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ABSTRACT

DETERMINATION OF COARSE AGGREGATE MORPHOLOGICAL
INDICES AND SHAPE PROPERTIES BY 3D PHOTOGRAMMETRY
METHOD

Rashidzade, Isfandiyar
Master of Science, Civil Engineering
Supervisor : Asst. Prof. Hande Isik Oztiirk

January 2021, 103 pages

The morphological properties of the aggregates play a crucial role in the
performance of the pavements. Therefore, there exist various empirical methods
and image-based approaches that directly or indirectly measure these properties.
Image-based approaches are majorly classified as two-dimensional (2D) or three
dimensional (3D). It has been reported in many studies that the 3D methods capture
the overall aggregate morphological and shape properties more accurately than any
2D alternatives. However, the equipment need in the 3D approaches are expensive
and processing durations are extensively long. Therefore, this study aimed to
develop a practical and inexpensive 3D photogrammetry based method to
overcome the need for 3D imaging equipment. This study introduces a detailed
guideline including a testing setup and analysis methodology to measure
morphological indices (angularity and form indices) and also shape features
(volume, surface area, and diameters). Overall 56 aggregates from basalt,
dolomite, limestone, perlite, and river gravel sources that retained on 1/2” and 3/8”
sieve sizes were analyzed utilizing the proposed 3D and traditional 2D methods.
Moreover, sensitivity analysis based on triangulation and angle increments were

performed to optimize the time and efficiency of the developed algorithm.



Consequently, the analysis revealed that the proposed 3D method is capable to
accurately determine the shape features and morphological indices. This method
can be successfully utilized as a quality control/assurance method by the

construction industry.

Keywords: Coarse aggregate, image processing, morphological indices, shape

features
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0z

KABA AGREGA MORFOLOJIK ENDEKSLERININ VE SEKIL
OZELLIKLERININ 3B FOTOGRAMETRI YONTEMIYLE
BELIiRLENMESI

Rashidzade, Isfandiyar
Yuksek Lisans, Insaat Miihendisligi
Tez Yoneticisi: Dr.Ogr.Uyesi Hande Isik Oztiirk

Ocak 2021, 103 sayfa

Agregalarin morfolojik 6zellikleri, kaplamalarin performansinda 6nemli bir rol
oynar. Bu nedenle, bu 06zellikleri dogrudan veya dolayli olarak olgen cesitli
deneysel yontemler ve goriintii isleme tabanli yaklasimlar vardir. Goriintii igleme
tabanli yaklagimlar biiyiikk olgtide iki boyutlu (2B) veya u¢ boyutlu (3B) olarak
siiflandirilir. Bir¢ok caligmada, 3B yontemlerin morfolojik ve sekil 6zelliklerini
2D alternatiflerden daha dogru bir sekilde yakaladig:i bildirilmistir. Bununla
birlikte, 3B yaklasimlardaki ekipman ihtiyact pahalidir ve islem siireleri oldukca
uzundur. Bu nedenle, bu ¢alisma 3B goriintiileme ekipmani ihtiyacinin iistesinden
gelmek icin pratik ve ucuz bir 3B fotogrametri tabanli yontem gelistirmeyi
amaclamistir. Bu ¢alisma, morfolojik indeksleri (kdselilik ve form indeksleri) ve
ayrica sekil ozelliklerini (hacim, yiizey alam1 ve caplar) Olgmek i¢in bir test
diizenegi ve analiz metodolojisi i¢eren ayrintili bir kilavuz sunmaktadir. 1/2” ve
3/8” elek istiinde kalan bazalt, dolomit, kiregtasi, perlit ve nehir c¢akil
kaynaklarindan elde edilen toplam 56 agrega, Onerilen 3B ve geleneksel 2B
yontemleri kullanilarak analiz edilmistir. Ayrica, gelistirilen algoritmanin
verimliligini optimize etmek icin liggenleme ve ag¢1 artiglarina dayali hassasiyet

analizi de yapilmistir. Sonug olarak, yapilan analizler ile dnerilen 3B yonteminin

vii



sekil ozelliklerini ve morfolojik indeksleri dogru bir sekilde belirleyebildigini
ortaya c¢ikarilmistir. Bu yOntem, insaat sektorii tarafindan bir kalite kontrol /

giivence yontemi olarak basariyla kullanilabilecegi 6ngoriilmiistiir.

Anahtar Kelimeler: Kaba agrega, fotogrametri, goriintii isleme, morfolojik

indeksler, sekil 6zellikleri
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CHAPTER 1

INTRODUCTION

1.1  Research Objectives and Scope

Flexible pavement is typically composed of a thick layer system, asphalt concrete
placed on top of the granular base, subbase, and subgrade. The surface layer,
asphalt concrete layer, of flexible pavements, is traditionally constructed by using
an asphalt mixture. More than 75% of its volume is composed of aggregates [1]. It
has been proved in many studies that the morphological properties of the
aggregates affect performance such as workability, shear resistance, and durability
of asphalt mixtures [2]. Therefore, it is important to precisely measure the
morphology of aggregates in order to enhance the performance, and as well to
analyze the effects of the morphology of particles on flexible pavement behavior.

There exist empirical standards (such as ASTM D3398, ASTM D5821) and image-
based approaches (i.e. Aggregate Imaging Measurement System, University of
[llinois Aggregate Image Analyzer) that directly or indirectly measure the
morphological properties of aggregates. However, the traditional (empirical)
methods are dependent on human precision during visual inspections and measures.
Also, only a limited number of morphological properties can be measured by using
these conventional methods [3]. On the other hand, various researchers have
developed methodologies that measure the morphology of aggregates by using
imaging technologies and correlated these properties with the mechanical mixtures
of asphalt mixtures. Imaging technologies (such as X-ray tomography, digital
cameras, laser, and optical scanners) enable researchers and practitioners to analyze
particle geometry by using two-dimensional (2D) images or three dimensional (3D)
models. In 2D methods, the researchers mostly use the direct output of cameras.

On the other hand, 3D methods require the processing of the output of the devices



(X-ray tomography, laser scanner, etc.) to create 3D models. 2D approaches require
single and multiple images from the different perspectives of aggregate to measure
morphological indices. Utilizing multiple images in 2D approaches are assumed to
procure 3D characterization while focusing on 3D shape information [4]. However,
the 3D models capture the overall aggregate shape properties more accurately than
any 2D alternatives [5]. However, the equipment (X-ray tomography, laser, and
optical scanners) that are typically used in the 3D approaches, are expensive and
processing durations are extensively long. On the other hand, there are a few

preliminary attempts in the literature that utilizes 3D photogrammetry.

This study proposes a detailed guideline including a testing setup and analysis
methodology to measure morphological indices (angularity and form indices) and
also shape features (volume, surface area, and diameters) utilizing the triangulated
3D aggregate model that was obtained by 3D photogrammetry method. In this
section, briefly, the analysis steps are summarized as follows. Firstly, a 3D model
of the coarse aggregate is obtained by capturing photos of the sample from
different views and creating a mesh of sample by using ContextCaptrure software.
Secondly, the stick that was used to hold the sample is removed, and the surface of
the aggregate is re-triangulated by using MeshMixer software. Thirdly, the output
of the software is imported to the MATLAB to measure the volume, surface area,
and centroid of the particle by using the coordinates of the triangles that represent
the surface of the aggregate. Fourthly, diameters (line passes from centroid) are
generated by using the ray-triangle intersection. Ray-triangle intersection algorithm
allows creating artificial radii (lines from the centroid to the surface of the model)
at any desired angle by using ellipsoidal (or spherical) to cartesian coordinate
system conversion without using a bounding box. Lastly, morphological indices are
calculated by using generated diameters. The proposed methodology is economical
and time-efficient than the available 3D approaches in this literature.

This study also compares 3D morphological indices and shape features that are
obtained by using 2D methods utilizing images from three different orthogonal
perspectives. After preprocessing these images, by using the MATLAB, centroid,



area, and diameters of each orthogonal image calculated by using the boundary
coordinates of binary images of each orthogonal image. 2D angularity and form

indices are also calculated by using the diameters of all three perspective images.

Finally, to present the efficiency and precision of the proposed method, the
morphological indices and shape features measured using the proposed 3D
approach and traditional 2D approach are compared and discussed. Overall, this
thesis presents a novel 3D approach for the estimation of 3D morphological

indices.

1.2 Motivation

As briefly discussed in the previous section. it is essential to measure and express
the morphology of aggregate particles in order to enhance the asphalt mixture
properties. Although there exist conventional standards that measure only limited
parameters, the results of these experiments are sensitive to the human factor. Since
the focus of the image-based methods is to eliminate the human factors and obtain
direct measures of these properties, various researchers have been attempting to

develop precise, cost-effective, and time-efficient methods.

It has been acknowledged in many studies that are discussed in the Literature
Chapter that 2D image-based methods are faster than 3D methods. On the other
hand, 3D methods are more accurate than 2D approaches [4]. Although the need
for level precision has not been addressed in any of the studies yet, most of the
researchers have been developing 3D approaches that measure the morphology of
aggregates. In these approaches, the researchers have been utilizing sophisticated
and expansive equipment i.e. X-ray computed tomography, laser, and optical
scanners. Considering the disadvantages of existing standards, 2D and 3D
approaches in the literature, this study introduces a simple, economical (overall
price is less than 1000$), accurate and detailed measure of the morphology of

aggregates by using a 3D model created by photogrammetry method.



1.3 Outline of Research

Chapter 2 includes a broad literature review of the empirical and image-based

approaches used to determine morphological indices of coarse aggregates.

Chapter 3 introduces the sample preparation and the setups that are used for the

proposed 3D photogrammetry method and the traditional 2D approach.

Chapter 4 discussed the theories and developed algorithms for both proposed 3D

photogrammetry method and the traditional 2D approach.

Chapter 5 contains results and a discussion of the analysis with respect to aggregate
type and size. Moreover, this chapter handles the comparison between the proposed
and 2D approaches. In addition, the efficiency and sensitivity of the proposed

approach are presented.

Chapter 6 includes the conclusion driven according to the results and discussion. It

also comprises recommendations for future studies.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Flexible pavements have two major compounds asphalt cement and aggregate. The
asphalt cement provides the bonding within the aggregate structure. Aggregate
structure and its properties play a major role in the overall performance of asphalt
mixtures. As indicates in the previous chapter, the morphology of aggregates
affects the workability, shear resistance, and durability of the asphalt structures.
Thus, the quantification of morphological indices is essential for higher mixture
quality and performance. Therefore, there have been several studies that correlate
the physical properties of aggregates with pavement performance. In this section,
various studies are summarized in order to presents the effects of morphology on
the rutting resistance, adhesion property, void content, resilient modulus, and high-
temperature resistance on flexible pavements, and as well to address the

importance of this thesis study.

In the literature, the morphology of particles is typically expressed in terms of form
index, angularity index, and texture. Form index reflects the variations in
proportions. Angularity index describes the variations at corners of aggregate.
Texture reflects the surface irregularity at a scale that is too small to affect the
overall shape.[6][2][7]

In the literature, there exist many studies that focus on the effect of the morphology
of fine and coarse aggregates on the asphalt mixture performance (workability,
shear resistance, and durability). A limited number of these researches studying the

morphology of coarse aggregates from different perspectives of performance are



summarized in this section to reveal the importance of morphology on the mixture

performance, and also to reveal the importance of this study.

Chen et al. [8] investigated the influence of coarse aggregate shape on the asphalt
concrete mixtures. The study focused on the effect of cubical and flat elongated
particles on the rutting potential of the mixtures. It was observed that cubical
particles showed higher rutting resistance than flat elongated particles.

Cui et al. [9] measured angularity and sphericity of limestone and basalt samples
by using the Aggregate Imaging Measurement System (AIMS) and then studied the
effect of these indices on the binder-aggregate bonding. Consequently, a linear
relationship between angularity or sphericity of aggregates and asphalt coverage
ratio was obtained. Moreover, it was reported that the higher angularity or lower

sphericity showed better adhesion property (or greater coverage ratio).

Neham et al. [10] investigated the effects of morphological properties, shape and
surface texture, of coarse aggregates on resilient modulus and Marshall properties
of the asphalt mixtures. The study revealed that minimum Marshall Flow,
minimum air void values, and maximum resilient modulus were achieved when

cubical shaped and rough-textured aggregates were used.

Lei et al. [11] studied the effect of aggregate morphology on the spatial distribution
of internal air void in the compacted asphalt mixture. In this study, the
morphological properties of the aggregates were determined by AIMS. It was
observed that aggregates with higher sphericity and lower angularity guarantee a
more homogeneous spatial distribution of air voids in the compacted asphalt

mixture.

Gao et al. [12] investigated the effect of angularity of coarse aggregates on skid
resistance, high-temperature performance, and compactability of asphalt mixtures.
The angularity of the aggregates was determined utilizing X-ray tomography. It

was observed that lower angularity resulted in lower skid resistance and higher



aggregate angularity resulted in better high-temperature stability but caused

difficulty in compaction.

As discussed with a limited number of studies, consideration of morphological
indices in asphalt mixture design is essential to improve the performance. Thus, in
order to estimate these morphological properties of aggregates, there exist various
conventional and unconventional (image-based) methods. The conventional
methods are mostly dependent on human precisions as discussed in the following
section. Therefore, researchers introduced nonconventional methods in order to

fully or partially automate the testing process by using image processing methods.

2.2 Conventional Methods

Conventional methods include laboratory testing methods that mostly depend on
visual inspections or human precision and do not requires any image-based

methods/tools to measure the geometric features of aggregates.

