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ABSTRACT 

 

This research consists of two main parts: development of a rock expert system (RES) as an 

easy-to-use and effective tool for evaluating rock properties, and modification and 

utilization of the three-dimensional Particle Flow Code (PFC3D) to analyze rock behavior. 

Because of different reasons, it is often difficult to obtain the rock property values directly. 

As an alternative, typical values and empirical correlations are often used to evaluate the 

rock property values. However, the typical values and empirical correlations come in 

various forms and are scattered in different sources. It is often difficult, time-consuming or 

even impossible for an engineer to find appropriate information to estimate the required 

rock properties. So in the first part of the research, the RES was developed as an easy-to-

use and effective tool for evaluating rock properties by conducting detailed review and 

evaluation of well determined values and empirical correlations of rock properties in the 

published literature, and developing a central database and data application tools.  The 

study of RES demonstrates the storage of rock property values and correlations is strongly 

applicable and the web based data application tool is effective to use and easy expandable.  

Considering its granular nature, the discrete element method (DEM) has been widely 

adopted to analyze the mechanical behavior of rock. The Particle Flow Code (PFC) is one 

of the most popular DEM softwares. The basic idea of PFC is to treat rock as an assembly 

of bonded particles that follow the law of motion and consider the model behavior 

dominated by the formation and interaction of micro cracks developed within the particle-
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particle cement (bond). Unlike the continuum methods, PFC can deal with the natural 

process from micro cracking to macro failure, without predefining a failure criterion for 

the rock. However, there are still issues related to the application of PFC to analyze 

different rock problems. For example, so far, most of the studies use PFC2D although many 

of the problems are three dimensional and should be better simulated with PFC3D. It is 

also found that the simulations using the default PFC parallel bond model extremely 

underestimate the ratio of unconfined compressive strength to tensile strength (UCS/T). So 

in the second part of the research, the important aspects related to the application of 

PFC3D, including model scale, particle size distribution and contact model, were studied, 

a new contact model was developed for addressing the limitation of the default PFC3D on 

obtaining unrealistically low UCS/T ratios, and finally the new contact model was used to 

investigate rock fracture initiation and propagation.    
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CHAPTER 1  

INTRODUCTION 

 

 

 1.1 Background 

1.1.1 Evaluation of Rock Properties 

In rock mechanics and rock engineering, it is often difficult to obtain the rock property 

values directly. As an alternative, typical values and empirical correlations are used to 

estimate rock properties. However, since the typical values and empirical correlations come 

in various forms and are scattered in different sources, such as textbooks, reference 

manuals, reports and articles [1-10], it is often difficult, time-consuming or even impossible 

for an engineer to find appropriate information to estimate the required rock properties. 

Even if the typical values and empirical correlations are found, an engineer may still have 

difficulty in using them effectively and efficiently because no guidelines are available. 

Therefore, it is extremely important to summarize and present the typical values and 

empirical correlations in a single place and provide an easy and convenient way for 

engineers to access and use them. The development of computing and information 

technologies makes it possible to store large amount of information in a single database 

and allow people to conveniently access and use it. So the first part of this research is the 



11 

 

development of a rock expert system (RES) which can serve as an easy-to-use and effective 

tool for engineers to evaluate rock properties.  

1.1.2 DEM Analysis of Rock Behavior 

In general, rock can be treated as a granular material whose micromechanical behavior is 

discontinuous and heterogeneous. So the existing continuum methods have natural 

difficulty in characterizing the micro-scale behavior which is important for understanding 

the performance of rocks. The discontinuum methods such as the discrete element method 

(DEM) [11] have been widely adopted to analyze the mechanical behavior of rocks. The 

Particle Flow Codes (PFC2D and PFC3D) [11-13] are the most well-known DEM 

software. The basic idea of PFC is to treat rock as an assembly of bonded particles and 

consider the model behavior dominated by the formation and interaction of micro cracks 

developed within the particle-particle cement (bond). Thus PFC can deal with the natural 

process from micro cracking to macro failure, without predefining a failure criterion for 

the rock [14].  

