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Background

Discrete Objects Simulation (DOS) is widely used in science and engineering (Geo Institute, 2002), such as, for example, in studies of the mechanics of rocks and soil (Ting et al.,1989, Ting and Corkum, 1992, Oda et al., 1982, Iwashita and Oda, 1998), simulations of the flow of concrete (Noor, 2000; Chan and Liu, 2003), minerals engineering, and colloidal dynamics (Hong, 1997a; Li et al., 2003). A simulation system, which models discrete objects and applies physical equations of motion to simulate their dynamic behaviors, is called a Discrete Object Simulation System (DOSS) hereinafter.

The methodology employed by DOSS usually has two major parts. One is the construction of models of discrete objects with various geometries. The other is the modeling of the mechanisms of interactions among discrete objects, to mimic the behavior of real materials. In some applications, DOSS should be able to handle the complexity of the geometries of discrete objects because the simulation results are highly sensitive to the shapes of discrete objects. Therefore, researches in this field progressed from 2D geometrical models to 3D models and from simple spherical models to complicated polyhedral models (Coundall, 1988; Hart et al., 1988; Yang, 1999, Sheng et al., 2002, Chou, 2004). In the other applications, DOSS should be even able to handle various mechanisms that operate among various discrete objects when materials are composite. Consider, for example, the simulation of concrete flowing (Noor, 2000; Chan and Liu, 2003). Concrete comprises of two materials - discontinuous aggregates and continuous mortar. Clearly, the mechanism of interactions between the aggregates is different from that between the aggregates and the mortar.

However, most existing DOSS packages can only handle either various shapes or various mechanisms, but not both. For example, PFC3D (HCItasca, 2004), a popular commercial package, can handle various mechanisms but has only spherical discrete objects in 3D. Most of DOSS packages developed by academic researchers, such as DEM3D (Chiou, 1998) and the one by Hong (1997a), usually meet only the requirements for carrying out their research and often can not be easily extended  (if not impossible) to handle more object shapes and interaction mechanisms for more applications.

Objective and Scope

The primary goal of this study is to prototype a versatile DOSS, which is one that can simultaneously handle discrete objects of various shapes with various interaction mechanisms. The word versatile used here puts emphasis on the flexibility rather than the functionality of the system. In the other words, how numerous mathematical models for representing discrete object and solution algorithms for representing interactions among discrete objects can be systemically and correctly incorporated is the primary concern. To achieve this, this study first analyzes the required components of a DOSS, and then proposes a design for delegating responsibilities to these components and coordinating their collaboration.

Second, this study proposes an underlying framework for a versatile DOSS, named VEDO (VErsatile Discrete Objects framework). This framework is used to manage the runtime data structure, numerical algorithms, and simulation strategies. For building a versatile DOSS, the framework is designed to be sufficiently flexible to systematically and correctly incorporate numerous mathematical models for representing discrete objects, and solution algorithms for representing interactions among discrete objects. The flexibility to add new discrete object shapes and interactions in the future is also considered.

Moreover, this study proposes an XML-based markup language, named dosXML, for describing the numerical model and simulation result of DOS. The information model of dosXML can not only describe the basic parameters of DOS but also has the flexibility to define new ones in the future. Besides VEDO and dosXML, a complete DOSS requires numerous mathematical models representing discrete objects and their interactions; these models include Object Modeling, Object Motion, Contact Detection, and Impact Solution of various discrete objects and various interactions among discrete objects. This study thus presents numerical models and related algorithms for several basic shapes of discrete objects. These basic shapes of discrete objects include sphere, cylinder, plate, and polyhedron. Additionally, simulation strategies for initial modeling and reducing CPU time and memory are also discussed. 

Finally, a prototype of versatile DOSS, named Knight&Anne, is developed to verify and illustrate the functionality and flexibility of the design of this versatile DOSS. Several sample applications, for example Self-Compacting Concrete, Colloidal Particles, Sieve Analysis and so on, are also provided to authenticate the credibility of Knight&Anne.

