E ωik
(9)

There are many choices of weights, and the most common ones are uniform weight
and residual cut weight, which are shown in Equations (10) and (11), respectively.

ωij = 1 (10)

ωi j = cot α + cot β (11)

In order to facilitate the calculation, the original algorithm needs to be optimized. The
optimization process for the Laplacian triangular grid is as follows: Firstly, the Laplacian
coordinates δ are obtained by calculating the cotangent weight of the triangular grid surface.
Then, the Laplacian matrix A under uniform weight is constructed. Then solve the equation
AX = δ. The final optimized Laplacian operator model is shown in Figure 6.
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Figure 6. Optimized Laplacian operator model.

According to the above theory, this research develops a C++ algorithm based on the
VCGL template library (visualization and computer graphics library), which can process
the original .obj graphics file and finally output the required .ply file. To eliminate the
stitching error at the beginning of the stitching process, process half of the models first
and then stitch them at the end to get the complete smoothed-out 3D reconstructed model.
The comparison of the processed model and the original model is shown in Figure 7. This
processing method can retain the shape of the original model to the greatest extent, making
the data more accurate and more realistic.
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3. Data Collection of Coarse Aggregate Morphology
3.1. Experimental Materials

Three kinds of coarse aggregates with different lithologies, namely, pebble, granite,
and basalt, were used for the experiment, and 10 pieces of each kind with a nominal
maximum particle size of 13.2 mm and 9.75 mm were selected, for a total of 60 pieces.
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3.2. 3D Image Acquisition and Reconstruction of Coarse Aggregate

The ZGScan 717 handheld 3D laser scanner is used to obtain the surface point cloud
data of coarse aggregates. This instrument works on the principle of laser triangulation to
measure the target distance. A laser beam is emitted through a focusing lens and collimation
system at a certain angle (direct entry, oblique entry), projected onto the measured object,
and received by another sensor with diffuse reflected light to obtain an optical signal,
which is finally transformed by computer processing to obtain data. The instrument has
the highest accuracy of 0.05 mm for transverse scanning and 0.03 mm for longitudinal
scanning, and the device has the function of data processing, which can eventually generate
grid files in STL format [25]. The instrument is shown in Figure 8.
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Figure 8. Handheld laser scanner.

The experimental steps are as follows: Select a total of 60 pieces of three different
lithologies of coarse aggregates (9.75 mm, 13.2 mm), and number them from #1 to #60, as
shown in Figure 9. In the preparation stage of scanning coarse aggregates, the surface of
the samples needs to be cleaned and dried to eliminate the influence of moisture and other
pollutants on scanning. In the preparation stage of the working platform, put marker points
on the table plane in advance and place the fixer to fix the coarse aggregates. Connect the
interface of the ZGScan717 handheld 3D laser scanner to the computer, start the program,
and conduct a trial run to ensure that the scanned data are feasible. Scan the upper surface
of the sample, save the data, then invert the sample and scan it again, and finally stitch
the two models together into a complete model through the software. Repeat the above
operation, and obtain the models of all the 60 samples. The experimental process and
operating environment are shown in Figure 10.

Buildings 2023, 13, x FOR PEER REVIEW 10 of 21 
 

program, and conduct a trial run to ensure that the scanned data are feasible. Scan the 
upper surface of the sample, save the data, then invert the sample and scan it again, and 
finally stitch the two models together into a complete model through the software. Repeat 
the above operation, and obtain the models of all the 60 samples. The experimental pro-
cess and operating environment are shown in Figure 10. 

 
Figure 9. Coarse aggregates used in the experiment. 

 
Figure 10. Process diagram of collecting point cloud data on coarse aggregate surface. (1) Laser 
scanner. (2) Fixer. (3) Marker points. (4) Table plane. (5) Computer. 

Due to the limitations of the handheld laser scanner, the coarse aggregates need to be 
scanned at different angles and stitched together. Additionally, the 3D model reconstruc-
tion is finally realized by the reversible 3D graphics software Geomagic Design X 2020.0, 
and the reconstruction process is shown in Figure 11. 

Figure 9. Coarse aggregates used in the experiment.



Buildings 2023, 13, 1029 10 of 21

Buildings 2023, 13, x FOR PEER REVIEW 10 of 21 
 

program, and conduct a trial run to ensure that the scanned data are feasible. Scan the 
upper surface of the sample, save the data, then invert the sample and scan it again, and 
finally stitch the two models together into a complete model through the software. Repeat 
the above operation, and obtain the models of all the 60 samples. The experimental pro-
cess and operating environment are shown in Figure 10. 