For the application of PFC, an important aspect is the assignment of microscopic model 

parameters. Since the microscopic parameters are unknown and usually cannot be 

measured directly during mechanical experiments, they are commonly back-calculated 

based on numerical calibrations against macroscopic property values measured from 

experiments. Specifically, the microscopic parameters are determined through an iterative 

trial-and-error process by conducting a series of numerical simulations of some usually 

small scale laboratory experiments of rock samples until the microscopic parameters 



12 

 

reproduce or approximate adequately the measured macroscopic properties, usually 

unconfined compressive strength (UCS), Young’s modulus and Poisson’s ratio. This 

calibration process is the priori step for each PFC application and has been studied 

extensively by different researchers in PFC2D [12, 15-20]. Due to the limitation of 

computer capacity and efficiency, however, the related study is very limited in PFC3D [12, 

21, 22]. It is also noted that most of the previous studies simply select the model size and 

the micro structure characteristics (mainly particle size and size distribution) in the PFC 

model based on the engineering needs or computer capacity and efficiency, without 

checking their impact on the final results. However, the limited studies (see, e.g., [12, 16, 

18, 19]), mainly in PFC2D, show that the model size and the micro structure characteristics 

have significant effect on the PFC simulation results and should be properly considered in 

the PFC applications. In other words, a reasonable model size and a representative micro 

structure including particle size and size distribution should be utilized in order to obtain 

representative and reliable simulation results. However, even today, there is still no 

commonly accepted standard for selecting the model size and micro structure 

characteristics for PFC simulations.  

It is found that the simulations using the PFC default contact model tend to overestimate 

the tensile strength and lead to unrealistically low unconfined compressive strength to 

tensile strength (UCS/T) ratios. The UCS/T ratio is an important property of rock related 

to its fundamental characteristics [23]. Although UCS is the most widely used parameter 

to characterize rock in engineering practice, it is now well known that the brittle failure in 

rock is mainly dominated by tensile rupture [24]. Therefore, the limitation of low UCS/T 
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ratio restricts the capability of PFC to simulate problems where the stress path may be 

either compression or tension. The unrealistically high tensile strength may lead to false 

prediction of crack initiation and propagation in rock.   

The intrinsic micro fractures and their propagation play an important role in the mechanical 

behavior of rock. Extensive experimental and theoretical research has been conducted on 

the initiation, propagation, and coalescence of fractures in rock. Important experiments 

include uniaxial testing by Ingraffea and Heuze [25], Petit and Barquins [26], Huang et al. 

[27], Chen et al. [28], Bobet and Einstein [29], Sagong and Bobet [30], Li et al. [31], Wong 

and Einstein [32, 33], multiaxial testing by Chen et al. [28] and Bobet [34], and hydraulic 

fracturing testing by Daneshy [35] and Moriya et al. [36]. The initiation, propagation, and 

coalescence of internal micro fractures dominate the deformability and strength of rock. 

New cracks tend to grow at or near the tips of pre-existing fractures and propagate 

approximately parallel to the direction of major principal stress or coalesce with adjacent 

cracks. The cracking process of a pre-cracked sample under compressive loading provide 

insightful understanding of the cracking process of natural rock and thus has been studied 

extensively by many researchers using rocks [25-28, 31-33, 37-41] and manmade materials 

[30, 32, 39, 42-47].  The discontinuum methods have been used to simulate the cracking 

process of rocks and manmade materials. Potyondy and Cundall [12] simulated the rock 

cracking process in an underground tunnel excavation using PFC2D and obtained results 

in good agreement with experimental data. Lee and Jeon [47] studied cracking initiation 

and coalescence in PMMA (Poly Methyl MethAcrylate), gypsum and granite with different 

flaw geometry and the PFC2D simulation results successfully captured the cracking 
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behavior in granite specimens. Zhang and Wong [48] simulated the cracking process of 

pre-existing single flaws in gypsum specimens with PFC2D and obtained failure patterns 

that fitted well with the experimental and analytical results. As for PFC3D, so far, it has 

not been used to study the cracking process of rocks, although the cracking process is three 

dimensional and should be better simulated with PFC3D.  

