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THREE-DIMENSIONAL DIGITAL IMAGE PROCESSING AND 

RECONSTRUCTION OF GRANULAR PARTICLES 

Jorge A. Rivas 

         ABSTRACT 
 

This thesis presents a method for digitization of the two-dimensional shape of 

granular particles by means of photo microscopy and image processing techniques 

implemented using a software package from Media Cybernetics, Inc: Image-Pro Plus 5.1 

and the add-ins Scope-Pro 5.0, SharpStack 5.0 and 3D Constructor 5.0.  With the use of 

these tools, it was possible to implement an efficient semi-automated routine that allows 

the digitization of large numbers of two-dimensional silhouettes of particles in minimum 

time, without endangering the quality and reliability of the shapes obtained. Different 

sample preparation techniques, illumination systems, deconvolution algorithms, 

mathematical functions, filtering techniques and programming commands are brought 

into play in order to transform the shape of the two-dimensional projection of particles 

(captured as a set of successive images acquired at different planes of focus) into a binary 

format (black and white). At the same time, measurements and statistical information 

such as grain size distribution can be analyzed from the shapes obtained for a particular 

granular soil. This information also includes but it is not limited to perimeter, area, 

diameter (minimum, maximum and mean), caliper (longest, smallest and mean), 
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roundness, aspect ratio and fractal dimension. Results are presented for several sands 

collected from different places around the world. In addition, some alternatives for three-

dimensional shape reconstruction such as X-ray nano tomography and serial sectioning 

are discussed. 
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CHAPTER ONE: INTRODUCTION 

 

Conditions at which Earth has evolved through ages, has made soils everywhere in 

the world have their own “fingerprint”. Soils have been formed and transformed through 

different environmental conditions in time and have their own characteristics. 

Sands are granular materials composed of small particles of rock and minerals 

(produced by mechanical disintegration), shells and fossils (biogenic particles), and 

chemical precipitates. Sands can be described in terms of particle size, composition, 

morphology (angularity and shape), color and texture. Grain size results from factors 

such as composition, durability, weathering conditions, physical sorting and 

transportation conditions. Mechanical and chemical processes determine grain shape once 

it is released from the original mineral matrix (Margolis and Krinsley, 1974, Raham, 

1995). 

From an engineering perspective, sand is everything that has grains, no matter the 

composition, ranging from a diameter of 74 μm (particles retained on U.S. Standard 

Sieve No. 200) till 4.76 mm (passing U.S. Standard Sieve No.4).  

 
 

 

 



 - 2 - 

Table 1. ASTM Particle Size Definition 

 

Size and shape of particles are part of the history of the formation of a soil. Cho et 

al. (2005) explored the effects of particle shape on packing as well as small and large-

strain properties of sandy soils. Correlations between index properties and mechanical 

parameters that are justified by particle shape were also explored. The macro scale 

behavior of soils results from particle interactions which are affected by particle shape. 

Therefore, it is a significant soil index property that has emerged as a parameter that 

needs to be properly characterized and documented (Santamarina et al, 2004). Digital 

image analysis facilitates the evaluation of mathematical descriptors of particle shape 

including Fourier analysis, fractal analysis and other hybrid techniques (e.g., Meloy 1977, 

Clark 1987, Hyslip and Vallejo 1997, Bowman et al. 2001, Sukumaran and Ashmawy 

2001). In the study of the influence of particle shape on liquefaction behavior using 

Discrete Element Modeling for granular particles (Ashmawy et al, 2003), the use of 

Overlapping Rigid Clusters (ORC) method was proposed. This technique simulates the 

two-dimensional shape of granular particles by overlapping disks of different diameters. 

The resulting outline resembles the original particle outline. Later on, Sallam and 

Ashmawy (2005) proposed a operator-independent modified ORC technique. The new 

modification ensures that the mass, center of gravity and mass moment of inertia of the 

simulated particle matches with the shape of the original grain.  