Related Software Technologies

Knight&Anne is developed step-by-step using Object-Oriented Technology (OOT) (Booch, 1994), including Object-Oriented Analysis, Object-Oriented Design, and Object-Oriented Programming. The author first analyzes the required components of a DOSS, and then defines their responsibility and the relationships among them.

The underlying Framework, VEDO, is also designed using OOT. To achieve reusability and ease of understanding, VEDO consists of many designs presented in Design Patterns (Gamma, 2002). Design Patterns recently have been widely used for developing scientific software (Blilie, 2002). These Design Patterns are highly abstract designs that can help to clearly and concisely state the responsibility, structure, behavior, and creation of individual class or whole software systems. Design Patterns are also reusable designs that describe simple and elegant solutions to specific problems that appear frequently in object-oriented software design. So far as the author is aware, the previous literature has not discussed the use of Design Patterns for developing object-oriented DOSS.

The markup language of DOS, dosXML, is developed based on XML (W3C, 2004a), which recently has become the most popular interoperable technology. OOT is also employed to analyze and design the DOS information model. The XML schema (W3C, 2004b) of dosXML then is defined based on the information model. Unified Modeling Language (UML) (Booch et al., 2001) is used to describe the components of the system, the design of VEDO, and the information model of dosXML. UML is a collection of meaningful notations that model the structure and behavior of all classes and objects of a software system. UML is an effective means of specifying, visualizing, constructing, and documenting software system artifacts.

Finally, Knight&Anne is implemented using C++ programming language (Stroustrup, 2000). C++ is a general-purpose programming language that supports data abstraction, object-oriented programming and generic programming. Moreover, numerical calculations using C++ are generally efficient. C++ thus is selected as the implementation programming language in this study.
Application Examples

Self-compacting concrete simulation, colloidal particles centrifugal casting, and the applications of polyhedra, are presented. All of these applications are mainly used to verify and demonstrate the versatileness and correctness of the prototype, Knight&Anne, as well as the flexibility of the underlying framework, VEDO.

Self-Compacting Concrete Simulation
Some researchers have tried to use discrete objects simulation techniques to study the behavior of Self-compacting concrete (SCC), e.g., (Noor, 2000; Chan and Liu, 2003).  Here let us consider the simulation of the V-funnel tests that are experimentally available to help understand the characteristics of SCC. A two-phase model is employed to model fresh concrete. In the model, aggregates and mortar are treated as two different types of spherical discrete objects. In the present study, spring, damping, and friction forces are considered between discrete objects. No binding force is considered between the aggregates but a binding force is considered between the aggregates and the mortar. The binding force is a constant force that keeps two discrete objects moving together when they come into contact. A “pull-off” force larger than the binding force is required to separate them. Besides the aggregates and the mortar, fixed plates are used to model the V-funnel. Finally, the gravity is also considered as a flied force applying on all discrete objects. The red objects model aggregates and the yellow objects model the mortar.

Figure 1 shows two simulations with different binding forces that are 0.02 N and 0.002 N, respectively. In the case of higher binding forces, it can be observed that the simulated concrete materials have a stickier behavior and cluster together when they are falling down, while the materials have a sandy behavior and leak out continuously in the case of lower binding forces. In addition, the trend observed in the simulations is that the stickier the concrete is, the slower it leaks out. This complies with what has been observed in the experiments.
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Figure 1 Simulation of the V-funnel Test