In summary, although PFC3D is a powerful tool for simulating and analyzing the 

mechanical behavior of rocks, several issues still need to be addressed, including the effect 

of model scale and micro structure characteristics, the underestimated UCS/T ratio, and the 

3D simulation of cracking process. 

1.2 Research Objectives 

This research has two main objectives: 

 Development of an easy-to-use and effective tool for evaluation of rock properties. 

 Modification of PFC3D to better simulate and analyze the mechanical behavior of 

rocks. 

To reach the objectives, the research includes the following specific tasks: 

 Development of a Rock Expert System (RES) which can be used as an easy-to-use 

and effective tool for evaluation of rock properties by conducting detailed review 

and evaluation of well determined values and empirical correlations of rock 

properties in the published literature, and developing a central database and data 

application tools.  
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 Study of PFC3D by investigating the different aspects that should be considered in 

the application of PFC3D to simulate rocks, including particle generation process, 

model scale, particle size distribution effect, and contact model, and analyzing the 

limitations of the default PFC3D.  

 Development and validation of a new contact model for PFC3D for addressing the 

limitation of the default PFC3D on obtaining unrealistically low UCS/T ratios.  

 Investigation of rock fracture initiation and propagation process using the newly 

developed contact model for PFC3D.  

1.3 Dissertation Layout 

This dissertation is organized following the University of Arizona Graduate College’s 

Manual for Theses and Dissertations and includes two chapters followed by five 

appendices. This first chapter describes the background, research objectives and the layout 

of the dissertation. The second chapter summarizes the main findings of the research 

presented in the appendices. Appendix A is a published journal paper regarding the design 

and implementation of the Rock Expert System (RES) which is intended to be an easy-to-

use and effective tool for engineers to evaluate rock property values. Appendix B is a 

journal paper currently under review in which the effect of model scale and particle size 

distribution on the simulation results of PFC3D was studied. Appendix C is a published 

peer reviewed conference paper which investigated the effect of particle shape and size on 

the calibration process in PFC3D and studied the different methods for addressing the low 

UCS/T ratio problem caused by the default contact model in PFC. Appendix D further 
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investigated the low UCS/T ratio problem discussed in Appendix C and proposed a new 

contact model which was able to obtain the correct UCS/T ratio. In Appendix E, the new 

contact model was successfully applied to simulate the cracking process of rocks 

containing single flaws.  
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CHAPTER 2  

PRESENT STUDY 

 

2.1 Research Performed 

The methods, results, and conclusions of this research are presented in the papers appended 

to this thesis. Appendix A is a published paper in the International Journal of Rock 

Mechanics and Mining Sciences. Appendix B is a journal paper which has been submitted 

to the Journal of Rock Mechanics and Rock Engineering and is currently under review. 

Appendix C is a published peer reviewed conference paper in the 45th U.S. Rock 

Mechanics/Geomechanics Symposium held in San Francisco in June 2011. Appendices D 

and E present the most recent findings of this research and the results are not submitted for 

publication yet. 

The first main objective of this research is to develop the rock expert system (RES) which 

includes the central database and the easy-to-use tool for storage and evaluation of rock 

property values. After reviewing the extensive data in published literature, the intact rock 

property data, the rock mass rating data and the rock property correlation data were indexed 

in the database so that they can be cross searched and/or used to evaluate rock property 

values.  A web engine based application was developed so that this tool can be used 

remotely. The results are presented in Appendix A.  
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The second part of this research focuses on modification and utilization of the three 

dimensional particle flow code (PFC3D) to investigate rock behavior. Limited studies 

using PFC2D indicate that the model scale and the micro structure characteristics (mainly 