 - 3 - 

 

Figure 1. Illustration of Simulation of Shape of a Fraser River Particle: a) Original Particle 
Outline; b) Particle Generated Using the ORC Method and; c) Particle Generation Sequence 

Using the Modified ORC Method 
[Source: Sallam and Ashmawy (2004)] 

 

The use of digital image processing techniques has been found to be a useful tool 

for shape recognition and digital imaging of objects in two and three dimensions. Maerz 

and Zhou (1999) remark the potential impact of using image analysis for characterizing 

aggregate size and shape in terms of quality, time and cost savings.  Chandan et al (2004) 

used photo microscopy techniques to characterize the geometry and the analysis of 

aggregate particles used in highway and geotechnical applications. In their work, texture 

was analyzed by multi-scale wavelet decomposition representation on grayscale images. 

Their review emphasized the need for a method to capture particle texture. Angularity 

was described employing a gradient-based method, plus form analyses of particles are 

done using binary images and computing shape factors and sphericity indexes. As 
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mentioned in their publication, several studies addressed the relationship between particle 

shape and performance of  asphalt mixes, concretes and unbound layers. In the 

geotechnical field, material classification and mechanical response of soil particles are 

the main focus of similar studies. Advances in hardware technology permit an increase in 

speed and accuracy for such tasks. The implementation of advanced image processing 

techniques is imperative for image noise removal and a successful analysis of particle 

shapes. 

This research uses photo microscopy techniques and the software package Image-

Pro Plus 5.1 (including the add-ins Scope-Pro 5.0, SharpStack 5.0 and 3D Constructor 

5.0) from Media Cybernetics, Inc. to digitalize the two-dimensional shapes obtained from 

silhouettes projected by grains of different types of sand collected from different regions 

of the world. 

It is of fundamental importance to detect and accurately define the edges that define 

the contour of particles. For this research, several types of illumination systems and 

optical filters were tested to get the best result possible in photo microscopy. The images 

obtained were improved with software tools available on the Image-Pro software family.  

There are different methods for image enhancement and edge detection available as 

built-in functions on the Image-Pro software family. But the best results were obtained by 

combining and applying several algorithms, functions, commands and arithmetic 

operations that can be called by the user as individual semi-automated routines.  

Thanks to the versatility of the Macro Programming Language (Auto-Pro) of Image-

Pro Plus, these routines offer certain degree of standardization for the process of 
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acquisition and improvement of images, edge recognition, particle shape imaging, 

counting and measurements of images. They are intended to save a significant amount of 

time and minimize user error, thus providing a higher level of efficiency and facilitating 

the whole process to the user. 

The recollection of a large number of two-dimensional grain shapes can be also 

used to estimate the grain size distribution for a specific type of granular soil (between 

5,000 to 10,000 particles). Pirard et al (2004) reported that an adequate image analysis is 

capable of predicting the sieve size distribution with a fraction of the quantity needed for 

a sieve analysis. This research shows a way on how to easily recollect measurements 

from digitalized shapes. They can later be used to estimate a grain size distribution and 

other statistical data from the sands analyzed. 

In the case of 3D reconstruction, alternatives such as X-Ray Nano Tomography 

Systems and 3D Reconstruction from monoscopic images acquired at incremental focal 

planes are examples of non destructive methods. 

X-ray Computed Tomography is a branch of X-ray microscopy in which a series of 

projection images are used to calculate a 3D reconstruction of an object.  The equipment 

is expensive but it is a high-resolution technique with the ability to resolve details as 

small as 0.4 um in size for visualizing the 3D microstructure and geometry of materials. 

Garboczi (2002) described a mathematical procedure using spherical harmonic functions 

that can completely characterize concrete aggregate particles and other particles of the 

same nature form 3D particle images obtained via X-ray Tomography. These new 

systems usually come fully equipped and include their own 3D reconstruction software. 
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They are being implemented by several science fields because of its simplicity of use, 

reliability and none destructiveness of the samples analyzed.  

Shape-from-focus uses different focus levels to obtain a sequence of object images 

and relies on surface texture for the computation of depth (Noguchi and Nayar, 1994: 

Niederoest et al., 2003). Algorithms and techniques exist that perform both the 

calculation of a sharp image and the recovery of the three dimensional structure of the 

specimen. But it was not until recently that more robust, fast and user-friendly systems 

have been implemented due to advances in computing technology. Shape-from-focus has 

found great use in light microscopy visual inspection tasks, mainly to obtain accurate 

depth estimates on several materials. 