 
Figure 9. Coarse aggregates used in the experiment. 

 
Figure 10. Process diagram of collecting point cloud data on coarse aggregate surface. (1) Laser 
scanner. (2) Fixer. (3) Marker points. (4) Table plane. (5) Computer. 

Due to the limitations of the handheld laser scanner, the coarse aggregates need to be 
scanned at different angles and stitched together. Additionally, the 3D model reconstruc-
tion is finally realized by the reversible 3D graphics software Geomagic Design X 2020.0, 
and the reconstruction process is shown in Figure 11. 

Figure 10. Process diagram of collecting point cloud data on coarse aggregate surface. (1) Laser
scanner. (2) Fixer. (3) Marker points. (4) Table plane. (5) Computer.

Due to the limitations of the handheld laser scanner, the coarse aggregates need to be
scanned at different angles and stitched together. Additionally, the 3D model reconstruction
is finally realized by the reversible 3D graphics software Geomagic Design X 2020.0, and
the reconstruction process is shown in Figure 11.
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Figure 11. Coarse aggregate models splicing process.

During the experimental process, the scanning environment, computer equipment,
and external incidental noise will cause certain influences on data collection, so the acquired
models cannot be directly applied to test models. In order to improve the accuracy and
precision of the models, data matching, data noise reduction, data alignment, and data
streamlining are needed for the scanned models, and the reconstructed 3D models of coarse
aggregates after processing are shown in Figure 12.
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Figure 12. Three-dimensional reconstruction models of coarse aggregates.

The 3D laser scanning technique is used to obtain all the 3D image models of the
coarse aggregate samples, and the processed models are obtained by using the fitted
ellipsoid algorithm and Laplace smoothing algorithm. After processing and calculation,
the following information can be obtained: the long semi-axis (a), middle semi-axis (b),
long semi-axis (c) of the fitted ellipsoid, the surface area of the fitted ellipsoid, the volume
of the fitted ellipsoid, the volume of the original models, the surface area of the original
models, the volume of the models after smoothing, and the surface area of the models
after smoothing. Accordingly, the sphericity value, fitted ellipsoidal value, change rate of
angularity, and change rate of surface area can be calculated from the obtained information
to provide the parameter requirements for the following 3D morphological characterization
and evaluation of coarse aggregate.

4. Evaluation of 3D Morphology of Coarse Aggregate
4.1. Shape Evaluation of Coarse Aggregate

According to the fitted ellipsoidal model, the long semi-axis (a), the middle semi-axis
(b), and the short semi-axis (c) can be calculated for all 3D models, and then the coarse
aggregate shapes are evaluated based on the proportional relationship between the three
axes. If c/b < 2/3 and b/a < 2/3, the shape is classified as a plate; if c/b > 2/3 and
b/a < 2/3, column; if c/b < 2/3 and b/a > 2/3, pie; if c/b > 2/3 and b/a > 2/3, cube.
The typical coarse aggregate shape characteristics and divisions are shown in Figure 13.
Statistically, a cubic shape accounts for the largest proportion of all shapes.
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From Figure 14, it can be seen that the number of cubic shapes is the biggest, reaching
more than 2/3 of the total number of samples. This conclusion is consistent with the
information in the actual project, and this pattern was also confirmed in the research
conducted by Jiang [25]. The cubic shape of pebbles is more distinctive than that of other
aggregates. The investigation of the samples finds that the selected pebbles have more
ellipsoidal shapes than flat ones. Accordingly, the calculated results recognize the cubic
shape as having the largest proportion of all shapes.
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In order to further explore the shape characterization of coarse aggregate, the fit-
ted ellipsoidal value is proposed. According to the fitted ellipsoid value obtained from
Section 3.2 and Equation (1), the range of the fitted ellipsoid value is obtained by calculation,
as shown in Table 2. From the results of the statistical data, it can be seen that the evaluation
results of the fitted ellipsoid value for the coarse aggregates with the maximum nominal
size of 13.2 mm range from 0.554 to 0.883; the evaluation result of the fitted ellipsoid value
for the coarse aggregates with the maximum nominal size of 9.75 mm ranges from 0.558
to 0.892.

Table 2. Statistics of fitting ellipsoid value.