particle size and size distribution) have significant effect on the PFC simulation results and 

should be properly considered in the PFC applications. However, even today, there is still 

no commonly accepted standard for selecting the model size and the micro structure 

characteristics for PFC simulations, especially in 3D. So, in Appendix B, a systematic study 

was performed to investigate the effect of model size and particle size distribution on the 

simulation results using more than 280 PFC3D specimens. The results can serve as a guide 

for selecting the model size and particle size distribution in PFC3D simulations. During 

the simulation process, it was found out an intrinsic limitation of the default contact model 

in PFC is the inability to reproduce the unconfined compressive strength to tensile strength 

(UCS/T) ratio. Models calibrated to the UCS typically significantly underestimate the 

UCS/T ratio and cannot correctly simulate the rock cracking process correctly. In Appendix 

C, the different methods proposed by researchers to address this limitation are reviewed 

and the deficiencies of these methods are studied. In Appendix D, a new contact model 

which can properly consider the contribution of moment to contact normal and shear 

stresses and the condition at which the contact bond fails was proposed and implemented 

in PFC3D. The new contact model was used to analyze two widely studied rocks and the 

correct UCS/T ratios were obtained. Finally, in Appendix E, the new contact model was 

used to simulate the cracking process of rock specimens containing single pre-existing 

flaws oriented at different inclination angles.  
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2.2 Conclusions and Contributions  

The important findings of this research are summarized below. 

 (Appendix A) A central database can be built to index and cross reference the well 

determined values and correlations of rock properties. The RES can serve as an 

effective tool for engineers to search the typical values of a rock property and/or 

estimate the rock property values using empirical relations. Based on the newly 

develop web engine technology, RES can be easily expanded and implemented 

with data upload and analysis functions.  

 (Appendix B) The simulated UCS and Young’s modulus result using the standard 

PFC3D specimen generation procedure increase, while the coefficients of variation 

(COVs) for these simulated macroscopic properties decrease, with larger model 

size. This is because the standard PFC3D particle generation procedure generates 

specimens with porosity decreasing with larger model size. The simulated UCS and 

Young’s modulus decrease while the Poisson’s ratio increases with a wider particle 

size distribution. The effect of particle size distribution mainly comes from the 

different total number of particles in the specimen when the maximum to minimum 

particle size ratio is different. This study shows that it is important to properly 

consider the effect of model scale and particle size distribution in PFC3D 

simulations. 

 (Appendix C) Although the standard PFC3D model can well simulate the 

unconfined compressive strength, the tensile strength is over predicted and the 

unconfined compressive strength to tensile strength (UCS/T) ratio is significantly 
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lower than the laboratory test value. Partial release of contact bonds and increase 

of particle texture by using clumped particles show some improvement but the 

obtained UCS/T ratio still does not fit the test value.  

 (Appendix D) The new contact model can properly consider the contribution of 

moment to contact normal and shear stresses and the condition at which the contact 

bond fails and thus can obtain the right UCS/T ratio. The moment contribution, 

cohesion and tensile strength are three key factors that affect the UCS/T ratio from 

PFC3D simulations based on the systematical study on the new contact model 

parameters. When the moment contribution parameters is smaller than 0.5, a wide 

range of UCS/T ratios can be achieved by changing the cohesion and/or tensile 

strength values.  

 (Appendix E) The new contact model can properly simulate the cracking process 

of rocks containing single pre-existing flaw. The results indicate that the primary 

cracks first initiated from the boundary of a pre-existing flaw are always tensile 

cracks and the secondary cracks first emanated from the tips of the pre-existing 

flaw are shear cracks in origin and then develop to a zone of mixed shear and tensile 

cracks. The initiation of the secondary cracks affects the strength of the specimen 

greatly because the large number of cracks tend to propagate and coalesce with 

each other. 