 Serial Sectioning is a destructive method which relies on the use of high precision 

equipment to finely remove layers of material from the sample. It does not only consume 

a considerable amount of time but also requires special care in comparison with other 

alternatives.  

Serial sectioning techniques have been used several times (Bower et al., 1966; 

DeHoff et al., 1972; Mangan et al., 1997; Wolfsdorf et al., 1997; Li et al., 1998 and 

1999). But the processes were tedious and provided awkward quality. Alkemper and 

Voorthees (2001) describe a technique for serial sectioning analysis in which alignment 

and rotation errors as well as sample tilting are negligible. The technique was illustrated 

through the reconstruction of the microstructure of a cast standard alloy specimen. 

Approximately 20 cross-sections per hour with spacings in the range of 1 and 20 μm can 

be acquired. Chawla and Wunsch (2004) performed a serial sectioning process on 
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aluminum composites reinforced with Silicon Carbide (SiC) particles for 3D visualization 

and Finite Element modeling. The main objective was to understand the microstructure 

morphology and the connection between material structure and performance. Modeling 

of the composite correlated very well with their experimental results. 

The serial sectioning process is being extended to other materials, as in this case, 

granular particles in soils. The exploration of the morphological characteristics and 

numerical modeling now days can be performed with a greater degree of accuracy thanks 

to advances in technology. 

There are several software packages available for three-dimensional reconstruction 

and visualization of serial sections. Fiala and Harris (2002) developed techniques for 

practical and cost-effective serial sectioning analysis and 3D reconstruction. Fiala 

continued refining the technique and created Reconstruct, a Windows application for 

montaging, aligning, tracing, measuring, and reconstructing objects from serial section 

images. This freeware software is available at http://synapses.bu.edu/. A common 

limitation found in some programs available is the need of a constant thickness or slice 

interval between cross sections for 3D reconstruction. In serial sectioning, it is not an 

easy task to remove material at equal intervals, so programs with this limitation can not 

be used.  

Each method mentioned before has its advantages and disadvantages and their 

applicability may have a greater level of success if applied to certain type of materials. 

http://synapses.bu.edu/
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1.1   Purpose 

The main objective of this research is to establish a reliable method for acquisition, 

processing, measuring and storage of 2D images of particles of different types of sands 

collected. Other goal was to evaluate alternatives for 3D reconstruction. The process for 

such task has to be practical, systematic and should be capable of a quantitative and 

qualitative reconstruction. The techniques established and proposed for two dimensional 

characterizations are designed to offer good results with less operator dependency and 

systematically increasing efficiency.   

The shapes obtained with the application of this research will be used to: a) 

Characterize mathematically different types of sands using shape descriptors, b) Use 

those shapes for numerical modeling. The development of an operator-independent 

Modified Overlapping Rigid Clusters method, proposed by Sallam and Ashmawy in 2004 

to simulate 2D shapes, is in progress and will be used for the numerical modeling and c) 

Shape analysis from sand particles can be used to check the influence of size/size 

distribution versus shape. Particle size distribution from a sieve analysis and an image 

analysis could be compared and their correlation verified. 

 



 - 9 - 

1.2   Organization of Thesis 

This thesis is organized as follows: 

A brief description of the equipment, tools and software utilized for this research is 

summarized in Chapter Two. 

Chapter Three explains an initial procedure developed to assist the operator in the 

following areas:  

1) Sample preparation for photomicrography 

2) Digital image acquisition of granular particles 

3) Image processing 

4) Edge detection and delineation of the boundary defined by the 2D shape 

projection of particle silhouettes 

5) Creation of binary images (Black and White) that represent that shape. 

Basic routines assembled for Image-Pro Plus (IPP) are used to explain 

the whole process. These routines are intended for detailed inspection 

and evaluation purposes only. Basic theoretical aspects about all the 

steps and equipment involved are also included throughout the chapter. 

They help the user to assimilate and understand the whole process.  

Chapter Four explains a group of semi-automated macros that provide a fast way for 

the acquisition and processing of images, thus simplifying the whole operation of shape 

imaging and the obtaining of measurements and statistical data of the samples. 

Three-dimensional reconstruction methods are introduced to the reader and 

discussed in Chapter Five.  
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 Results, conclusions and recommendations are summarized in Chapter Six. 