According to ASTM D3398 (Standard Test Method for Index of Aggregate Particle
Shape and Texture) [13] particle shape and texture characteristics are measured in
terms of particle index (PI). PI is calculated after detecting percent-vise void
amounts for 10 and 50-rod drops. In this procedure, cylindrical mold is equally
filled with aggregates in three steps. At each step, a rod is freely dropped 10 times
to compact the particles. After the final layer, the mass of aggregate is measured.
This process is also repeated for the 50-rod drops. Void percent for each step is
calculated by using the measured mass, the bulk-dry specific gravity of aggregates,
and the volume of the cylindrical mold. PI value is obtained by using a monograph

or formula by inputting the void percent values.

ASTM D5821 (Standard Test Method for Determining the Percentage of Fractured
Particles in Coarse Aggregate) [14] is guiding to detect the amount of fractured
(angular) particles inside the coarse aggregate batch. In this procedure, the washed

and dried aggregate samples are placed on a flat and clean surface so that the faces



of the aggregates are viewed directly. It is accepted that the fractured face of the
particle should constitute at least one-quarter of the largest cross-sectional area.
Inspecting the reference aggregate figures and samples’ face the fractured samples

manually separated by using a spatula.

ASTM D4791 (Standard Test Method for Flat Particles, Elongated Particles, or Flat
and Elongated Particles in Coarse Aggregate) [15] is used to determine the
percentage of flat, elongated, and flat and elongated particles in a coarse aggregate
batch. Particles are grouped by using two different methods (method A and B) and
both methods require the use of proportional caliper (Figure 1). The aggregate
particles are categorized by checking the properties manually for each opening. In
method A, the samples are grouped as flat, elongated, flat and elongated or neither
flat nor elongated particles. The caliper’s larger opening is equated to the
maximum width of particle and aggregate labeled as flat if the maximum thickness
can pass through the smaller opening. The particle is assumed to be elongated if the
maximum width can pass through the caliper’s smaller opening when the larger
opening is equal to the maximum length of the particle. In method B, the particles
are grouped as flat and elongated or not flat and elongated. The proportional
caliper’s longest opening equated to aggregate’s longest length and particle
assumed to be flat and elongated if its maximum thickness can pass through the

smaller opening.



Figure 1 Proportional caliper [15]

As summarized above, none of the above-mentioned standards are capable of
directly measuring the morphological indices. The existing standards mostly
qualitatively measure the morphology of aggregates. Thus, the researchers have

developed nonconventional methods as discussed in the following section.

2.3 Nonconventional Methods

Nonconventional methods are the methods that measure the morphological indices
of aggregates by using image-based methods. Image-based methods can be
categorized into two as: (i) two-dimensional (2D) methods and (ii) three
dimensional (3D) methods with respect to the imaging tool used. In the litrature,
the proposed methods are very different from each other in the order of values of
the morphology properties. Moreover, the studies introduced different indices and
even indices that has the same name were calculated by using the different
formulas. Therefore, there is not unique formula and range of indices for the

image-based non-convetional methods.



231 2D Methods

This chapter reviews studies that measure morphological indices and/or shape
features by analyzing single or multiple images without creating the 3D model of
the aggregate particles. Typically, for the studies that use multiple images, single or
multiple cameras are used to capture the 2D images of aggregates from different
perspectives. Starting by the early 1930’s [16], researchers attempted to gather
morphological properties of the aggregates using image-based tools. Therefore, till
now, there have been various approaches developed by researchers. Thus, a limited
number of the latest innovative studies and well-accepted studies are discussed in
this section. It should be noted that the calculation of 2D indices is discussed

separately in Chapter 3 in detail.

Most well-known 2D approach was developed and later improved by Masad et al.
[17]. Form index (F1) is the sum of the changes in radius, and angularity index (Al)
is the measure of the difference between the particle radius and equivalent ellipse
radius. In order to calculate the indices of fine and coarse aggregates, the
researchers captured 2D gray-scaled images of particles by using the setup shown
in Figure 2. In this thesis, Al and FI that were developed by Masad et al. were also
used in order to compare the result of the proposed 3D approach and the traditional
2D method. The details of these indices were given in Chapter 4. U.S Federal
Highway Administration [18] reported the target price of the 1% phase of the AIMS
project as 30000$.
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Another well-known setup and procedure were developed by Rao et al. [19],
named as University of Illinois Aggregate Image Analyzer (UI-AlA). The system
is capable of determining the dimensions, volume, flat, and elongated ratio by
using the images of coarse aggregates taken from three orthogonal directions. The
schematic view of UI-AIA is shown in Figure 3. An infrared and a fiber optic
sensor activates the cameras to capture the images of aggregate that is transported
from the feed bin on the conveyor belt. In this setup, each camera captures
640x480 pixels grayscale images. The grayscale images are converted to binary
(black and white) images in order recognize the regions of aggregate. The
researchers calculated volume of bounding box (assumed to be volume of
aggregate) that created by merging minimum bounding rectangles which drawn
around each orthogonal image of aggregate. The authors defined longest dimension
and the dimension that perpendicular to longest from orthogonal images in order

calculate the flat and elongated ratio. Later, Rao et al. [20] presented a new Al that
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was calculated by using the images obtained by UI-AIA. Different than Al
proposed by Masad, this Al considers the change in the slope of particle boundary
and uses three orthogonal images of aggregate. In this procedure, boundary
coordinates of aggregate were extracted from the binary image and each boundary
coordinate equally away from its neighbor was located in clockwise direction. The
subtended angle was calculated for each coordinate. The slope changes
subsequently were calculated by taking the difference of angle at each coordinate
and the angle in the preceding (neighbor that is located in the clockwise direction)
coordinate. The frequency distribution of angle changes was recorded for 10°
intervals. The10° incremental intervals (e) and the probability of slope change
having value (P(e)) in that interval is used to calculate angularity (Az,,) as given
in Eq. 2-1. The researchers calculated angularity for each orthogonal image of

aggregate and took the weighted average of these three angularities as new Al of

aggregate.
170 Eq. 2-1
Agao :Ze*P(e)
e=0
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Figure 3 Schematic view of UI-AIA [19]

Later, Xu et al. [21] compared the angularity indices calculated by the methods
proposed by Masad et al. and Rao et al. with an online survey, which was
conducted with six pavement engineers. The engineers rated the angularity of
aggregates as shown in Figure 4. The authors found that both angularity indices

linearly correlated with the responses of engineers.
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Figure 4 Survey to rate the angularity of aggregate [21]

In a relatively new study, Descantes et al. [22] measured morphological properties
of railway ballast by using a video analyzing device (VDG40 video grader) as
shown in Figure 5. The device working by using the shadowgraph principle to
capture images of aggregate particles. The camera captures the image of the

aggregate while the particle falls freely between the camera and light source. In

order to capture images, a charge-coupled device (CCD), a line camera is mounted

to the device. The researchers analyzed angularity and roughness by using
boundary coordinates of samples. In order to calculate angularity of aggregate
(ANG), the researchers detected straight lines along the surface of aggregate by
using Hough transform technique. Then, ANG was calculated by taking the mean
value of sharpest salient angles between two adjacent straight lines as given in Eq.
2-2.
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Eq. 2-2
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e ANG: Angularity of aggregate
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Figure 5 VDG40 overview [22]

In another recent study, Xie et al. [23] used digital image processing to measure the
morphological indices of fine aggregates. In order to take pictures of fine particles,
the researchers used a stereomicroscope device (Figure 6). The authors test
Ceramic, Sand, Andesite, and Limestone in 1.18 mm, 0.6 mm, and 0.3 mm grain
sizes. The researchers used Image Pro-Plus software to obtain perimeter, area, and
dimensions. The authors measured sphericity by using the major and minor axis of
equivalent ellipse and rectangularity by using the smallest bounding rectangle area.
The researchers obtained a very good correlation with the results obtained from
using image processing and with the results of the Sand Flow Test and

Uncompacted Void Content Test.
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Figure 6 Stereomicroscopy [23]

As summarized with a limited number of studies, there are various attempts
utilizing different image capturing procedures, devices, and calculation
methodologies for morphological indices. Consequently, all these approaches are
valuable to precisely determining these parameters. Moreover, various researchers
came up with innovative approaches using artificial intelligence to determine these
indices from the bulk of aggregates (stockpiles). A few of those studies are

summarized in this section.

As a recent innovative approach, Huang et al. [24] developed an approach that
automatically segments and analyzes the morphology of stockpile by using deep
learning. In this study, the researchers manually labeled aggregates in 164
stockpile images (11795 aggregates) to train the model. Plus, 20 additional images
were taken to validate the model as shown in Figure 7a and 7b. Basically deep
learning model learns to identify aggregate from images by using the training
dataset (images) and rates its learning accuracy by using the validation dataset. R-
CNN (Regions with Convolutional Neural Network [25]) framework was used to

detect the regions where aggregates were located. Then, the researchers used LCN
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(Fully Convolutional Networks for Semantic Segmentation [26]) framework to
detect aggregates separately. In order to obtain unit lengths, a 2.25 in reference ball
was placed into the stockpile before taking the images. The researchers were able
to calculate equivalent spherical diameter, flat and elongated ratios from segmented
aggregate particles. The authors compared the detected aggregates’ and manually
labeled aggregates’ equivalent sizes and flat and elongated ratios by plotting
histogram and cumulative distribution graphs and the trends were almost similar.
Consequently, Huang et al. developed a fully automated approach for detecting a

limited number of morphological indices.

(b)

Figure 7 Stockpile image a) original stockpile image b) manually labeled
aggregates [24]

Another recent innovative study by Pei et al. [27] used machine learning algorithm
(extreme gradient boosting classification or XGBoost) to classify aggregates
according to the shape by using 2D images. The image acquisition system that the
authors used is shown in Figure 8 and it is composed of Basler Acal300-60gm
industrial camera with Edmund Optics CFFL F1.3f 8.5 mm 2/300 lens, light
source, and background plate. The authors applied a median filter to denoise the
image and the then high increment filter to sharpen the edges of the particle. The
researchers further applied different kernels to pre-process the images and at the
end obtained binary images of samples. By using the chi-square test, mutual
information method, and tree model methods the authors carried future importance
analysis to decrease training time and increase the performance of classification.
The authors used 1624 samples in the project and reached 78% accuracy in

17



classifying the aggregates to cubical, angular, irregular, flat, elongated, and flat and

elongated types.

Supplementary light
source

B

Figure 8 Aggregate image acquisition system [27]

To sum up, 2D approaches are still popular due to their ease, cost-effectiveness,
and time efficiency. Moreover, studies to improve these approaches continue and

their use is expending day-by-day.

23.2 3D Methods

This section discussed different devices and methods to create 3D models of
aggregates. Since there have been various studies on this subject, a limited number
of studies were summarized. The aim of this section was to present the use of

different devices such as X-Ray tomography and different types of scanners.

The pioneering study by Garboczi [28] used X-ray tomography in order to
represent aggregates in 3D by using spherical harmonic function techniques. The
researchers used the grayscale concrete image obtained from tomography as shown

in Figure 9. The real size of samples is 108 mm3 and high-density particles
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(aggregates) are appeared to be white. In order to separate contacting aggregates,
the researchers used the Burning algorithm. After finding surface points of
aggregates, the researchers applied spherical harmonic analysis. Obtaining
spherical harmonic constants, the morphological indices were determined, as well
the shape features such as volume and surface area of aggregate were also

calculated using the generated 3D models.

Figure 9 Grayscale image obtained from X-ray tomography [28]

In a recent study, Jin et al. [29] measured the properties of the aggregates by using
a 3D solid model obtained from X-ray Computed Tomography (CT) imaging. The
researchers calculated the sphericity index by dividing the radius of a sphere with a
volume equivalent to the aggregate by the radius of the minimum bounding box.
To calculate dimension index, the ratio of axes of aggregate, the researchers used

the minimum bounding box dimensions.

In another recent study, Yang et al. [30] determined 3D Al and surface texture
index (STI) of aggregates by using X-ray scanning. The authors used 15 coarse
aggregates and covered each particle with paper in order to prevent contact with

each other. The researchers scanned the samples with 0.1 mm intervals in the
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vertical direction and rescaled the original images and then divided the entire
surface 0.1x0.1 mm squares to obtain cubic voxels. The voxels of the particles
were visualized by using Abaqus software as shown in Figure 10. The researchers
used 3D Sobel-Feldman operation to calculate the gradient direction of voxels.
Accordingly, Al was calculated based on the change of gradient vector of surface
voxel and STI based on the change of voxel amounts after a morphological

operation.

Figure 10 3D voxels visualized in Abaqus [31]

In another well-known study, Kutay et al. [2] analyzed different morphological
indices of aggregates obtained from 2D and 3D methods. The researchers captured
2D grayscale images of aggregates by using AIMS and 3D images by using X-ray
CT scanning. The researchers converted 2D grayscale images to binary images and
analyzed these in MATLAB. On the other hand, the researchers applied threshold
and labeled the outputs of X-ray CT by using X-ray CT Analysis Toolbox (XCAT)
software developed by authors and converted to perimeter image, where the
boundary of aggregate was white and rest was black. The researchers obtained the
3D Cartesian coordinates of each boundary voxel from perimeter images and

converted them to spherical coordinates to determine the spherical harmonic
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coefficients. The paper compared the 3D FI with 2D Form Factor [32], Shape
Index [33] and Form Index [17] and obtained that trends were similar. The
researchers also compared the 3D Al with different 2D angularities and observed a
high correlation with 2D Al suggested by Masad which is also used in this study
(Chapter 4).