 

The author’s main contributions are summarized here. The author designed the architecture 

of the RES system and implemented it using C#, JavaScript, Ajax and SQL database 
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techniques in Microsoft Visual Studio. During the study of PFC3D, the author discovered 

the effect of model scale and particle size distribution on the simulation results and then 

carried out the systematic study on this effect and designed multiple subroutines using 

FISH language to investigate the underline reasons of this effect. To address the limitations 

of existing methods for tackling the problem of unrealistically low UCS/T ratio using the 

default PFC, the author developed a new contact model and incorporated it in PFC3D. The 

new contact model can properly consider the contribution of moment to contact normal 

and shear stresses and the condition at which the contact bond fails and thus can obtain the 

right UCS/T ratio. The author also used the new contact model to simulate the fracture 

propagation process of rock containing a pre-existing flaw. To do that, the author 

developed a series of subroutines to backtrack and display the location and failure type of 

cracks during the loading process. The validation of the new contact model through 

successful simulation of macro mechanical behavior and microscopic cracking process of 

rock has demonstrated its capability for further study of rock behavior.   

2.3 Future Research 

The research has shown that the RES can be a promising and charming interactive tool for 

collecting and evaluating rock property values. The study on the particle flow code 

demonstrates the great advantages of using the discrete element method to simulate the 

rock behavior, especially the cracking process. The newly developed contact model has 

been validated regarding its capacity to obtain the correct UCS/T ratio and simulate the 

process of crack initiation, propagation and coalesce from a pre-existing flaw. Although 

the work has advanced the state of the art, further research is desirable, including: 
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 Expansion and improvement of the developed RES with new functions such as the 

integration of GIS database of rock properties from different systems and the 

improvement of evaluation functions to consider the reliability of data. 

 Application of the new contact model to study different rock mechanics problems, 

such as the initiation and propagation, especially the planar shape, of rock fractures 

by considering the effect of different stress states and preexisting geological 

structures such as adjacent existing fractures and bedding boundaries. 
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Abstract 

In rock mechanics and rock engineering, typical values and empirical correlations are often 

used to estimate rock properties. However, since the typical values and empirical 

correlations are scattered in different sources, it is often difficult, time-consuming or even 

impossible for an engineer to find appropriate information to estimate the required rock 

properties. Even if the typical values and empirical correlations are found, an engineer may 

still have difficulty in using them effectively and efficiently because no guidelines are 

available. This paper describes the development of a rock expert system (RES) which can 

serve as an easy-to-use and effective tool for engineers to evaluate rock properties. The 

RES system consists of three components: the RES database, the web application platform 

and the data application tools. The typical values and empirical correlations from different 

sources are collected, interpreted and integrated in the indexed database. The web 

application platform includes a website server and a web service sever for user 

management, data search and calculation, result output, and data transmission. The data 

application tools include HTML browser, XML editor, GIS platforms and local softwares. 

The RES is user-friendly with an easy-to-access web interface and allows a user to (1) 

search typical values of interested rock properties, (2) check measured rock property values 

against the typical values, (3) calculate rock properties based on empirical correlations, and 

(4) integrate regional and/or local rock property databases into the system for re-use and 

reducing the uncertainty of predictions from the empirical correlations.  

 

Key words: Rock properties; Database; Empirical relations; Expert system.  
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1. Introduction 

Different engineering structures such as tunnels, foundations, dams and slopes have 

been constructed and will continue to be built on/in rock masses. For safe and economical 

design of engineering structures, proper selection of mechanical parameters of the related 

rock mass has crucial importance. Due to the jointed and/or complex structure of rock 

masses, it is almost impossible to determine the mechanical parameters of rock masses by 

laboratory studies. To overcome this difficulty, much investigation has been performed on 

empirical relations for predicting the strength and deformation properties of rock masses 

[1-4]. For example, the deformation modulus and bearing capacity of rock masses are 

important parameters in the design of rock-socked shafts used as bridge foundations. To 

obtain realistic values of rock mass deformation modulus, in-situ tests, such as plate 

bearing, flat jack, pressure chamber, borehole jacking and dilatometer tests, may be 

conducted. However, in-situ tests are generally a time-consuming, expensive and difficult 

way for determining deformation modulus of rock masses. Therefore, the use of empirical 

equations is widely preferred as a practical tool for determination of deformation modulus 

of rock masses [5-10].  