The appendices of this work contain the programming codes for all the scripts 

assembled for Image-Pro Plus. Some images that show some results obtained under 

different conditions, some measurement comparisons made and standard sieve analysis 

for some types of sands are also included. 
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CHAPTER TWO: EQUIPMENT, TOOLS AND SOFTWARE 
 

This chapter describes the hardware and software used for this research. The main 

components for image acquisition and processing are basically an inverted optical 

microscope equipped with a monochromatic digital camera, optical filters, illumination 

systems and a motorized focus control. All these interfaced with a desktop computer. 

This powerful computer is Microsoft Windows compatible and has commercial imaging 

software installed that also controls the automated hardware. The purpose of the 

implementation of these tools is to set a semi-automated system that allows the 

digitization of particle shapes in a qualitative and quantitative manner. Specialized macro 

routines have been implemented to automate as much as possible all steps involved in the 

process and digital image processing has been used to facilitate particle edge detection 

and identification. Finally, binary shapes representing the silhouettes of particles are 

created and several measurements can also automatically be performed by the imaging 

software.  

If needed, more detailed information on any of the items described in this section 

may be found in their respective manufacturer’s documentation.  
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2.1   Hardware 

The types of microscopes used are the SWZ-168TL Trinocular Microscope and the 

AE31 Inverted Microscope manufactured by Motic Instruments, Inc. 

The SWZ-168TL (Figure 7) was used as an inspection and sample preparation 

microscope. It comes with zoom objectives ranging from 0.75x to 5x. Incident halogen 

and transmitted halogen are two types of illumination available by default on this model. 

It is digital camera ready. 

 

Figure 2. Motic SWZ-168TL Trinocular Microscope 
 

The AE31 Inverted Microscope (Figure 3) was selected because it provides longer 

working distance objectives with higher numerical apertures than upright microscopes. It 

comes with the following magnifications: 4x, 10x, 20x, 40x and 60x. Also, there is more 

working space available for handling and placing samples. It is also digital camera ready. 

A mechanical stage with low positioned coaxial controls was attached and used for X and 

Y horizontal displacement of the samples. The focusing of the microscope was controlled 

via hardware manufactured by Prior Scientific, Inc. The Focus Control System is 
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composed of a Motorized Focus Control (MFC), which offers step sizes as small as 

0.002umin the Z-axis. A Digipot Focus Only Control for the MFC, which has buttons for 

fast up and down movements (for coarse focusing) and fine focus adjustments by means 

of a tactile feel. These two pieces are attached to a Prior ProScan II Advanced Controller, 

which is connected to a PC computer and is capable of controlling a motorized stage, 

motorized focus control, three filter wheels and three shutters (See figure 3). 

With respect to optical filters used for the Motic AE31 Inverted Microscope, please 

go to section 3.4.2 for more detailed information. 

The Evolution VF Monochromatic digital camera employed has a maximum 

resolution of 1.4 million pixels in a 12-bit digital output. It can capture digital data at 

frame rates of up to 110 fps in region of interest with binning. It comes with an IEEE 

1394 FireWire digital interface. If necessary, it can be converted to a color camera 

through an optional kit. 

The focus control system and the camera are connected to a Dell OptiPlex GX280 

Desktop Computer. This PC has comes with an Intel® Pentium® IV processor running at 

3.2 GHz, 2 GB of RAM DDR, 160 GB Hard Drive, a DVD Burner, and a 19” Flat Screen 

Monitor. An ATI Radeon XT700 Pro Video Accelerated Card with 256MB of memory 

was added for better video performance. 
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Figure 3. Illustration of Hardware: a) Motic AE31 Inverted Microscope, b) Evolution VF 
Monochromatic Digital Camera, c) Attachable Mechanical Stage, d) Prior Focus Control System 

and e) Dell OptiPlex GX280 PC 
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2.1.1   Illumination 

Regarding to illumination, it has been found to be a key factor for successful 

imaging. Depending on the application, extensive trials have been made in order to 

achieve the best illumination technique possible. The purpose of good illumination is to 

provide the best contrast for easier edge detection. Depending on the type of particles 

being analyzed some may work better than others, but a baseline is provided for future 

reference. Results for the same type of particles observed under the microscope could 

differ if the particles are illuminated by different systems. Light reflection and haze in 

very angular particles may distort the light, thus making it difficult to detect a well 

defined shape. Quartz particles are the most challenging particles to digitize because of 

the problem explained. The illumination systems explained on this section were found to 

be very useful to minimize image artifacts and to get better quality images.  