Centrifugal Casting of Colloidal Ceramic Particles

Colloidal forming techniques have been used to improve the properties, reliability, and functionality of ceramic materials. Particle-packing structures are substantially controlled during the forming process by the colloidal chemical properties of the suspensions, such as structure of electrical double layer, zeta-potential, Debye-Huckel length, and ionic concentrations (Hong, 1997a). When it comes to microscopic scale, the surface forces of colloidal particles dominate the interactions between particles. At the long range (4 nm to 1 m approximately), the well-known Derjaguin-Landau-Verway-Overbeek (DLVO) theory containing van der Waals attraction and electrostatic repulsion dominates. According to DLVO theory, the stability of colloids in suspension is determined by the repulsion of double layer electrostatic potential energy and the attraction of van der Waals potential energy. 
To avoid the numerical singularity of DLVO potential energy at the nearly contact range (less than 4 nm approximately to physically contact), the Johnson-Kendall-Roberts (JKR) adhesive interaction model is employed here (Hong, 1997b). When two colloidal particles come into contact, an attractive potential keeps the particles in contact. Consequently, a “pull-off” force is needed to separate them. The governing equation of particle updating is derived from Langevin’s equation (Ermak and Buckholz, 1979), in which the medium’s viscosity is considered. The example studied here is used for studying particle-packing dynamics during centrifugal casting of Al2O3 colloidal particles. Long-range potential interactions, medium viscosity, gravitational forces, very-short-range adhesion, and solid-body contact are considered. In addition, the results are compared with the simulation done in (Hong, 1997a). For simulation of centrifugal casting, 400 totally dispersed trimodal Al2O3 particles (80 with the radius of 0.275 m, 240 with the radius of 0.225 m, and 80 with the radius of 0.175 m) are randomly generated in a 12.74 m x 12.74 m square box. This arrangement corresponds to an area density of 40%. A centrifugal acceleration of 3,000 g to the left with gravity (g) downward is applied. Four different suspensions with zeta potentials of 56, 52, 34, and 4 mV are investigated here. In the case of zeta potential of 56, 52, and 34 mV, the repulsive interaction dominates. However, in the case of zeta potential of 4 mV, the attractive interaction dominates. 
Figure 2 shows the successive snapshots from the initial state to the time of 5 msec for different zeta potential cases. Chain formation is observed for zeta potentials of 56, 52, and 34 mV, while zeta potential of 4 mV shows more compact packing in which particle agglomeration occurs before they reach the sediment. In addition, the more stabilized the suspension is, the slower they come to sediment. This corresponds with experimental observations, as well as the simulation results of (Hong, 1997a).
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Figure 2 Centrifugal Casting of Colloidal Ceramic Particles

Polyhedra Examples
Domino and sieve analysis simulations are used to demonstrate the flexibility and to validate the contact detection algorithms for polyhedra proposed in this thesis. The motion modeling follows the approach of Hart et al. (1988). The implementation of the models and algorithms for polyhedra is doen by both the author and Chou (2004). Figure 3 and Figure 4 show the domino simulation results with 10 and 71 polyhedra, respectively. Figure 5 shows the simulation results of a sieve analysis. The aggregates and sieves are modeled as polyhedral objects (Yang and Hsieh, 2001). 

	[image: image21.png]RRARRARNAN &





	
	[image: image22.png]13.25

1w |-

11.25




	
	[image: image23.png]13.25

12.25

11.25




	
	[image: image24.png]13.25

12.25

11.25





	(0.0 sec)
	
	(0.18 sec)
	
	(0.36 sec)
	
	(0.6 sec)


Figure 3 Domino Simulation with 10 polyhedra
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Figure 4 Spiral Domino Simulation with 71 Polyhedra 
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Figure 5 Simulation of Sieve Analysis based on Physical Law

Conclusions

The major contributions of this study are summaried as follows. 

(1) An Object-Oriented framework, named VEDO, for versatile discrete objects simulation using design patterns has been developed. VEDO is capable of handling simultaneously numerous mathematical models for representing discrete objects and solution algorithms for representing interactions among discrete objects. It also has great flexibility in facilitating additions of new discrete object shapes and solution algorithms for discrete object interactions. 
(2) An XML-based markup language, named dosXML, for describing, recording, sharing, and exchanging the numerical model and simulation data of discrete object simulation problems has be proposed. It can facilitate the development of discrete object simulation packages. 
(3) Numerical geometric models and correspnonding algorithms for several basic shapes of discrete objects are also presented. These basic shapes of discrete objects include sphere, cylinder, plate, and polyhedron. Simulation strategies for initial modeling and reduction of CPU time and memory usage are also discussed. 
(4) A prototype simulation system, named Knight&Anne, has been implemented to verify and illustrate the versatileness and flexibility of the design proposed in this study using several application examples.
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