The researchers [34] reported that the industrial X-ray CT devices’ costs in the
range of 60000 to 1000000 Euros. The X-ray CT device is the most expensive
device utilized in 3D approaches. Moreover, the majority of the papers missed to
mention the sample preparation and run durations, which is quite lengthy based on

the hands-on experience.

As an alternative 3D imaging method, Kim et al. [4] characterized individual
aggregate particles using a Laser-based Aggregate Scanning System (LASS) which
utilized wavelet-based 3D particle descriptors. The researcher designed LASS
prototype that was composed of a laser scanner fixed to a linear motion slide and
passes over the aggregate sample as shown in Figure 11. The components of the
prototype cost more than 20000$. The researchers measured the shape, angularity,
and texture indices of aggregates from rounded limestone, river gravel, crushed
limestone, crushed quartzite, and crushed granite sources. After scanning the
aggregate from the top, the researchers converted 3D Cartesian coordinates of the
particle to the polar coordinate domain and interpolated the bottom portion of the
aggregate that was hidden from the scanner. The coefficients obtained from fine,
middle, and coarse scaled wavelets were used to measure texture, angularity, and
shape of aggregate, respectively. The researcher scanned particles twice to
minimize possible data loss and analyzed outputs of LASS in LabView and
Wavelet and Filter Bank Design Toolkit software. To validate the shape indices,
the authors scanned twenty equidimensional and flat and elongated particles and
revealed high correlations. The Al showed strong agreement with the visually
separated round and angular samples selected by using ASTM D2488. Similarly,

the researchers compared texture obtained from the analysis versus visually
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separated rough and smooth aggregate particles and also obtained promising

correlation.
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Figure 11 Laser-based aggregate scanning system (LASS) [4]

Another device was introduced by Sun et al. [35]. The shape characteristics of
coarse aggregate were measured from point cloud data which was obtained by
using an imaging system based on Gocator 3D intelligent sensor. The light emitter
emits blue structured light to the surface of aggregate and reflected lights from the
sample captured by the cameras as shown in Figure 12. The sensor has 0.5 mm
accuracy in X, Y directions and 0.006 mm accuracy in the Z direction. The
researchers stored point cloud coordinate information of 16bit RGB images in
ImageX, ImageY, and ImageZ channels. Since the sensor is more sensitive to the
environment in Z direction (height information), the researchers applied median
filtering to ImageZ. The researchers used the Greedy Triangulation algorithm that
triangulates the surface topography of the particles from the 3D point cloud data.
The researchers obtained the length and width of aggregate from the minimum
bounding rectangle, and the height directly from Gocator’s output. The researchers
also measured shape indices such as isometric ratio (measures elongation),
flakiness ratio (thickness-width ratio) by using the measured dimensions, and

sphericity index by using the maximum diameter of the convex hull that enclosed
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point cloud. The authors measured the roundness, which measures the sharpness of

projection of particle, using the perimeter and area of the projected shape.

Figure 12 Structure of Gocator sensor [35]

In a recent study, Liu et al. [3] analyzed aggregates by using an optical scanner
and validated the findings with X-ray CT analysis. The optical scanner consists of
two cameras, one projection lens and a tripod as shown in Figure 13. The
researchers scanned aggregates placing samples on the rotating turntable. The
researchers used YXLON (Germany) industrial X-ray CT device in order to get
high-resolution images of aggregates. The authors compared areas and volumes
obtained from both imaging techniques and observed that round and angular
particles’ volume was mostly 4% and area 3% different. The difference between
volume and area for flat or elongated particles was more than 7% and 5%,
respectively.
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Figure 13 3D optical scanning [3]

In another recent study based on 3D photogrammetry, one of the early attempts
was made by Heidelberg et al. [36]. In this study, a spherical harmonic model of
aggregates was reconstructed by recording a video of aggregate particle by using a
smartphone. The researchers stabilized aggregate on a rotating plate by using
modeling clay. The smartphone placed on a tripod and recorded the 1,080-pixel
resolution and 60 frames per second (fps) video of aggregate while rotating as
shown in Figureld. The researchers used 3DF Zephyr Free software to extract
images from the video file and mesh the surface of the particle. To scale the
sample, the authors measured one dimension of the aggregate by using a caliper.
The researchers used MATLAB to use spherical harmonic functions. However, this

study was very limited.
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Figure 14 Aggregate with smartphone camera setup [36]

In another early 3D photogrammetry approach, Zhao et al. [37] used a
photographic system to model rocks in 3D and measure the morphological indices.
The researchers placed the particle on a rotating table and captured its images with
three cameras from different heights as shown in Figure 15. The researchers used
Airsoft Photoscan software to obtain a 3D mesh of aggregate particles from the
captured images. The researchers also scanned the particles with a laser scanner in
order to analyze the accuracy of the photogrammetry approach. Thus, the deviation
histogram of particle gathered by using two approaches were analyzed. Eventually,
it was concluded that the accuracy of models obtained by photogrammetry were

precise enough.
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As a summary, in recent years, various researchers attempted to develop 3D
methodologies to precisely evaluate the morphological indices utilizing different
devices. However, majority of these methods requires expensive testing setups that

cannot be available in the majority of the laboratories.

2.4  Summary of the chapter

This chapter briefly introduces the well-known 2D and 3D methodologies in the
literature. As discussed above, all these methodologies have advantages and
disadvantages. Therefore, the aim of this study is to propose a methodology that is
easy and less costly like 2D methods and also, as precise as 3D methods. The detail
of the proposed methodology is presented in the following chapters.

Among the costs of setups from the literature, it was determined that the price of
the devices that used both in 2D and 3D methods were more than 20000$. On the
other hand, the price of this project including Nikon digital camera, tripod and
three continuous lightings (another two lightings were provided by the department)

the total cost of the project was less than 1000$.
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CHAPTER 3

MATERIALS, SETUPS AND IMAGING PROCEDURES

This chapter discusses details about the aggregate source and number, sample
preparation, capturing the images of aggregate for both 3D and 2D approaches.

Also, obtaining 3D model of aggregate and editing the model explained in detail.

3.1  Aggregate Types

In order to identify the shape and morphological indices, 56 aggregates were
analyzed in this study utilizing the proposed photogrammetry method and
traditional 2D approaches. In the experimental matrix, aggregates were initially
categorized according to their sizes and sources (or type). Five aggregate types
were determined as basalt, dolomite, limestone, perlite, and river gravel based on
their dominant shape characteristics and frequency of use in the construction
sector. Basalt, limestone, and dolomite are the typical sources that are used in
flexible pavement construction. River gravel was selected as its morphological
indices are significantly different from the other sources. Perlite, a light aggregate,
is not a typical aggregate source for road construction but added to the experiment
matrix to validate the calibration of the proposed methodology. Moreover, two
coarse aggregates sizes were selected as retaining on 1/2” and 3/8” sieves for each
source. The details on the number of aggregates analyzed per aggregate type and

size were presented in Table 1.
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Table 1 Number of aggregates for each type and retaining sieve size.

Type Size
1/2" 3/8"

Basalt 4 5
Dolomite 8 7
Limestone 4 5
Perlite 5 5
River Gravel 7 6
Total 28 28

3.2  Procedures of Creating 3D Model

3.2.1 Sample Preparation

In order to capture the 2D images of the aggregates from different angles, the
aggregate was initially glued to a rod from its major axis to keep it stable during
the photoshoot. If not, not hardened glue or using a rope to hang the aggregate will
result in defects in the 3D model. In order to provide the desired stability of the
setup, 5 minutes two-component epoxy was used to stick the aggregate to a 1 mm
diameter metallic stick. The stick was positioned perpendicular to the approximate

center of the aggregate and the setting took about half an hour (Figure 16b).

It should be noted that the amount/type of the glue and the diameter of the stick
was optimized after various trials and errors. While editing the 3D model of the
aggregates, the glue and stick were removed from the model. If they cover more
surface on the aggregate, the deleted portion of the aggregate might lead to an
accuracy problem. Thus, this step in the procedure is a bit tricky and needs fine

work.

Moreover, if the surface color of the aggregate was uniform, the software can
mismatch the points on the surface and this may result in errors in the 3D model.
Therefore, in order to obtain the correct representation of aggregate, random

lines/dots were drawn on the surface of aggregates with colored pencils.
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In order to determine the actual sizes of the aggregates, circular papers with
2.05 mm (Figure 16b) or 1.97 mm diameters were attached on the surface of
aggregates as reference dimensions. It should be noted that the shape and size of
the reference paper are not essential for the procedure and users to implement this
methodology can attach a reference in different shapes or sizes. However, the
reference paper should be as small as possible in order to avoid covering the

irregularities on the surface of the aggregate.

3.2.2 Setup

In this study, for the proposed photogrammetry method and traditional 2D
approaches, the pictures were captures using a handheld DSR camera, Nikon
D3400 digital camera with an 18-5 mm lens. The size of each image is

approximately 6 MG and dimensions 6000x4000 pixels.

In order to get high-resolution 3D models, it is essential to light the aggregate
properly during the photo shoot. Therefore, the aggregate were lightened by three
continuous lights (800W) with reflectors at the level of aggregate’s height, which
were positioned approximately 120° apart from each other. In order to get a correct
representation of the aggregate, the white reflectors are covered with newspapers.
Since the 3D modeling software take the background as a reference during
rendering (when the image does not have positioning information), the non-

uniform background will help the photogrammetry programs render correctly.

In addition, shadows were eliminated by placing two more continuous lights
(800W) with softboxes which reflected the light from a higher elevation. The
locations of these lights were chosen randomly according to the lighting needs
(Figure 16a).
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Figure 16 3D photogrammetry setup a) setup b) aggregate

3.2.3 Photography

During the photo shoot, the camera should be held 20-30 cm away from the
aggregate and zoom should not be used. Also, the flash of the camera should be
turned off. Photos of the aggregate were taken by elevating the camera at five
different heights by using a tripod as shown in Figure 17a. Starting from the mid-
height of aggregate (elevation 0), approximately 50 images 7° apart from each
other were taken by moving in a circular motion as shown in Figure 17b.
Changing the elevation of the camera approximately 45° higher than elevation 0,
approximately 20 images, which were 18° apart from each other, were captured in
elevation 1. For Elevation 2, the elevation of the camera was positioned
approximately 45° lower than elevation 0 and images were captured similar to
Elevation 1. Finally, for the elevation 3 and 4, the camera positioned nearly 80°
away from the elevation 0. These elevations should not be 90° to eliminate the
shadows of the camera on the aggregate’s surface. Ten more photos were taken at
these final elevations. Positions of the cameras were presented from top and side, in
Figures 17b and 17c, respectively. Overall imaging procedure takes 30-45 minutes

and with the preparation of aggregate, the overall process took more than one hour.
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Figure 17 Camera positions a) elevations of camera b) top view of camera
positions c) side view of camera positions

3.2.4 Creating 3D Model

In order to obtain a 3D point cloud or 3D mesh of any object, there exists various
commercial and free software such as Autodesk ReCap, Elcovision 10 and
ContextCapture. In this study, the authors used the educational license of

ContextCapture to obtain the 3D models from 2D images.

The ContextCapture software can be used with either images or videos taken by
any compact digital, mobile phone, DSLR, or fisheye camera. Although the
software does not have minimum pixels requirements, the quality and the extent of

the final work depend on the camera resolution. In other words, the high-resolution
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camera captures more information than the low-resolution camera. Therefore, more
images are required to describe the object in 3D with a low-resolution camera and
it will increase the rendering time and also vice versa is true. Moreover, the
software supports various digital image formats such as JPEG, TIFF, and PNG as
an input. ContextCapture can create 3D models from images that do not have
positioning data by using arbitrary position, rotation, and scale of the image. The
software works in 64-bit Windows XP/Vista/7/8/10 operating systems and a
minimum of 8 GB RAM and 1 GB NVIDIA or AMD graphic cards. [38]

The ContextCapture software is composed of two main modules and both are

required. The modules are [38]:

1. ContextCapture Master: This module is used for inputting data, editing
the process settings, monitoring the rendering process, and visualizing the
results.

2. ContextCapture Engine: This module works in the background without
user interaction. The job of the module is 3D reconstructing or

aerotriangulation.

In this research, the properties of the computer, which was used in rendering and

analyzing, were:

e 64-bit Windows 10 Education operating system.

e Processor: Intel(R) Core(TM) i7-9750H CPU @ 2.60GHz, 6 Core(s), 12
Logical Processor(s).

e 32.0 GB RAM.

e Intel(R) UHD Graphics 630 and NVIDIA GeForce GTX 1650 graphic

cards.

In this study, aggregate photos, captured using a DSLR (Nikon D3400) camera
according to the aforementioned procedure in the previous section, were used as
input to the ContextCapture. The photos were submitted to the aerotriangulation to
determine the location of each image [38]. The aerotriangulation was processed
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through ContextCapture Engine. The aerotriangulation process determines the
position of the camera for each image as shown in Figure 18a. Before
reconstructing the 3D model, the region of interest (Figure 18b, yellow bounding
box) was placed around the aggregate to eliminate the unnecessary parts from the
analysis. Then, the 3D model of the aggregate was reconstructed to obtain 3D
Mesh in “obj” format. Depending on the number of photos, the production of the
3D mesh took about 20-60 minutes per aggregate. It should be noted that the
duration of this process depends on the computer configuration. The output of
reconstruction was shown in Figure 18c and at this stage, the model was ready for

further editing.