However, the well determined values and empirical correlations of rock properties are 

scattered in different sources such as textbooks, reference manuals, reports and articles [1-

12]. It is often difficult, time-consuming or even impossible for an engineer to find 

appropriate information to determine the rock properties required for a particular project. 

It is therefore important to develop an easy-to-use and effective tool for engineers to 

evaluate rock properties based on well determined values and empirical correlations. 

On the other hand, extensive tests of rocks have been conducted in many areas but the 

data are scattered in different federal, state and local agencies and geotechnical companies 

and are not re-used properly. To re-use these valuable test data efficiently and effectively, 

a central database of rock properties need to be developed and made accessible to different 

users. Obviously, it is a great challenge to develop such a central database of rock 

properties. In the hydrology engineering area, an open and collaborative catalog called 
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world-wide collaborative hydrogeological parameters database has been buildup to allow 

users to store and retrieve measurements world widely through web interface [13].  This 

database focuses mainly on the standard sharing of basic property data and neglects the 

important data relationships; but the idea to allow users to store and retrieve data can be 

followed in the development of a central database system for rock properties.  

We have been working on the development of a rock expert system (RES) which can 

serve as a user-friendly and effective tool for engineers to evaluate rock properties. The 

development project is divided in two phases. Phase I includes review and evaluation of 

well determined values and empirical correlations of rock properties in the published 

literature, development of the overall RES architecture, and integration of the compiled 

values and empirical correlations of rock properties. The Phase I RES allows a user to 

search the well determined values of a rock property and/or estimate a rock property using 

empirical relations.  The Phase I RES is adaptive and can be expanded and improved in 

Phase II with functions to integrate the GIS database of rock properties from different 

systems and to consider the reliability of data and predictions.  This paper briefly describes 

the developed Phase I RES and its applications.  

2. Rock Expert System (RES) 

2.1. System Architecture 

The RES is designed to be a user-friendly and effective tool for evaluation of rock 

properties such as deformation modulus and unconfined compressive strength. A well 

designed system should be easy to access without specific requirements.  So, rather than 

using a typical Windows or Mac based application software, the dynamic website with an 

interactive user interface is used in the development of the RES.  

The three main components of the RES architecture are the web application platform, 

the data application tools and the RES database, as shown in Fig. 1. The web application 

platform consists of two parts: the website server and the web service server. The website 

server is the webpage engine where user interactive functions are provided. The web 
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service server provides SOAP interface for service description and xml data transmission. 

The data application tools are the compatible softwares that the user can use to effectively 

access and utilize the RES through internet. The RES database includes the rock property 

database, the user database and the metadata database, which are described below.  

 

2.2. RES Database 

Rock Property Database 

The rock property database stores well determined rock properties and empirical 

correlations in separate data sheets. Development of the rock property database is a major 

task for the RES development. Rock property data are extensive and distributed in different 

sources. It is important to collect and utilize the existing data to an extent as great as 

possible; but it is also important to ensure the quality of the data. So we have only included 

the rock property data (both property values and empirical correlations) from the published 

literature.  

 To manage the rock property database efficiently, the rock property data are divided 

into three categories: the intact rock property data, the rock mass rating data and the rock 

property relationship data, as shown in Fig. 2. The intact rock property data include density, 

porosity, P-wave velocity, unconfined compressive strength, elastic modulus, and 

Poisson's ratio. The rock mass rating data include different rock mass rating systems such 

as RQD, RMR, GSI, and Q. And the rock property relationship data include different 

empirical correlations of rock properties. The intact rock properties are related to each 

other. For example, the intact rock P-wave velocity is closely related to and can be used to 

estimate the intact rock elastic modulus. In the RES system, all data are stored in SQL 

server database and the relationship between different types of data is transformed into a 

relationship between datatables. As all data are indexed and optimized in the database, the 

data searching, management and update are fast, easy and safe.  