2.1.1.1   Koehler Illumination 

The Motic AE31 comes with a Koehler Illumination System with a 6V-30W quartz 

halogen lamp (Figure 4). It requires proper set up of the microscope for obtaining the best 

possible specimen image. It has an externally operated mechanism for control of all 

facets of illumination, and is adjusted with rack and pinion mounted on the illumination 

pillar. The Extra Long Working Distance (ELWD) condenser with an aperture diaphragm 

and a Numerical Aperture (N.A.) of 0.30 provides a working distance of 7.2 cm and is 

suitable for 4X to 40X objectives. Koehler illumination provides very even specimen 

illumination from the back for both visual and photo microscopy. The way and type of 
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light radiation that illuminates the sample(s) can be altered by using the filters. The 

following came with the system: 45mm Blue, Green interface (546nm) and Ground glass 

(used as a light diffuser). 

  

Figure 4. Koehler Illumination System on Motic AE31 Microscope 
 

2.1.1.2   Ring Light Illumination System 

 Fiber optic ring light provides 360º of uniform, high intensity, on-axis illumination 

(Figure 5). It is effective in minimizing shadows because light reflects off the object in a 

360º arc. When used with a polarizer set, ring lights are also effective solutions for 

minimizing specular reflection and glare. 
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Figure 5. Ring Light Illumination System: a) Illustration of System, and b) System Mounted on 

the AE-31 Microscope 
 

2.1.1.3   Double-Pipe Light Guide System 

This system offers a high degree of adjustable, interference free and uniform illumination 

of focused white light (Figure 6).  Standard stainless steel obedient sheathing provides 

light where it is needed. 

 

Figure 6. Double-Pipe Light Guide System 
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2.1.1.4   Brightfield Incident Illumination System 

This type of illumination has been adapted to the Motic AE31 microscope due to the need 

of a homogenous source of illumination from beneath the sample(s). It uses one of the 

fiber optic pipe light guides described above, which is inserted on a lamp adapter located 

on the back of the microscope (See figure 7). Light is directed to a chroma brightfield 

filter, which reflects light to sand particles or any other specimen through the microscope 

objective lens. Then it is returned by either specular or diffused reflectance. The light 

diffuser screen, placed on the lamp adapter, is used to alter light distribution. It can be 

removed from the optical pathway to project a more concentrated light beam. Sometimes, 

when the diffusion screen is utilized to spread light from the light source, the overall 

intensity of light reaching the specimen is often not enough and could lead to a 

significant amount of image noise. This source of illumination has the advantage of 

providing a constant, even and homogeneous form of luminosity. If the specimen is 

opaque and cannot transfer light, this is the only choice of light that will provide good 

quality images. 
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Appendix F (continued) 
 

 
Figure 40. Enhanced Image of a Rhode Island Sand Particle Obtained Using the Script 

Mult2DShape20x 
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Figure 41. Measurement of Areas of a Rhode Island Sand Particle Using Scripts Mult2DShape4x, 

Mult2DShape10x and Mult2DShape20x 
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Appendix F (continued) 
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Figure 42. Comparison of Measurements Axis (mayor), Axis (minor), Radius (max) and Radius 

(min) for a Rhode Island Sand Particle Using Scripts Mult2DShape4x, Mult2DShape10x and 
Mult2DShape20x 
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Figure 43. Comparison of Measurements Perimeter, Perimeter (convex) and Perimeter (ellipse) 

for a Rhode Island Sand Particle Using Scripts Mult2DShape4x, Mult2DShape10x and 
Mult2DShape20x 
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Appendix G (continued) 
 

b)a) b)a)  
Figure 55. Pictures of Sands from: a) Toyoura, Japan and b) Malibu Beach, Panama 

 

 
Figure 56. Pictures of Sands from Boca Grande Beach, Cartagena, Colombia 

 