Particle Size Pebble Granite Basalt

13.2 (mm) 0.554~0.802 0.587~0.768 0.589~0.793
9.75 (mm) 0.558~0.763 0.605~0.892 0.693~0.829

In the process of previous experiments, sphericity value, as a parameter for evaluating
coarse aggregate, was used not only to indicate the similarity between coarse aggregate
and spherical shape to characterize the shape of coarse aggregate, but also to characterize
the angularity of the coarse aggregate. However, in the actual study, it was found that
for the aggregate with particularly prominent angularity, or the slender aggregate, the
accordant volume calculated by the minimum external sphere model is many times larger
than the actual volume. Additionally, the deviation of the volume calculated by the fitted
ellipsoidal model is much smaller than that calculated by the minimum external sphere
model. The coefficient of variation reflects the sensitivity of the parameter to the samples.
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In this article, we apply the parameter of fitted ellipsoid value to characterize the shape of
coarse aggregate, and by comparing the variation curves of the coefficient of variation of
fitted ellipsoid value and sphericity in Figure 15, we find that the coefficient of variation of
fitted ellipsoid value is above the sphericity and has better sensitivity to the data. Moreover,
in the calculation and data statistics, it is found that the calculated sphericity for different
shapes of coarse aggregates has similar and duplicated data. However, the fitted ellipsoid
value is more accurate compared with the sphericity, which indicates that the fitted ellipsoid
value is more accurate as a parameter for shape characterization.
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After data analysis, the range of the fitted ellipsoid value is divided and compared with
the actual shape, and the following findings can be obtained: when the fitted ellipsoidal
value E < 0.667, the shape of coarse aggregate is closer to a round ellipsoidal shape; when
0.668 ≤ E ≤ 0.780, it is a general ellipsoidal shape; when E > 0.780, it is a long ellipsoidal
shape. Coarse aggregate with a small E value presents round ellipsoidal or rectangular-like
characteristics, while coarse aggregate with a large E value shows long ellipsoidal, narrow,
or plate features.

4.2. Evaluation of Angularity Based on Fitting Ellipsoid Value and Angularity Change Index

The angularity index D of coarse aggregate samples with a maximum nominal particle
size of 9.75 mm ranges from 0.444 to 0.560, and the angularity index D of aggregate with
a maximum nominal particle size of 13.2 mm ranges from 0.442 to 0.575. Under this
experimental condition, when D ≤ 0.442, the coarse aggregate shows a round shape; when
0.442 < D ≤ 0.486, angular shape; when 0.486 < D ≤ 0.530, sub-angular shape; when
D > 0.530, sharp angular shape. It is also found that the angularity of granite in 9.75 mm
coarse aggregates is relatively strong, and the angularity of basalt in 13.2 mm coarse
aggregates is relatively strong. Generally, both basalt and granite have great angularity.
The variation rule of the angularity index is shown in Figure 16a,b.
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Put the angularity index D corresponding to different aggregates in order from low
to high: rounded aggregate < angular aggregate < sub-angular aggregate < sharp angular
aggregate. The angularity characteristics of typical aggregate samples are listed below in
Table 3.

Table 3. Evaluation of angular characteristics of typical aggregate samples.

Number 1 2 3 4 5 6

Fitting ellipsoid value 0.883 0.739 0.806 0.662 0.554 0.640

3D shape of coarse aggregate
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It was proposed that the angularity of aggregates can be evaluated by sphericity [23].
By observing Table 2 and comparing the fitted ellipsoid value with the shape of coarse
aggregate for all samples, it is found that the variation of the fitted ellipsoid value may also
correlate with the angularity of coarse aggregate.

On the basis of the above study, this research deeply explores the variation rule
between the fitted ellipsoid value and angularity by fitting two different particle sizes of
9.75 mm and 13.2 mm separately. It can be seen from the fitted models in Figures 17 and 18
that, after removing the discrete points, most of the points are close to the fitted line, and the
slopes of the coarse aggregates are approximately the same for both particle sizes. However,
the determination coefficients of the linear fittings reflect weak linear correlations, where
the determination coefficients of both relations are lower than 0.56. Such weak correlations
indicate that the fitted ellipsoidal value cannot be used to characterize angularity.
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4.3. Evaluation of Texture Features Based on Smoothing

The surface of the 3D models is smoothed by using the method of Laplace smoothing,
which can remove the sharp edges prominent on the surface of the coarse aggregates. By
comparing the surface area of the coarse aggregates before and after the treatment and
characterizing the texture of the coarse aggregates by the change rate of surface area, the
parameter range of the change rate of surface area is calculated and shown in Table 4.
The results show that the surface area change rate of coarse aggregates with a maximum
nominal particle size of 9.75 mm ranges from 1.683% to 5.306%. Additionally, the surface
area changes in coarse aggregate with a maximum nominal diameter of 13.2 mm ranges
from 0.973% to 3.102%.
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Table 4. Parameter range of surface area change rate.