2 b) —

Figure 18 Creating 3D model from 2D images a) the result of aerotriangulation.
camera position of each image b) 3D reconstruction region was redefined c)
output of 3D reconstruction
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3.25 Editing 3D Model

There are various free and commercial software available for editing 3D Mesh (i.e.
MeshLab, Meshmixer, etc.). Upon these software, Meshmixer is a free software
that has numerous features such as remeshing, hole filling, and 3D measuring [39].
Moreover, it has a user-friendly interface. Thus, it was used for editing the 3D

aggregate models and measuring dimensions in this study.

The “obj” file, which was extracted from ContextCapture, was imported into
Meshmixer (Figure 19a) for preparing the aggregate model for MATLAB analysis.
Since the focus of the camera was on the aggerate during taking the pictures, the
stick used to hold the aggregate was blurry as shown in Figure 19a. The stick and
glue were removed from the model by using the Meshmixer. Therefore, the hole
occurred on the surface of the aggregate as shown in Figure 19b. Meshmixer’s
Inspector tool was used to fill the hole as shown in Figure 19c. For all analyzes,
this corrected area was approximately 0.5% of the overall surface of the aggregate,
which was assumed within the exceptional error limits. The density of the default
triangulation of the meshed object is shown in Figure 19d. The model can be also
under (Figure 19¢) or over (Figure 19f) triangulated by using the meshing tool of
the Meshmixer. The true sizes of the aggregate were calculated by using the pixel
vise dimensions of the little green circle sticker. The length of multiple
approximate diameters of the sticker as shown in Figure 199 (lines passing through
the approximate center) were measured using the Meshmixer’s measuring tool. The
average length was recorded to be later used to calculate the true dimensions of the
aggregates. The “.ply” (Polygon File Format) file was extracted for default, over
and under triangulated 3D mesh of each aggregate. Then, further analyzes were

performed using the MATLAB programming language.

34



Figure 19 Editing 3D Model of aggregate a) view of the 3D aggregate model in
Meshmixer obtained from ContextCapture b) hole on the surface of the aggregate
model after removal of stick and glue c) hole filled by using Meshmixer's
inspector tool d) triangulation density by default €) under triangulated 3D mesh f)
over triangulated 3D mesh g) approximate diameter measure in Meshmixer
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Figure 19 (cont’d) Editing 3D Model of aggregate a) view of the 3D aggregate
model in Meshmixer obtained from ContextCapture b) hole on the surface of the
aggregate model after removal of stick and glue c) hole filled by using
Meshmixer's inspector tool d) triangulation density by default €) under
triangulated 3D mesh f) over triangulated 3D mesh g) approximate diameter
measure in Meshmixer

3.3 2D Imaging

331 Sample Preparation

Throughout the analysis, it was determined that white-colored parts of the surfaces
resulted in some problems in 2D image processing. Since the background color of
the aggregates is white while converting the image to black-while (or binary).
These white portions were recognized as background. In other words, these parts
were seemed to be holes on the surface of the binary images. Therefore, these
white-colored portions of the aggregates were painted with colored pencils to

represent aggregates correctly on binary images.
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3.3.2 Setup

In order capture 2D images of aggregate, same camera and tripod was used as
details given in section 3.2.2. Since binary image was used in 2D analysis the
boundary of the aggregate should be clear. Therefore, lighting box (800W) that

reflects the light upward was used.

3.3.3 Photography

The aggregates were placed on a lighting box to ensure clean and white
background. In order to keep the aggregate stable in the desired plane, blu-tack was
used. The amount of blu-tack should be so that it will keep the aggregate stable and
should not be seen in the images of the aggregate. The camera was positioned so
that it will capture the aggregate’s image from the top and without any shadow
around the aggregate. If not, shadows may look like a part of the aggregate in

black-white images.

In addition, to detect the aggregate’s original size a ruler placed near the aggregate
as a reference in the pictures (See Figure 20b, 20c and 20d). Later, the pixel
number corresponding to 1 mm length was used to calculate the true dimensions of

the aggregates.

In order to calculate morphological indices and dimensions of the aggregates by
using the traditional 2D method, the photos of each aggregate were taken in three

different planes (or positions), as follows:

e Longest Plane: The aggregate was placed so that it lay on its surface which
has the largest area (Figure 20a and 20b).

e Side Plane: The aggregate from its longest plane was rotated 90° around its
approximate major axis (Figure 20a and 20c).

e Vertical Plane: The aggregate from its longest plane was rotated 90° to the

vertical direction (Figure 20a and 20d).
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Figure 20 a) 3D model of the aggregate b) longest plane of the aggregate c), side
plane of the aggregate, d) vertical of the aggregate (Note: Figures are rescaled.)

In addition, orthogonal binary images of three particles show in Appendix A.

3.34 2D Image Editing

To edit the pictures for the 2D approach, Imagel free lightweight software was
used. ImageJ has the ability to edit, analyze, and process TIFF, GIF, JPEG like
images [40]. Initially, the number of pixels corresponding to 1 mm of the ruler was
measured. Secondly, the photo was cropped in order get rid of unnecessary
portions of the background. Then, the RGB image was converted to black-white
(binary) image. Finally, the extracted image in TIFF format was analyzed in
MATLAB to gather shape features and morphological indices. These steps were

repeated for the three pictures taken from three planes of each analyzed aggregate.

3.4  Summary of Chapter

Using 56 aggregates from five different sources each sample fixed on the stick.
From five different elevation 360° images of the sample capture by using digital
camera. ContextCapture software was used to create 3D model from captured

images. The stick was removed by using MeshMixer software. Each sample’s three
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orthogonal images were captured for the 2D approach. The captured images

converted to binary images in order to analyze by 2D methods.
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CHAPTER 4

THEORIES AND THEIR APPLICATION

This chapter discusses the theories and developed algorithms that were used in the
determination of shape features morphological indices for both 2D and 3D

methodologies.

4.1 3D Theories

4.1.1 Introduction

The surface of the aggregate was represented by point cloud and triangles in “.ply”
document. The Toolbox Graph of MATLAB was used to read the “.ply” file [41].
The toolbox returned vertices and faces lists of the object. The vertices were the
Cartesian coordinates of each point in the point cloud. The structure of the it"
vertex point was composed of x,y and z coordinates as given in Eq. 4-1. The
triangles were formed using three vertices and the faces list stored each triangles’
vertices index. The structure of jt* triangle (Figure 21) was composed of m, n and

k which were the indices of m®", nt"* and k" points as shown in Eq. 4-2.
Py =[x, yi, 2] Eq. 4-1

F; = [m,n, k] Eq. 4-2
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Figure 21 Vertices that represent the j¢* triangle

41.2 Surface Area

The surface area of the aggregate was calculated by summing the area of each
triangle on the 3D model as shown in Eqg. 4-3. The area of each triangle was
calculated by dividing the magnitude of the cross product of vectors by two as
shown in Eq. 4-4 [42]. The area of j*" triangle was calculated by using the first,

second and third vertices obtained from face matrix.

Jj=1

Eq. 4-3

e A: Surface area of aggregate.
o A;: Areaof jt triangle.

e N: Number of total triangles or size of faces list.
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Aj = >
e Fj;: Index pointing to first vertex of j" triangle.

e Fj,: Index pointing to second vertex of jt" triangle.

e Fj3: Index pointing to third vertex of j¢" triangle.

* Pp: Cartesian coordinates of j* triangle’s first vertex.

* Pp,: Cartesian coordinates of j¢" triangle’s second vertex.

Pg;,: Cartesian coordinates of j* triangle’s third vertex.

4.1.3 Volume

The volume of the aggregate, represented by mesh, was calculated by creating
tetrahedrons by connecting the surface triangles with the origin (0, 0, 0). The total
volume of the mesh was calculated by dividing the sum of the determinant of the
tetrahedrons’ Jacobian matrix (Eq. 4-5) by six as shown in Eq. 4-6 [43][44]. The
distance from aggregate to reference point (origin) does not affect the aggregate’s
total volume, thus any other reference point can be also selected [44]. The
determinant of Jacobian matrix has negative and positive values. Thus, the sum of
Jacobian determinants independent of the selected reference point gives the same

total volume.

PFj11 PFjlz ijlg Eqg. 4-5

1
J - Pr,' Py’ P, 1
Prt Py’ Py 1
ot 02 03 1
e J;: Determinant of Jacobian matrix constructed from jt" triangle.
e F;: Index pointing to i*" vertex of j** triangle.
e Pg,: Cartesian coordinates of j** triangle’s i vertex.

. PFjl.lz First element or x coordinate of the Py ;.
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o PFﬁZ: Second element or y coordinate of the Pg,.
. PFﬁ3: Third element or z coordinate of the Pr,.

e 0%: Origin’s x coordinate or zero.
e 02: Origin’s y coordinate or zero.

e 03: Origin’s z coordinate or zero.

N
*Z]j
j=1

VV: Total volume of the aggregate.

Eq. 4-6

N

V=

N: Number of total triangles or size of faces list.

4.1.4 Centroid of Aggregate

The centroid of the whole aggregate was calculated by dividing the sum of the dot
product of centroid of each tetrahedron (Eq 4-7) to Jacobian determinant to six
times of the total volume of the aggregate [44] as shown in Eq. 4-8.
. Pp, +Pp, +Ps +0 Eq. 4-7
J 4
e (;: Centroid of tetrahedron constructed from j*" triangle

e Pg,: Cartesian coordinates of j** triangle’s i*" vertex.

e 0:Origin (0, 0, 0) of the Cartesian Coordinate System.
o NaCixJ Eq. 4-8
3D 6%V
e (3p: Centroid coordinates of the 3D mesh (aggregate).

e J;: Determinant of Jacobian matrix constructed from jE" triangle.

N: Number of total triangles.

V. Total volume of the aggregate.
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415 Ray Triangle Intersection

The ray triangle intersection algorithm was used to determine the intersection point
of line with a triangle [45]. According to the pseudo-code written by Moller and
Trumbore, the algorithm was rewritten in MATLAB to determine radii or
diameters of the aggregate for any arbitrary angle. Rather than approximating the
aggregate as a box by using the boundary box, it is possible to calculate the
dimensions without approximating the whole shape of the object utilizing this
algorithm. The mesh surface of the aggregate composed of triangles and any radius
was triggered as a ray by giving its elongation direction. All triangles were checked
for the specific ray until the one of triangles responded to the intersection algorithm

as shown in Figure 22,

Figure 22 The ray intersected with triangle

4.1.6 Ellipsoidal to Cartesian Coordinates

In order to generate radii at any desired angle, the conversion of the ellipsoidal
coordinate system to the Cartesian coordinate system was essential. The radius of
the ellipsoid starts from the origin (0,0,0), which is the centroid of the ellipsoid,
and ends at the point where it cuts/touches the surface of the ellipsoid. The starting
point of the ellipsoid’s i*" radius is always known and the end point’s coordinates
was calculated by using Eq. 4-9. The a3p, bsp and csp are the semi-axes lengths of

the ellipsoid and these lengths were kept constant while calculating the radii’s
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coordinates. The ¢ and 6 variables are the azimuthal angles and define the
direction of each radius as shown in Figure 23a. Each radius was calculated from
identical ¢ and 6.

X; = azp * cos O * sin ¢ Eqg. 4-9
Y; = bzp *sin @ * cos ¢
Z; = C3p * COS @
0<6<360°
0<¢<180°
e X;,V; z;: Cartesian coordinates of it" radius.
e asp, bsp, c3p: Principal semi-axes of the ellipsoid.

e 0,¢: Azimuthal angles.

When ¢ was constant and 6 was incrementally changed between [0°, 360°)
contour like or horizontal ellipse like radii sequence was generated as shown in
Figure 23a, line a. On the other hand, when 6 was constant and ¢ was changed
incrementally between [0°, 180°] the radii points’ position was like vertical apple
slices or crescent Figure 23a, line b. Ellipse (horizontal) and slice (vertical) like
positions of radii play a crucial role in form index calculation which will be

discussed further in section 4.1.9.

The azimuthal ¢ and 6 degrees were started with 0° and were increased by A¢ and
A8 respectively to detect the radii’s end coordinates. The increments should be so
that the position and number of radii sequences (ellipse and slice) will be
symmetrical. For instance, the position and number of horizontal/ellipse radii are
symmetrical in Figure 23b. Otherwise, calculated form or angularity indices will
not represent the aggregate’s shape uniformly. Therefore, the modulo of ¢ by A¢p
and 8 by A8 should be equal to zero. Also, A¢g should be smaller or equal to 90°
and A@ should be equal or smaller than 180°. These conditions are crucial to use
radii that are symmetrically positioned. For instance, if A@ = 270° the first radius

will be at 8 = 0°, the second will be at & = 270° which disturbs the symmetry. On
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the other hand, for the analysis in this study, the angle increments were determined

significantly small and futher discussed in Chapter 5 (Results and Discussions).

Figure 23 Ellipsoid a) radius at Azimuthal angles b) ellipse slices inside the
ellipsoid

The number of total radii was calculated by using the Eq. 4-10. The end
coordinates of radii at polar points of the ellipsoid, where ¢ = 0° and ¢ = 180°,

are the same. Therefore, the same radiuses calculated due to rotation should be
0
eliminated. Therefore, the —1 value in the term (%—1) comes from the

elimination of polar points and the number of the slice like positions are considered
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0
by (%). Finally, the +2 term in Eq. 4-10 comes from considering the polar

ellipses as two points.

180° 360° Eq. 4-10
radii_(Ad) —1>* A0 +2
180° mod Ap = 0
0 < Ag < 90°
360° mod AB =0
0 < A < 180°
®  N,qqii: Number of radii.

e A6G,Ad: Azimuthal angle increments.

Using the Eq. 4-9 equation, the ellipsoidal coordinates of the sphere can be also
calculated by assuming the semi-axes (a = b =c¢) equal. Conversion from
Cartesian to spherical coordinate system was essential to detect the aggregate’s
radii coordinates to calculate form index and conversion from Cartesian to ellipsoid
coordinate is used to calculate the angularity index, further discussed in the

following.

4.1.7 Rotation and Displacement of Coordinates

While calculating the angularity and form indices, the location and orientation of
the aggregate were changed. Since these indices are very sensitive to the
orientation of the aggregate and will be discussed later in detail. Thus, the vertices
matrix was rotated by using the MALTAB’s file exchange function [46]. The
rotation function rotates the aggregate by pinning the origin of the Cartesian
Coordinate System. If the aggregate’s centroid is not shifted to the origin, the
function will both rotate and displace the aggregate as shown in Figure 24a and
24b. Thus, rotating the aggregate without moving the centroid to the origin will
pose it at a false location and orientation. Therefore, the centroid of aggregate was

placed to Cartesian Coordinate System’s origin as shown in Figure 25a. For this
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purpose, the calculated centroid coordinates (C;p) were subtracted from
coordinates of vertices. Then the aggregate rotated along its centroid as shown in
Figure 25a and 25b.

a)

Origin

Figure 24 Aggregate rotated and displaced when its centroid is not at origin. a)
initial position of aggregate b) rotated and displaced aggregate

Figure 25 Aggregate rotated when its centroid at origin. a) initial position of
aggregate b) rotated aggregate
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4.1.8 Angularity Index

Angularity index (Al) is a measure of deviations at the surface of the aggregate and
measures the difference of radii of the aggregate and corresponding ellipsoid [47].
The angularity index of 3D object (Al;p) was calculated by summing the
magnitude of the difference of aggregate’s radius and equivalent ellipsoid radius
and dividing by equivalent ellipsoid radius at given angles. The formulation given
at Eq. 4-11 calculates the Al;, by summing the differences at angles 6 and ¢. The
difference in the original shape and ellipsoid depends on the true and its equivalent
ellipsoid radii. In other words, the difference measure is not affected by the next or
previous radii as Form Index (FI). As a result, Al;, is independent from the
orientation (ellipse or slice positioned) of radii throughout the analysis. However,
Al;p is affected from A6 and A¢ increments’ values. The value of Alzp increases
when the angle increments (A8 and A¢) get smaller since the number of radii
increases. Therefore, Normalized 3D Angularity Index (NAl;p) is proposed, Eq. 4-
12, to make the angularity index independent from the value of angle increments
[48]. The NAI;, calculated by dividing the Al;p by the number of radii generated
from ellipsoid to Cartesian conversion (Eqg. 4-10).

180° 360°-A0 Eqg. 4-11
A Z Z IR($,0) — Rep(¢,0)] f
3D =
¢=00 =00 REE (¢' 9)

Step=A¢ ~ Step=A0

e Alzp: 3D Angularity Index.

e R(¢,0): Length of radius of the aggregate (3D model) at 6 and ¢ angles.
e Rpz(¢,0): Length of equivalent ellipsoid radius at 8 and ¢ angles.

e A6,A¢: Angle increments.

e 0, ¢: Azimuthal angles.
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AI3D Eq. 4'12

Nradii

NAI3D =

e NAI;p: Normalized 3D Angularity Index.
e N,.q4:i: Number of radii generated by using ellipsoid to Cartesian

conversion.

419 Form Index

Form Index (FI) measures aggregate’s variations in the proportions [2], [17]. The
3D Form Index (FI;p) calculated by taking the difference in the radius of 6, ¢
angles (initial radius) and 6, ¢ + A¢ (consecutive radius) and then the difference
divided by the length of initial radius as shown in Eq. 4-13. The FI;, of the
aggregates was calculated by choosing the next radius from apple slice like
position (6 is constant and ¢ is changing) as shown in Figure 26a. If consecutive
radius is chosen from ellipse like position (¢ is constant and 6 is changing) as
shown in Figure 26b, the differences close to polar points (8 = 0°, ¢ = 0°) will
be very small. On the other hand, the difference of the initial and consecutive
radius will be very large near mid (¢ = 45°) of the aggregate. In other words,
getting closer to the mid of aggregate as shown in Figure 26c¢, radii differences will
increase. Thus, the differences closer to the mid of the aggregate will dominate the
Fl;p and the differences near-polar point will be ignored. Therefore, FlI;p
calculated from ellipse like posed radii will not represent the whole aggregate’s

variations.
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3600-A9 180°

" 1R(0, 6 + ) — R0, )|
Flap = Z Z ’ R(6,$) '

Eq. 4-13

6=00 ¢=0°
Step=A0  Step=A¢

e FI;,: 3D Form Index of aggregate.

e R(6,¢): Length of aggregate’s radius at 8, ¢ angles or current radius.

e R(6,¢ + Agp): Length of aggregate’s radius at 6, ¢ + A¢ angles or next
radius.

e AB,A¢p: Angle increments.

e 0,d: Azimuthal angles.

Figure 26 Radii orientations a) single slice like radii orientation in order to
calculate form index b) single ellipse like radii orientation c) multiple ellipse like
radii orientation

Since FI is calculated by using the length of initial and consecutive radii, the
distance to the consecutive radii is important. Different A6 and A¢ results in
different FI;, values for the same aggregate. Therefore, Normalized Form Index

for the 3D object (NFI;p) was calculated as in Eqg. 4-14 to make the FI
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independent from increments up to some degree. NFI5, is calculated by dividing

F 5, value by the square root of the number of radii of the aggregate [48].

Flzp Eq. 4-14

aY; Nradii

e NFI;,: Normalized Form Index of aggregate.

NF13D =

e N,.q4ii- Number of radii of aggregate generated by using spherical to

Cartesian conversion.

4.2 2D Theories

421 Angularity Index

In order to calculate the 2D angularity index, it is essential to find the difference of
each radius of aggregate located at & and equivalent ellipse radius. In order to

generate equivalent ellipse radii length, Eq. 4-15 [49] was used.

azp * bap Eq. 4-15

Rgp(0) =

\/aZDZ % (sin )2 + byp” * (cos )2

e Ry (6): Radius of the ellipse, draw on aggregate, at 6 angle.
e O: Azimuthal angle varies between 0 and 360°.

® a,p, byp: Semi-axes of the ellipse.

The Angularity Index of 2D object (Al,p) calculated by summing the differences
of aggregate’s radius and equivalent ellipse radius at 8 angle as shown in Eq. 4-16
[47]. The @ starts from 0° and is increased by A8 degree until 360°.

3600-A8 Eq. 4-16
Z IR(6) — Rez(6)] f
AIZD =
=, Rgg(0)
Step=A6

e Al,;: 2D Angularity Index.
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e R(0): Length of radius of aggregate (2D image) at 6 angle.
e Ry(60): Length of equivalent ellipse at 6 angle.

Angularity Index was calculated for three orthogonal images of aggregate. In order
to calculate angularity index for whole aggregate the weighted average of Al
(AL739) the equation at Eq. 4-17 [50] was used.

longest side vertical
Alavg _ Alongest * AIZD + Aside * AIZD + Avertical * AIZD 4E1q7'
2D -
Alongest + Aside + Avertical

o Al,;?: Form index obtained from weighted averaging.

®  Aiongests Asiaer Averticar- Aréa of white pixels (aggregate) obtained from
longest, side and vertical positions of each aggregate.
o ALY ALside AIZETHcal: 2D angularity index values obtained from

longest, side and vertical positions of each aggregate

4.2.2 Form Index

The form index of 2D object (FI,p) calculated by summing the differences of
aggregate’s current radius and next radius at 6 angle as shown in Eq. 4-18 [47].
The 6 starts from 0° and is increased by A8 degree until 360°.

0_ 0 _
. _360 A IR(8) — R(6 + 10)| Eq. 4-18
2D —
GZOO R(6)
Step=A0

e Fl,p: 2D Form Index.
e R(6): Length of radius of aggregate (2D image) at 8 angle.
e R(6 + AB): Length of radius at (6 + A8) angle.

Form Index was calculated for three orthogonal images of aggregate. In order to
calculate form index for whole aggregate, weighted average of FI (FI,;9), the

equation at Eq. 4-19 [50] was used.
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longest side vertical
Alongest * FIZD + Aside * FIZD + Avertical * FIZD Eq'

FIavg —
2b Alongest + Aside + Avertical 4-19

e FI,;%: Form index obtained from weighted averaging.
®  Ajongests Asiaer Averticar- Aréa of white pixels (aggregate) obtained from

longest, side and vertical positions of each aggregate.

FIOM9et Frside, Frzgrtical: 2D form index values obtained from longest,

side and vertical positions of each aggregate

4.3  Application of 3D Algorithms

As discussed in the previous sections in detail, the Toolbox Graph framework [41]
of MATLAB was used to extract vertices and faces of the object from the “.ply”
file.  Accordingly, the shape features and morphological indices of coarse

aggregates were calculated by using vertices and faces lists.

4.3.1 Shape Features

The area and volume of the aggregate were calculated as explained in section 4.1.2
and 4.1.3. The area (unit?) and volume (unit®) units are converted to mm? and
mm?3 respectively by using the diameter length of the green circle on the
aggregate’s surface (Figure 19g). The unit based and true diameter lengths of the

circle were measured by using Meshmixer and the digital caliper, respectively.

Then, the centroid of aggregate was calculated as in section 4.1.4. In order to shift
the centroid of aggregate (Cs;p) to Cartesian coordinate system’s origin, the
calculated centroid subtracted from point cloud (or vertices) coordinates of the
aggregate. After this stage of the 3D mesh will equal to origin of the Cartesian

coordinate system (Csp = (0,0, 0)).
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The diameter of the aggregate is the dimension that starting from the surface of the
aggregate and passing from the centroid elongated up to the other side as shown in
Figure 27. Aggregate’s longest diameter (L3p) IS the shape feature that was used in
rotation. In order to find the aggregate’s longest diameter (L3p), point cloud data
and ray triangle intersection algorithm was used. Aggregate’s longest diameter’s
starting point cannot be on the surface of triangles (surface of mesh represented by
triangles) and it is one of the vertices. On the other hand, longest diameter’s end
point (where touches other side) may be intersect the face of the triangle or one of
its vertices. Consequently, all points in the point cloud was checked whether it is
creating the longest dimension or not. Each point (start coordinate) treated as a ray
in the direction of centroid (C5p) and using the ray triangle intersection algorithm
(section 4.1.5) the end point of each diameter was detected as shown in Figure 27.
The length from the start coordinate (any vertex) to the end coordinate was
measured for each diameter and the maximum diameter was chosen as the longest
length (Lsp).

Figure 27 Diameter

In order to generalize the position of the model of the aggregate, it was rotated.
After finding the longest diameter, the mesh model was rotated as discussed in
section 4.1.7 so that the longest diameter will lie on the x-axis. This rotation was
illustrated: the position of the L, and its target destination as shown Figure 28a.
After rotation, the longest diameter and x-axis was matched as shown in Figure
28b.
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Figure 28 Rotation of aggregate’s longest diameter a) longest diameter and its
rotation destination (x axis) b) longest diameter lies on the x-axis

After rotating the aggregate’s longest diameter to the x-axis, the aggregate
completely was fixed by rotating its perpendicular shortest diameter (T5p) to the z-
axis. Tsp is the diameter that is perpendicular to the x-axis. The perpendicular
shortest diameter was calculated by obtaining perpendicular diameters by using
spherical to Cartesian coordinate system conversion and ray triangle intersection
algorithms. To find the perpendicular shortest diameter, the following steps were

used:
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1. Unity radii points’ (asp = bsp = c3p = 1unit) coordinates were
calculated by choosing A¢ = 1° and A8 = 90°. Points calculated at this
stage positioned like two rings which were parallel to the x-axis and
perpendicular to the x-axis (Figure 29a).

2. In order to find the perpendicular smallest diameter, the parallel ring
elements were deleted as shown in Figure 29b.

3. Unity radii were created by connecting C5p, (centroid of aggregate) and each
ring element as shown in Figure 29c. These radii were assumed to be rays
starting from the centroid toward each unity point (ring element).

4. Each ray extended or shortened (if distance to surface shorter than 1 unit)
up to the surface of the aggregate and perpendicular radii were obtained
(Figure 29d). The intersection points of the ray with the surface of
aggregate are shown in Figure 29e.

5. Perpendicular radii combined so that diameters were obtained. For instance,
the radius at ¢ = 0°, & = 0° created diameter with the radius at ¢p = 180°,
6 = 0°.

6. Among perpendicular diameters, the shortest perpendicular diameter (T5p)

was obtained.

Figure 29 Generating perpendicular radii a) raw ring points; parallel ring and
perpendicular ring b) after deletion of parallel ring ¢) unity radii perpendicular to
x-axis d) radii perpendicular to x-axis. (unity radii extended/shorted up to surface
of aggregate) e) intersection points of extended radii with the surface of
aggregate
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Figure 29 (cont’d) Generating perpendicular radii a) raw ring points; parallel ring
and perpendicular ring b) after deletion of parallel ring c) unity radii
perpendicular to x-axis d) radii perpendicular to x-axis. (unity radii
extended/shorted up to surface of aggregate) e) intersection points of extended
radii with the surface of aggregate

Point cloud data (vertices list) cannot be directly used in finding the overall shortest
(S3p) and mean (M5p) diameters. As shown in Figure 30, the edges of the triangle
were assumed to be vertices and distance from C;p to vertices (dotted lines) may
not be the shortest distance. S5, may be the distance from C;j to some point which
is on the surface (solid line) of the triangle. Similarly, (M5p) should not be
calculated from vertices data since point cloud may not represent aggregate’s
whole surface. The point cloud may contain more points where aggregate is
angular but less data may be available for smoother surface. The overall mean
diameter may be dominated by locations where diameters were generated from
high densely located points. In order to calculate morphological indices and shape
features independent from point distribution uniformity, the radii were created
artificially by using spherical to Cartesian conversion and ray triangle intersection

algorithms.
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Figure 30 Distance to the face and vertices of triangle

Steps in order to generate artificial radii as follows:

1.