Particle Size Pebble Granite Basalt

9.75 (mm) 2.049~4.038% 1.683~5.306% 2.177~4.360%
13.2 (mm) 1.298~2.837% 1.717~3.102% 0.976~2.640%

The surface area change rate of coarse aggregate, shown in Figure 19, indicates that
the surface area change rate of coarse aggregate of smaller particle size is generally larger
than that of larger particle size, and the curve change of the small particle size is greater
than that of the large particle size. It shows that the surface texture of coarse aggregates
with small particle sizes is more complex under this experimental condition. The reason for
this phenomenon is that the gaps between coarse aggregates of larger particle size are filled
with tiny aggregates or fine aggregates during the moving process. Hence, the surface
texture of coarse aggregates could be polished during the mutual extrusion and friction
process, causing the texture of coarse aggregates to be less prominent, while the texture of
coarse aggregates with smaller particle sizes is more obvious.
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The models combined with statistics show that when ∆S (pebble) > 1.865%, there
are obvious texture changes; when ∆S (granite) > 2.907%, the surface texture of granite
is relatively rough; when ∆S (basalt) > 2.434%, the surface texture of basalt is obviously
rough. Under the conditions of this research, it can be found that granite has the largest
roughness among the three lithological materials, showing great roughness, and the surface
area change rate of pebbles is much “smoother” compared with the others.

4.4. Study on Asphalt-Coarse Aggregate Adhesion

In order to quantitatively study the relationship between asphalt-aggregate adhesion
and coarse aggregate morphology, a modified photoelectric colorimetric method is chosen
for measurement. The materials and tools to be employed for the experiment include the
above three types of coarse aggregates with different lithologies and different particle sizes,
70# matrix asphalt, whose basic data are shown in Table 5, a Type 717 spectrophotometer
shown in Figure 20, and a solution of phenosafrnine.
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Table 5. Technical properties of 70# matrix asphalt.

Technical
Specifications Needle Penetration Ductility Index

70# Asphalt
15 ◦C 25 ◦C 30 ◦C 10 ◦C 15 ◦C

31.0 68.7 85.0 >150 >150

Technical
specifications

Correlation
coefficient Coefficient A Coefficient K PI Softening

point
Equivalent
brittle point

Equivalent
softening point

70# Asphalt 0.9451 0.0633 0.6421 0.7415 58.8 −30.3 60.9
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The steps of the experiment are as follows:

(1) Select five pieces from each of the three coarse aggregates (pebbles, granite, and
basalt) with a particle size of 9.75 mm and 13.2 mm, respectively. The selected coarse
aggregates are divided into six groups, each group uses five of the same type for
the experiment. The solution of phenosafrnine (concentration of 0.010 mg/mL) is
formulated and heated to 60 ◦C in a water bath. Add 200 mL of the solution to each
of the five conical flasks containing the sample aggregates, and the water bath is set at
60 ◦C for two hours.

(2) Shake the conical flask containing the samples and then take out 5 mL of the solution.
After the solution is cooled, use the spectrophotometer to measure the absorbance
value at 510 mm and read the corresponding concentration according to the stan-
dard curve.

(3) Clean the samples from the previous step, put them into the insulated cabinet to keep
warm for 4–6 h with the temperature set at 160 ◦C. Heat the asphalt to melt it, take
200 g in total and add 4 g (error not more than 0.1 g) to each group of samples by
the reduction method. After mixing the asphalt and samples well, leave the asphalt
mixture at room temperature for cooling, and put each group of samples into the
corresponding conical flask separately. Repeat the operation in (1) and then take out
5 mL of the solution for the absorbance test.

(4) The equations for calculation are shown in Equations (12)–(14) below.

q =
(C0 − C1)V

m
(12)

where q represents the adsorption of sample aggregates (mg/g); C0 represents the initial
concentration of solution of phenosafrnine (mg/mL); C1 represents the concentration of
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residual solution after sample adsorption (mg/mL); V represents the volume of solution of
phenosafrnine used for the test (mL); m represents sample weight (g).

q′ =
(C′0 − C′1)V

m′
(13)

where q represents the adsorption of sample aggregates (mg/g); C′0 represents the initial
concentration of solution of phenosafrnine (mg/mL); C′1 represents the concentration of
residual solution after adsorption of asphalt mixes (mg/mL); V represents the volume of
solution of phenosafrnine used for the test (mL); m′ represents sample weight (g).