Unity radii points’ (azp = bsp = c3p = 1 unit) coordinates were generated
for A¢p and A6 degree increments that were chosen by the user as shown in
Figure 31a.

The generated unity radii extended or shortened to the surface of aggregate
by using the ray triangle intersection algorithm as shown in Figure 31b.
Diameters were generated by matching the gendered radii according to their
6 and ¢ values.

Overall shortest diameter (S;p) was obtained from the minimum length
among the diameters.

The average length of the diameters was assumed to be overall mean

diameter (M5p) of the aggregate.

Figure 31 Generation of artificial radii a) unity radii generated by A¢ and A8
degree increments b) unity radii extended/shortened up to the surface of
aggregate
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4.3.2 Angularity Index

Angularity index was calculated from the difference of aggregate’s radii and
equivalent ellipsoid radii. Differently than previous study [48], in this thesis the
ellipsoid generated by using shortest diameter of aggregate and both studies’

ellipsoid generating method will be introduced in this section.

In order to generate the imaginary ellipsoid around the aggregate, it was assumed

that ellipsoids’ longest semi-axis was equal to the longest diameter of aggregate

(asp = L37D). On the other hand, other semi-axes were determined as follows:

e Ellipsoid by smallest: Other semi-axes of the ellipsoid was assumed to be

equal to the overall shortest half diameter (bsp = c3p = 537[’ .

e Ellipsoid by mean: Other semi-axes of the ellipsoid was assumed to be

. M
equal to overall mean half diameter (bzp = c3p = 73” .

The results with the assumption of ellipsoid by mean was presented in the
previous study [48]. In this thesis, the details of the ellipsoid by smallest were
introduced to improve the correlation between 3D and 2D methods.

If the angularity index was calculated before rotating with respect to the longest
diameter, the ellipsoid would be differently positioned for each aggregate. In other
words, the longest diameter of the ellipsoid and longest diameter of the aggregate
would be mismatched as shown in Figure 32a. After fixing the aggregate and

ellipsoid longest diameters should lie on the x-axis as shown in Figure 32b.
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Figure 32 Ellipsoid and aggregate's positions a) ellipsoid radii generated before
rotation of aggregate b) ellipsoid radii generated after rotation of aggregate
(longest diameters of ellipsoid and aggregate lie on the x-axis)

In order to calculate Al;p, ellipsoidal to Cartesian conversion and ray triangle
intersection algorithms were used. The radii of aggregate and equivalent ellipsoid

were generated artificially as listed below:

1. The ellipsoid radii were generated by using semi-axes values for A¢ and A8
angle increments (by ellipse like manner) as shown in Figure 33a.
2. Then ellipsoid radii were extended or shorted to the surface of aggregate in

order to obtain equivalent aggregate radii.

Both ellipsoid and equivalent aggregate radii were shown in Figure 33b by red and
black lines, respectively. Recording each aggregate radius and equivalent ellipsoid

radius, Al;p and NAI;, were calculated as explained in section 4.1.8.
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Figure 33 Radii of ellipsoid and aggregate a) radii of ellipsoid b) radii of
ellipsoid (red) and aggregate (black)

4.3.3 Form Index

In 3D form index calculations, it is important to define initial and consecutive radii.
Firstly, unity radii were generated by using spherical to Cartesian conversion
algorithm for A¢ and A6 angle increments. Secondly, unity radii were extended or
shortened to the surface of aggregate by using ray triangle intersection algorithm.
Lastly, as explained in section 4.1.9, initial and consecutive radii were determined

by using slice (crescent) like manner.

Fl;, was calculated for three different position of aggregate. In previous study
[48], the 3D form index calculated after rotating the aggregate’s longest diameter to
x-axis. In order to improve 2D and 3D form index correlations this thesis
introduces 3D form indices with new positions. It should be noted that the position
of the aggregate plays a crucial role in the correlation between 2D and 3D FI. The

positions were summarized as follows:

e Free z position: The longest diameter was fixed on the x-axis but the
aggregate position around the x-axis was assumed to be free. In other
words, the T5, was not fixed to the z-axis.

e Shortest to z position: The longest axis was similarly fixed on the x-axis,

and the perpendicular shortest length was fixed to the z-axis. It was
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assumed that the initial radius was always starting from T;, for each
crescent line.

Longest to z position: The longest diameter was fixed on the z-axis. On
the other hand, T5, was fixed to the x-axis. It was assumed that the initial

radius was always starting from L, for each crescent.

In previous research [48] only free z position was used to calculate 3D form index.

On the other hand, this thesis calculates FI;, according to aggregate’s shortest to

z and longest to z positions. Aggregate oriented to shortest to z position as

explained in section 4.3.1. On the other hand, orienting longest to z positions

requires further operations. Steps to change aggregate’s position to calculate the

form index for the longest to z position were summarized as follows:

1.
2.

The aggregate was rotated so that its longest diameter lay on the z-axis.
Unity points were obtained by using spherical to Cartesian conversion and
choosing A¢ = 90° and A8 = 1° as shown in Figure 34a.

Two polar points were deleted from unity points in order to obtain
perpendicular (z-axis) points as shown in Figure 34b.

Unity points were assumed as a ray and extended/shortened to the surface
of aggregate as shown in Figure 34c.

Combining these radii, diameters were obtained.

The shortest among those diameters was the shortest perpendicular diameter
and aggregate rotated around the z-axis so that the perpendicular shortest

diameter lay on the x-axis.

After reorienting the aggregate, the radii were regenerated as in other positions and

normalized FI values were calculated and presented in the following Chapter 5.
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Figure 34 Generating radii that perpendicular (z-axis) a) ring with polar points b)
unity radii ring when longest diameter on z-axis c) intersection points of radii
perpendicular to z-axis.

4.4  Application of 2D Algorithms

The aggregates were analyzed three positions (longest, side and vertical) for the
2D method. Black-white (binary) TIFF images (Figure 35a) of the aggregate were
imported to MATLAB in order to detect shape features and morphological indices.
In order to use image processing tools of the MATLAB, the white pixel of the

aggregate’s image was converted to black and black pixels converted to white as
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shown in Figure 35b. In other words, the aggregate should be represented by white

pixels, and background should be represented by black pixels.

a) b)

Figure 35 Binary images of aggregate a) image exported from ImageJ software b)
white pixels was converted to black and black pixels to white

44.1 Shape Features

Longest, shortest and intermediate diameter of each aggregate was calculated by
detecting the boundary coordinates of the binary image. Boundary coordinates of
aggregate were detected by using MATLAB FEX Detect Boundary function [51].
The x and y coordinates of centroid (C,p) were obtained by averaging x and y
values of boundary coordinates, respectively. Then, the centroid of the aggregate
was shifted to the origin of Cartesian coordinate system by subtracting C,, from
boundary coordinates. The centroid of each aggregate position would be C,p, =
(0,0) from this stage.

Distances from the centroid to boundary image were assumed as the radii of the
aggregate. Using MATLAB’s four-quadrant inverse tangent function, the angle of
each boundary coordinate was calculated. Consequently, by using angle and radius
values, the diameters were generated. Then, the equivalent number of pixels to 1
mm length in the ruler was equated to convert the unity to the metric system. In
other words, diameters were converted to mm by dividing their pixel vise values to
the 1 mm equivalent pixel number. All diameters were obtained from longest, side

and vertical positions of each aggregate and merged in one list. To sum up,
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longest (L,p), shortest (S,5) and mean (M,p) diameters were obtained for all

aggregates.

As previously discussed for the proposed 3D approach, the aggregate initially
should be rotated to get generalized FI and Al. The orientation of the longest
diameter of each position (longest, side, and vertical) could be at any location as
shown in Figure 36a. In order to generalize orientation of the images, the
aggregates were rotated so that its positional longest diameter (i.e. longest diameter

of vertical position) lay on the y-axis as shown in Figure 36b.

a) b)

Figure 36 Rotation of binary image a) longest diameter and original position b)
longest diameter rotated to y-axis

Area of each position (A4.79°°°, A5id¢ and  A3gt@!) was calculated by using
MATLAB’s bwarea() function. Areas were used to get a weighted average of form
and angularity indices, which will be discussed later in this section.

442 Form Index

As explained in section 4.2.2, the form index was calculated by defining initial and
consequent radii with A@ increments. In this study, As Masad suggested the A6
was chosen as 4° [7]. Since the boundary coordinates and their radians were
recorded, starting 8 from 0° increased by A8 each time. Using the recorded radii

(Figure 37), which A8 away from each other, FI,, was calculated for the longest
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(FILoMY), side (FISE®) and vertical (FIZE°?) positions of each aggregate.
Then by using the F1,, and A, of each orthogonal binary image the FI,;9 (form

index by weighted average) was calculated as explained in section 4.2.2.

Figure 37 Radii AB degree away from each other

4.4.3 Angularity Index

As explained in section 4.2.1, to calculate the angularity index, it is essential to
generate equivalent ellipse radii to aggregate radii. The radii of the aggregate were
determined by A8 degree (A8 = 4°) increments. The equivalent ellipse radii can

be generated for two different ellipses which are:

e Ellipse by mean: Ellipse’s first semi-axis (a,p) is the longest half diameter
in the current position of aggregate (longest, side or vertical). The second
semi-axis (a,p) is the mean half diameter of the current position.

e Ellipse by smallest: Ellipse’s semi-axes were generated by using the

longest half diameter of overall positions (LZTD) and shortest half diameter of

overall aggregate (SZTD). Depending on the position of aggregate semi-axis

was chosen as follows:

e L S
o Longest position: azp = =22, byp = =2
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. .- L
o Side position: a,p = %D b,p =222

. .. S
o Vertical position: a,, = %D byp ==

In the previous study, Oztur and Rashidzade [48] were used ellipse by mean in
order to calculate the 2D angularity index (Al,p). Ellipse by mean approach
assumes each position’ of the aggregate separately. In other words, the features
were calculated separately for each face of the aggregate and then weighted
averages were taken. On the other hand, in this thesis Al,, was calculated by using
ellipse by smallest that uses 2D orthogonal images of aggregate to obtain 3D
information. Also, instead of using mean diameter in this thesis the smallest
diameter was used due to the high correlation of smallest diameter between 2D and

3D approaches as discussed in Chapter 5.

After generating the equivalent ellipse radii, the aggregate look like as shown in
Figure 38. The red center dot represents centroid, yellow dots represent

aggregate’s radii in A@ increments and red ellipse like ordered dots represents the

longest

equivalent ellipse radii. The Al,, was calculate for longest (Al ), side
(AI5*) and vertical (AIZ§°") positions and weighted average of Al (Al;;9

were calculated based on the discussed method in section 4.2.1.
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Figure 38 Yellow dots are aggregate radii and red dots are the corresponding
ellipse radii

45  Summary of Chapter

This chapter contains detailed information about calculating centroid, surface area
and volume of triangulated 3D model of aggregate. Also, introduces steps to create
artificial radii by using spherical or ellipsoidal to cartesian conversion and ray-
triangle intersection. Using the radii, the 3D sample rotation and displacement,
diameters, form and angularity indices discussed in this section in theoretical and
practical way. This chapter also detailly explains the steps that required in order to

calculated shape features and morphological indices by using 2D approach.
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CHAPTER 5

RESULT AND DISCUSSION

This chapter presents the results and findings that were obtained by the application
of algorithms presented in Chapter 4. This section compares the shape feature and
morphological indices that were obtained from 3D and 2D approaches. Moreover,
predicted and measured volumes that were obtained by using the 3D approach and
laboratory experiments, were compared in this section. Effects of different angle
increments and triangulations were also discussed in this section to reveal the

sensitivity of the proposed approach to different variables.

5.1  Shape Features

This section discussed the shape features (dimensions and volumes) of the coarse
aggregates and compared 3D results with 2D and/or laboratory measurement

results.

51.1 Dimensions

In this section, the longest, shortest and mean dimensions that were calculated from
the proposed 3D approach and 2D methods were compared. As presented in Figure
39a, the correlation between the longest dimensions obtained from 3D (Ls,) and

2D (L,p) was very high and the coefficient of determination (R?) was 0.97.

The shortest diameters of aggregates obtained from the 3D approach and 2D
method were presented in Figure 39b. The R? was 0.90 and it was relatively high.
On the other hand, the R? of mean diameters (Figure 39c) was 0.67 and it was

lower than the R? of the longest and shortest diameters. In this section, 3D shortest
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and mean diameters obtained by choosing A8 = A¢ = 4°. The angle increment
was furher discussed with sensitivity analysis at the end of this chapter. Detailed
values of dimensions for flat elongated, angular and round particles that obtained

from 3D approach and 2D method tabulated in Appendix B.
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Figure 39 Comparison of 3D and 2D dimensions a) L;p VS L,p graph b) Ssp vs
S,p graph ¢) Msp vs M, graph
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Figure 39 (cont’d) Comparison of 3D and 2D dimensions a) Lsp VS L, graph b)
Ssp VS S,p graph ¢) M5, vs M, graph

As presented in Figure 39a, the correlation between the longest dimensions
obtained from 3D (L3p) and 2D (L,p) was very high. It should be reminded that the
positions of the aggregate in the 2D method were positioned manually, which
might result in a slight mismatch with the longest dimensions. For instance (an
exaggerated example), if the experimenter shoots the images of a cube from sides
only, the diagonal line might not be captured. In this case, the L,, will be smaller
than L;p. To eliminate this type of error, the cube should be fixed on its 1-2 edges
and the camera should capture at other 6 - 7 edges. In other words, L, depends on
the human factor whereas the 3D method calculates L5, automatically independent

from the human factor.

Considering the human factor discussed earlier, the linear correlation of shortest
dimensions was slightly lower than the longest dimension as shown in Figure 39b.
When 2D black and white images captured based on the dominating surface of the
aggregate (largest area), the analyzes might not be able to detect the shortest
dimension (S,p). For the hypothetical figure shown in Figure 40, the two sides of
the rectangular box are covered with thin rectangular planes, which have a size

larger than the faces of the box. Assuming that the real centroid is located inside
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the small box and it is required to capture three orthogonal images of aggregate. It
would be significantly hard to capture the small rectangular box from the longest,
side and vertical positions of the object since orthogonal binary images will show
the planes as a larger box and the real box (smaller) smallest dimension could not
be detected.

Also, it is a fact that the centroid of aggregate in the 3D model was not at the same
location as in 2D. Therefore, this leads to the differences in the longest and shortest

dimensions.

Figure 40 Hypothetical image where shortest diameter view blocked for 2D
method’s longest, side and vertical positions

The mean diameters obtained from 2D (M,p) and 3D (M5p) were also analyzed.
As expected, the correlations were not as high as the shortest and longest
diameters. The 3D mean diameters were different, as closely located diameters
were dominating the mean diameters. In other words, for instance, for flat
elongated aggregates, the number of dimeters that represent the flat portion

(dominating surface) is more than the number of diameters that represent the
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elongated portion of aggregate. Thus, there are significant differences between the

3D and 2D approaches.

5.1.2 Volume

Through the 3D model, it was also possible to calculate the volume of aggregates.
The volumes obtained from 3D photogrammetry were also compared with the
volumes obtained by laboratory experiments performed according to ASTM C127
(Standard Test Method for Relative Density and Absorption of Coarse Aggregate)
[52] and the correlation was very high (R? = 1.00) as shown in Figure 41, which

indicated the precision of the proposed approach.
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Figure 41 Volumes obtained from 3D photogrammetry vs ASTM C127 volumes

The proposed 3D method allowed users to calculate the volume of the complex
shaped aggregate without any sensitive apparatus. Also, the precise volume
calculation by using ASTM C127 requires more than a day for one aggregate, on
the contrary, the proposed method only takes about 2-3 hours at the same precision

level.
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5.2  Morphological Indices

This section discussed the morphological indices of the coarse aggregates. It was
aimed to compare the proposed 3D approach and 2D methods. Also, the section
contains sensitivity analyze results according to aggregate type, different angle

increments, triangulation size and triangulation distributions.

521 Form Index

This section presented the graphs of Normalized Form Index (NFI5p) values that
obtained from shortest to z and longest to z positions of aggregate versus FI,;9
determined by traditional 2D method. The NFI;, that obtained by fixing
aggregate’s longest diameter to the x-axis and perpendicular shortest diameter to
the z-axis (shortest to z position) compared with the weighted average of 2D form
index in Figure 42a. The R? was 0.75 which was higher than the coefficient
obtained from the previous study (R? = 0.63) [48]. The R? was increased to 0.90
by fixing the longest diameter (L;p) to the z-axis and perpendicular shortest
diameter (Tsp) to the x-axis as shown in Figure 42b. In this section, NFI;p
calculated by choosing Af = A¢ = 4° and FI;;9 was calculated by choosing
AB = 49, In addition, the form index values of three aggregates are shown in
Appendix B. As the value of form indices (for both methods) gets smaller, the
aggregate is more roundish and as it gets higher, the aggregate is more flat and

elongated.

76



2D Form Index

(=)
~

2D Form Index

4.50

4.00 y =0.82x+0.59 ° @
3.50 R2=0.75

o0
I [ ]
e o ol
2.50 .3?&'
2.00 .'.4 o
1.50 % ®
1.00
0.50
0.00
0.000 0500 1.000 1500 2.000 2500 3.000 3.500 4.000 4.500
3D Normalized Form Index

5.00

450 y=1.02x+0.28
4.00 R?=0.90 P
3.50
3.00 e
2.50
2.00
1.50 o &
1.00
0.50
0.00
0000 0500 1.000 1500 2000 2500 3.000 3.500 4.000 4500

3D Normalized Form Index

Figure 42 Comparison of 3D and 2D form indices a) NFI;, obtained from

avg

shortest to z position of aggregate vs FI,,” b) NFI;, obtained from longest to

z position of aggregate vs FI,

avg

The possible reasons that increase the linear correlation:

In the previous study [48], the NFI;, generated from free z position of
aggregate by using radii at 8 = 90° and 8 = 180° (¢ increased by A¢ for
each 8) was highly correlated with FI, that was obtained from the vertical
position (FIYertcal)  Since the aggregate does not have a generalized

position around the x-axis, the FIi** may or may not be correlated with
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FI;;, that generated from 6 = 0° and 6 = 270° (¢ increased by A¢ for
each 0). Since, the weighted average calculated for 2D FI values, the
vertical position generally had the smallest surface, thus its effect of
Fryertical \was limited and therefore, the correlation NFI;, for free z
position of aggregate and F1,,? was slightly low.

e The FI;p generated from shortest to z position of aggregate at 8 = 90°
and 6 = 180° (¢ increased by A¢ for each 8) had a high correlation with
FIyértical The Fl,;, generated from shortest to z position of aggregate at
0 = 0°% and 8 = 270° (¢ increased by A¢ for each 8) had correlated with
FIs¥*. If the weighted average of two highly correlated positions was
considered, the correlation NFI5;, for shortest to z position of aggregate
and FI,,? was comparatively high.

e The FI;, generated from longest to z position of aggregate by using radii at
6 =90° and 6 =180° (¢ increased by A¢ for each 8) was highly
correlated with FI.o9°*. The FI5;, generated from longest to z position of
aggregate at & = 0° and 8 = 270° (¢ increased by A¢ for each ) was also
highly correlated with FI5i#€. Taking a weighted average of two highly
correlated positions which had larger areas increased the correlation of

avg

NF1I3p, for longest to z position of aggregate and FI,,” dramatically.

522 Angularity Index

The 3D Normalized Angularity Index (NAI;p) that calculated by using ellipsoid by

smallest was compared with the 2D weight averaged angularity index (AI,,7) that

was calculated by using ellipse by smallest as presented in Figure 43. The R? of

NAl;p and weighted average of 2D orthogonal angularity indices was determined

as 0.77. In the previous study [48], the authors compared NAI;, that obtained by
avg

ellipsoid by mean and AIL;;? by ellipse by mean. The R? was 0.74 in that

previous research. As the value of angularity indices (for both methods) gets
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smaller, the aggregate is more ellipsoidal or less angular and as it gets higher, the

aggregate is more angular.
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Figure 43 NAI;p, by ellipsoid by shortest vs. A9 by shortest ellipse

Previously, each orthogonal images had its own ellipse which was independent
from the ellipses generated at other positions until taking the weighted average.
Therefore, the correlation between 2D and 3D angularity indices was not as high as
in the new method. Also, the overall mean diameter, that used in 3D (M5p), is not
much related with mean diameter that obtained from each position of the aggregate
in 2D. Therefore, using mean diameters, that was not highly correlated, did not

result in a high correlation with 2D and 3D Al.

The new NAI;p that was calculated by ellipsoid by shortest was slightly high
correlated with the AI;;9 that was calculated by using the shortest ellipse. Since
the correlation between the longest and shortest diameters was high than the
correlation of mean diameters and triggering the 2D Al results as 3D, the

correlation was slightly high.
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5.3  Morphological Indices by Visual Inspection

In this section, four aggregates’ NAl;p, NFI;, by shortest to z and longest to z
values presented in Figure 44. The image contains angular (Figure 44a), flat and
elongated and angular (Figure 44b), and two round samples (Figure 44c and 44d).
Samples a and b are both angular particles and the code detected them correctly.
The NF I, of sample a reduced when calculated by using longest to z position and
increased for sample b which also makes sense because sample b’s flat and
elongates more than a. On the other hand, NFI;, by shortest to z of sample a is
less than sample a. It very hard to say how much should be difference therefore

both NF I, values make sense.

Both samples ¢ and d are round and indices support the visual inspection. The 3D
approach was able to detect that, sample d slightly angular than sample c. On the
other hand, sample c is slightly flatter than sample d. Conforming this information
by visual inspection is really hard and results may vary depending on the inspector.

Therefore, it is safer to compare the results by using the 2D approach.
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®

NAI 0255 0.263 0.099 0.109
NFI by shortest to z 2.645 3.135 1.205 1.060
NFIby longest to z 2183 3.160 1.266 0.966

Figure 44 Aggregate's morphological indices a) angular b) flat and elongated c)
round d) round

5.4  Morphological Indices by Aggregate Source

In this section, NAl;p, NFI;, by shortest to z and longest to z position were
results based on the aggregate source are given in Figure 44a, 44b and 44c,
respectively. The average values of morphological indices clustered under
aggregate sources from Basalt, Dolomite, Limestone, Perlite and River Gravel (one

specially selected flat elongated aggregate excluded).
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Figure 45 Average and standard deviation values of morphological indices by
aggregate source a) Normalized Angularity Index b) 3D Normalized Form Index
by shortest to z position ¢) 3D Normalized Form Index by longest to z position
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Figure 45 (cont’d) Average and standard deviation values of morphological indices
by aggregate source a) Normalized Angularity Index b) 3D Normalized Form
Index by shortest to z position ¢) 3D Normalized Form Index by longest to z
position

55  Sensitivity Analysis

55.1 The Sensitivity of the Morphological Indices to the Angle

Increments

Within this study, the angle increments used in the shape features and
morphological indices analysis were kept constant at 4°. However, the selection of
these criteria was not discussed up to this point. Therefore, in this section, the
sensitivity of the proposed 3D method to angle increment was studied. In this
study, angle increments were kept equal (A8 = A¢) for NAl;, and NFI;, and in
this section differences of morphological indices for different angles (still A8 =
A¢) were presented. All indices compared with the value obtained for 1°

increments.

The NAI;;, values for different AG (=A¢) angle increments were given in Table 2.
The angle increments from 1° to 90° degree for flat and elongated, angular and

round particles were compared with the result of NAI;, that was calculated for 1°
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increment. Up to 10°, the differences in NAI;pwas less than 5%. It was concluded
that the predicted NAI;, the diffrence between 1° and 4° was less than 2%.
Considering the runtime (section 5.6), the difference was assumed to be acceptable
in this study.

Table 2 3D Normalized Angularity Index (NAI;p) values and differences at
different angle increments.

NAlL;p Difference, %
Flat and Flat and
AB Elongated | Angular Round Elongated Angular Round
1 0.37 0.22 0.11 0.00 0.00 0.00
2 0.37 0.22 0.11 0.03 0.46 0.15
3 0.37 0.23 0.11 0.19 0.97 0.26
4 0.37 0.23 0.11 0.05 1.45 0.45
5 0.37 0.23 0.11 0.13 1.85 0.53
6 0.37 0.23 0.11 0.35 2.34 0.59
9 0.37 0.23 0.11 0.06 3.93 0.88
10 0.37 0.23 0.11 0.20 4.21 0.89
15 0.37 0.24 0.11 0.04 5.33 0.59
20 0.38 0.23 0.11 0.89 3.51 0.10
30 0.36 0.24 0.11 2.87 5.90 1.02
45 0.40 0.22 0.10 7.86 0.44 3.76
90 0.74 0.34 0.07 98.08 52.33 31.39

Moreover, the NFI5;, values that were determined by using shortest z and longest
z position generated for different angle increments were also studied and given in
Table 3a and 3b, respectively. The NFI;, by shortest to z is less sensitive to
angle increment when compared to the NFI;, by longest to z. Normalized form
index difference up to 10° was less than 7% for shortest to z position. On the other
hand, the NFI;, by longest to z difference up to 10° was slightly passed by 10%.
The difference of NFI;p values that obtained by using A8 = A¢ = 4° was less
than 5% when compared to the values obtained by using A8 = A¢ = 1°, which

was also accepted within the accuracy margin of the study.
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Table 3 3D Normalized Form Index (NFI;p) values and differences at different
angle increments a) obtained by using shortest z position of aggregate b)

obtained by using longest z position of aggregate.

a)
NFI;p (by shortest to z) Difference, %
Flat and Flat and
A6 Elongated Angular Round Elongated Angular Round
1 4.24 3.00 1.10 0.00 0.00 0.00
2 4.17 3.00 1.08 1.70 0.04 1.54
3 4.15 3.00 1.07 2.10 0.01 2.56
4 4.11 3.00 1.06 3.20 0.10 3.20
5 4.09 2.99 1.05 3.53 0.24 4.19
6 4.07 2.99 1.05 4.01 0.51 4.56
9 4.01 2.97 1.03 5.55 1.16 6.25
10 4.02 2.96 1.02 5.35 1.48 6.89
15 3.93 2.93 0.96 7.25 2.21 12.06
20 3.79 2.86 0.96 10.55 4.70 11.95
30 3.95 2.90 0.87 6.96 3.49 20.43
45 3.91 2.50 0.84 7.90 16.71 23.59
90 2.90 1.91 0.46 31.55 36.21 58.18
b)
NFI;p (by longest to z) Difference, %
Flat and Flat and
AO Elongated | Angular Round Elongated Angular Round
1 4.12 291 1.01 0.00 0.00 0.00
2 4.08 2.89 0.99 1.00 0.49 1.84
3 4.05 2.89 0.97 1.67 0.73 3.32
4 4.03 2.87 0.97 2.27 1.27 4.26
5 3.95 2.86 0.96 4.10 1.50 4.92
6 3.92 2.840 0.94 4.84 2.37 6.54
9 3.87 2.80 0.91 6.05 3.79 9.78
10 3.80 2.78 0.91 7.79 4.55 10.25
15 3.71 2.72 0.86 9.93 6.41 14.75
20 3.71 2.67 0.82 10.10 8.13 18.24
30 3.83 2.57 0.75 7.16 11.68 25.93
45 4.27 2.72 0.69 3.67 6.49 31.22
90 5.24 3.03 0.57 27.04 4.15 43.65

85




55.2 The sensitivity of Analysis to Triangulation

In this section, the results of normalized 3D angularity and form indices by using

int. int.
P2 and under (= 222=2) were presented.

mm?2

~ points ~
over (=50 — ), default (= 8 —
Three particles, (i) flat and elongated, (ii) angular and (iii) round, were used in this
section in order to discuss the findings. Also, the sensitivity to uniform and non-

uniform triangulations of these aggregates was separately analyzed in this section.