St =
q′

q
× 100% (14)

where St represents degree of strip.
The degree of strip is used as the coarse aggregate-asphalt adhesion experiment

evaluation index to plot Figures 21–23. The relationships between the degree of the strip
of asphalt and the change rate of surface area, the change rate of angularity, and the fitted
ellipsoidal value of coarse aggregates are analyzed based on the figures.
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According to the figures above, the degree of strip and the change rate of surface area
show a linearly decreasing trend, i.e., the larger the change rate of surface area, the smaller
the degree of strip. In contrast, there is no correlation between both the angularity and the
fitted ellipsoidal value and the degree of the strip. From the figure of the degree of strip
and surface area change rate, it can be seen that the curve of granite is above the other
two, and its range of variation is the largest, which indicates that the surface texture of
granite is the roughest. It can also be found that the coarse aggregates with small particle
sizes have a lower degree of strip than those with larger particle sizes and show better
adhesion characteristics. Coarse aggregates of large particle size show weakened adhesion
properties due to the reduced surface texture after grinding, whereas the smaller ones tend
to be embedded in the gaps between the large ones, where their texture characteristics
would be better preserved, and their roughness would also be stronger.

5. Conclusions

In order to characterize the 3D morphological features of coarse aggregate, 3D laser
scanning technology and related processing software are used for the rapid reconstruction
of 3D models. Additionally, Laplacian smoothing and fitted ellipsoid algorithms are
applied in processing the 3D models to calculate the values of the parameters needed for
characterization, thus allowing for the evaluation of the 3D morphology of coarse aggregate
from different perspectives, respectively, and several conclusions are obtained as follows.

(1) The shape of coarse aggregate is divided into four types by analyzing the relationship
between the long semi-axis (a), the middle semi-axis (b), and the short semi-axis (c) of
the fitted ellipsoid, in which the cube occupies the largest part, which is consistent
with the proportion of the cube in the actual project. The fitted ellipsoidal value can
reflect the degree of similarity between coarse aggregate and the fitted ellipsoid. By
comparing the coefficient of variation of the data between the sphericity value and
fitted ellipsoid value, it is found that the fitted ellipsoid value has a relatively high
sensitivity. The data analysis shows that when the fitted ellipsoid value E < 0.667, the
shape of the model is close to the round ellipsoid; when 0.668 ≤ E ≤ 0.780, the shape
of the model is close to the general ellipsoid; when E > 0.780, the shape of the model
is close to the long ellipsoid.

(2) In this article, the angularity change rate is used to characterize the angular properties
of coarse aggregate. Under the experimental conditions of this study, when D ≤ 0.442,
the aggregates present a round shape; when 0.442 < D ≤ 0.486, the aggregates present
an angular shape; when 0.486 < D≤ 0.530, the coarse aggregates present a sub-angular
shape; when D > 0.530, the coarse aggregates present a sharp angular shape. Among
the three types of aggregates, granite and basalt have better angularity.
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(3) The data fittings show that the determination coefficients between the fitted ellipsoidal
value and the change rate of angularity are lower than 0.56, which reflect weak
correlations. Therefore, the fitted ellipsoidal value cannot characterize the angularity
of coarse aggregate. Due to the limitations of this experiment, this conclusion still
needs further research.

(4) The roughness of the coarse aggregate can be characterized by the change rate of
surface area. When ∆S (pebbles) > 1.865%, there is an obvious texture change in
pebbles; when ∆S (granite) > 2.907%, the surface texture of granite is relatively rough;
when ∆S (basalt) > 2.434%, the surface texture of basalt is obviously rough. The
variation range of the surface area change rate of granite is the largest, showing
great roughness.

(5) The quantitative analysis of asphalt-coarse aggregate adhesion by using the photo-
electric colorimetric method finds out a correlation between the change rate of surface
area and adhesion. Coarse aggregates with smaller particle sizes show a lower degree
of strip than coarse aggregates with larger particle sizes and exhibit better adhesion
characteristics. This study provides ideas and references for future research on ag-
gregate characterization, while an in-depth analysis of coarse aggregate types and
particle size ranges is still needed.
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