In this thesis, it was previously assumed that the over triangulated models represent
the surface of the particles in more detail. Therefore, the morphological indices
obtained by using default and under triangulation were compared with the indices

obtained by using over triangulation.

The NAI;, values obtained by using ellipsoid by shortest for different
triangulations were shown in Figure 46a. Difference of NAI;;, between default and
over triangulation was less than 1%, whereas the variation was less than 10% for
under triangulation. On the other hand, it was observed that the NFI;, by shortest
to z position (Figure 46b) was less sensitive to triangulation size and differences
were less than 2% for both default and under triangulation. The NF 15, obtained by
using longest to z position (Figure 46¢) was more sensitive to triangulation size
when compared to the NFI;, by shortest to z position and differences were less
than 10%.

a) 0.40

0.35
0.30
0.25

H Default
0.20 .

Over Triangulated

0.15 Under Triangulated
0.10
0.05
0.00

Flat and Elongated Angular Round

3D Normalized Angularity Index

Figure 46 Morphological index values for default, over and under triangulation
a) NAlL;p b) NF I35, by shortest to z position ¢) NF 5, by longest to z position
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Figure 46 (cont’d) Morphological index values for default, over and under
triangulation a) NAI;, b) NFI;p, by shortest to z position ¢) NF1;j, by longest to
Z position

The different triangulations of flat and elongated, angular, and round aggregates
were illustrated in Figure 47a, 47b and 47c, respectively. Since the run duration
increased dramatically as angle increment gets smaller, the sensitivity analyzes
were implemented only on three aggregates. Also, the sensitivity of aggregate was
tested on non-uniform triangle distribution. The under-triangulated model of flat
and elongated (Figure 47a) and round (Figure 47c) samples were non-uniformly
distributed. The maximum difference of flat and elongated and round particles’
NAl;p, and NFI;, by longest to z that obtained in under and over triangulated
model was less than 10% and NFI;;, by shortest to z differences were less than
1%. On the other hand, the differences of particles’ NAI;p, and NF 15, by shortest

to z that obtained in default and over triangulated model was less than 1% and
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NFI;, by longest to z differences were less than 8%. It was concluded that the
maximum difference between over and default triangulation in all indices were less

than 10%. Therefore, the default triangulation was used in the overall study.

a) .

Figure 47 Top to bottom under, default and over triangulated aggregates. a) flat
and elongated b) angular ¢) round

56  The efficiency of the proposed algorithm

In this section, the developed MATLAB code was analyzed in terms of running
time. The code run in the device that parameters is mentioned in Chapter 3.
Depending on triangulation size and angle increment, the run time may vary for
three samples that flat and elongated, angular and round particles. The run time was
around 10-20 minutes for over, and less than 5 minutes for both default and under
triangulation as shown in Figure 48a. The run time dramatically increased as the

angle increment gets smaller as shown in Figure 48b. Therefore, it was concluded
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that the user may reduce the run duration by choosing the optimum triangulation
size and angle increment. This thesis mainly analyzed shape feature and
morphological indices for A8 = A¢ = 4° and run duration is less than 5 minutes

for that specific angle increment.
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@
g 15.00 M 3 degree
5 ad
egree
* 10.00
5.00

Flat and Elongated Angular Round

Figure 48 Run duration in minutes a) for over, default and under triangulation b)
for different angle increment
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5.7  Summary of Chapter

This chapter compared the shape features and morphological indices obtained from
3D and 2D approaches. It was concluded that while the longest and shortest
diameters were highly correlated, the median diameters were poorly correlated due
to shortcomings of traditional 2D methodologies. Also, correlations between
morphological indices 2D and 3D were studied and the findings agreed with
previous studies in the literature. Besides, the sensitivity of the proposed approach
was studied in detail and assumptions of this study were verified.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The morphology of coarse aggregates significantly affects the performance of
flexible pavements. This study introduces a novel 3D approach based on 3D
photogrammetry to measure morphological indices and shape features. Although
there are limited new studies that utilized photogrammetry in the construction
industry, this study was the first detailed attempt that utilized photogrammetry to

determine the aggregate properties.

In this study, the aim was to develop a cost-effective alternative to existing 3D
techniques (i.e. X-Ray CT, laser scanning, etc.) using a digital camera. Within this
study, a detailed guideline including a testing setup and analysis methodology was
introduced to measure morphological indices (angularity and form indices) and
also shape features (volume, surface area, and diameters) utilizing the triangulated
3D aggregate model that was obtained by 3D photogrammetry method.

The 3D aggregate surface model was constructed utilizing 2D images all around
surface images. The point cloud data gathered from the surface model was
analyzed, edited, and meshed using commercial and free software as discussed in
the previous chapters in detail. Then, this data was used to determine the shape
features and proposed morphological indices. Moreover, these features and indices
were compared with respect to the traditional 2D approach. Besides, in order to
evaluate the success of the proposed method, the predicted volumes and laboratory

measurements were also associated.
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Based on these analyses, the following conclusions were drawn:

Longest, shortest, and mean dimensions were obtained using the proposed
approach and major diameters obtained from orthogonal binary images of
the aggregates were compared. The coefficient of determinations of longest,
shortest and mean diameters were determined as 0.97, 0.90, and 0.67,
respectively. Moreover, the correlations between the longest and shortest
dimensions were also agreed with laboratory measurements. On the other
hand, the mean dimension depends on the overall shape, and thus the
correlation was relatively low. It indicates the precision and significance of
the 3D approach.

The predicted and measured volumes of coarse aggregates proved the
precision of the proposed 3D approach as R? is equal to 1.00.

Both form and angularity indices proposed in this study were normalized
with respect to the number of data points on the surface of the aggregates to
eliminate the effect of the magnitude.

It was proven that triangulation is critical for the accuracy of the proposed
method.

Normalized 3D Angularity Index (NAI;p,) of coarse aggregates were
determined and compared with the angularity index obtained by 2D method
(AIL;;9). The semi-axis of the ellipse of Al,;? calculated by using longest
and shortest diameters of aggregate than obtained from orthogonal images.
The determination coefficient of NAI;, and Al; ;9 was slightly high (R? =
0.77) when compared to a previous study [48]. Since 3D and 2D longest
and shortest diameters are highly correlated, using these diameters as semi-
axes of ellipsoid and ellipse increased the angularity indices’ correlation.
The NAI;;, values that calculated for different shaped particles at 1° (=
A¢ = AB) angle increment was compared with different angle increments
in order to measure the sensitivity of these parameter to angle increments.

Consequently, the maximum difference NAl;, that was obtained by using
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49 and 1° angle increments was less than 2%. Therefore, it was assumed
that 4° angle increments are accurate for the proposed approach. Moreover,
the NAI;, also analyzed for different number and distribution of triangles
that formed the 3D particle surface and results were sufficiently acceptable.
3D form index (FI5p) of particles were determined by using two different
positions of aggregates in this study. Shortest to z position obtained by
rotating aggregate so that its longest diameter (L;p) fixed to x-axis and
perpendicular shortest diameter (T5p) to z-axis and longest to z position
obtained by fixing Lsp, to z-axis and T;, to x-axis. The FI;, for both
positions calculated by using the differences of radii in slice-like (crescent)
order. It was proven that the form index depends on the position of the
aggregate.

The correlation between the Normalized 3D Form Index (NFI5p) and the
weighted averages of 2D form indices (F1,,) calculated from shortest to z
and longest to z position were 0.75 and 0.90, respectively.

The NFI;, were also calculated utilizing different angle increments in the
range of 1° to 90°. It was concluded that the NFI;, by shortest to z was
less sensitive than longest to z. The maximum difference was determined
between 4° to 1° and was less than 5%. Also, the NF I, sensitivity tested
for different triangle distribution and sizes, a maximum 10% difference was

recorded.

As a summary, the proposed method measures morphological indices with high

accuracy and overall process comparatively cheaper than the previous 3D studies.

the total cost of the proposed imaging setup is less than 1000$. Therefore, it can be

concluded that this thesis presents an economical measure of the morphology of

aggregates by utilizing 3D photogrammetry. Moreover, the sample preparation,

photoshoot, creation of the 3D model, and calculation of shape features and

morphological indices take 30 minutes, 30-35 minutes, 20-60 minutes, and 5

minutes. In other words, the overall process takes in the range of 85-135 minutes,

which is in fact not lengthly as compared to other 3D methods.

93



In conclusion, based on these findings discussed above, the proposed imaging
approach can be successfully utilized as a quality control/assurance method by the

construction industry.

6.2 Recommendations

In this study, 3D normalized indices were determined by rotating equal angle
increments (A¢=A68). On the other hand, in the feature studies, the effect and
sensitivity of non-equal angle increments may be studied. It should be also noted
that the mean diameter and angularity index are dependent on spherical and
ellipsoidal conversions. Thus, the effects of distances between artificial radii on
morphological indices may be further studied. Additionally, an extra sensitivity
analysis can be added to the study to limit the number of images taken for
obtaining the 3D model. Besides, the amount of time that is spent to prepare the
aggregate samples and to capture the images can be reduced by designing a self-
rotating imaging setup. Consequently, the system can be fully automated and

commercially available for the use of industry.

In the near future, the existing conventional standards should be replaced with
image-based direct quantitative analysis. Besides further studies are needed to link

the morphological indices to mechanical performance of asphalt mixtures.
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APPENDICES

A. 2D Binary Images and 3D Model

)

| ’ b). |

Figure A. 1 Binary images of aggregate top to down longest, side and vertical
positions and 3D model a) flat and elongated b) angular ¢) round
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B. Shape and Morphological Index Values by 2D and 3D Methods

Table B. 1 Values of diameters, surface areas, angularity indices and form indices
of three aggregates that obtained from orthogonal images and 3D approach.

Shape Flat and elongated Angular Round
Source River Gravel Basalt River Gravel
Sieve size 1/2" 1/2" 3/8"
A fl
rea of fongest 434 313 141
position (mm*=)
Area of S|de2p05|t|on 209 183 116
(mm?)
Aref':\.of vertlcgl 112 174 102
position (mm*=)
Longest diameter of 31.45 25.52 14.28
longest position (mm)
Longest diameter of 28.06 27.48 13.89
side position (mm)
Longest diameter of 20.41 18.65 12.39
vertical position (mm)
Shortest dlémeter of 16.26 15.02 12.00
longest position (mm)
Shortest diameter of 8.77 8.09 10.40
side position (mm)
Shortest diameter of 6.48 11.23 10.30
vertical position (mm)
Mean diameter of 24.41 20.35 13.40
longest position (mm)
Mean diameter of side 18.15 17.42 12.26
position (mm)
Mean diameter of 13.36 15.25 11.42
vertical position (mm)
Al of long position 103.69 56.13 12.48
Al of short position 28.05 8.04 6.93
Al of vertical position 66.19 73.21 11.04
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Table B. 1 (cont’d) Values of diameters, surface areas, angularity indices and form
indices of three aggregates that obtained from orthogonal images and 3D approach.

Fl of long position 3.32 2.31 1.15
Fl of short position 4.73 4.82 1.34
FI of vertical position 4.73 2.36 1.76
3D
# of radii in point cloud 9,032 10,858 25,806
# of artificial radii
(A0 = A = 4°) 3,962 3,962 3,962
Surface area (mm?) 1,030 933 519
Volume (mm?) 1,555 1,667 998
Longest diameter (mm) 29.98 25.88 14.45
Shortest diameter 509 759 10.90
(mm)

Mean diamerter 9.48 11.87 11.93
Angulantymdex by 1476 899 431
ellipse by shortest

Normalized Angularity 0.37 023 011
Index
Form index by shortest 258.48 188.72 66.73
to z position
Normalized Form Index
by shortest to z 411 3.00 1.06
position
Form index by longest 253.57 180.74 60.78
to z position
Normalized Form Index 403 587 0.97

by longest to z position
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