 Different datasheets are utilized for the rock property database. The RockType 

datasheet stores rock names and descriptions from different sources, and is used as the 
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parent datasheet for all other datasheets with the unique RockTypeID as the primary key 

to link each data row together. When a user searches a rock name from the RES, such as 

“shale”, the typed name is cross-checked among the rock names in the RockType datasheet, 

and all rock type names containing “shale” such as Stockton shale, muddy shale, Edmonton 

bentonitic shale are returned with the corresponding RockTypeID. All recorded rock 

property values are then fetched according to the returned RockTypeID.  

 The minimum, maximum and average values are stored in the database for each rock 

property. These values are collected and interpreted from the published literature 

[1,5,14,15]. Using Google chart API [16], the minimum, maximum and average values can 

also be depicted in a chart and easily compared with the user-input values.  

 The rock mass rating data include rock mass rating systems RQD, RMR, GSI, and Q. 

The rock mass rating systems are digitalized and integrated into convenient user interfaces 

for engineers to use. The rating systems are parameterized and stored in the database, and 

then developed into automatic rock mass characterization and rating functions. 

 Rock property correlations are collected from different published sources and stored as 

parameters in the correlation datasheet. For example, Tables 1 and 2 list the empirical 

correlations for estimating respectively the elastic modulus and the unconfined 

compressive strength of intact rock. For rock masses, the empirical correlations for 

estimating the deformation modulus and the unconfined compressive strength are shown 

respectively in Tables 3 and 4. Each correlation is stored with relation ID, relation name, 

equation string, parameter number, name and unit, rock type, value range, reference, source 

and note. The correlation equations are stored as parameters in the database so that they 

can be easily added, edited or deleted. The correlations stored in the database can be 

dynamically loaded in property evaluation using the equation evaluation engine.  

User Database 

 The user database stores user information (user name, password and contact 

information) and user uploaded data (rock type, rock property values and empirical 
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correlations). User input values and report data are stored in the user database so that they 

can be reused when the user is logged in later again.   

Metadata Database 

 The metadata database are used to store data description of datatables, user uploaded 

data, and all other geographical information. Metadata is also called the data about data 

and is widely adopted in library science, information technology and GIS for information 

resource discovery, description and management. The RES metadata is used for data search 

on website and data description in data transaction with other GIS platforms.  

3. Application Examples of RES 

 This section shows the application of the RES for evaluating the properties of intact 

rocks and rock masses. 

 To use the RES, a user will first start with the website main page (see Fig. 3). The user 

may be prompt to log in or register for the RES website depending on the user status. The 

RES can be used in different ways. If the user only knows the rock type say “marble” and 

wants to estimate its intact rock properties, he or she can input the rock name “marble” in 

the Rock Type box and then click the Search icon. The RES will find the well determined 

intact rock property values of marble from the database and display them on the screen.  

In many cases, only index properties are measured for an intact rock. In this case, the 

measured index properties can be used to estimate other interest rock properties using 

empirical correlations. For example, if the density, porosity, Schmidt hammer rebound 

number, and/or compressive wave velocity are measured for a marble, then one or more of 

these measured index properties can be used to estimate the elastic modulus of the marble 

using the corresponding empirical correlations. Fig. 4 shows the property calculation page 

displaying the calculated results based on different empirical relations. The calculated 

values are drawn in the chart and compared with the minimum, mean and maximum values 

of marble from the database. The comparison gives a quick check to see if the calculated 
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values are reasonable or not. Because the Ajax technology is used, the calculation and 

search are immediate and interactive. 

 The calculation of property values based on empirical correlations is always related to 

the rock type that the user has inputted. When the user clicks the calculation button, the 

input rock name will be cross checked with rock type values stored in the RelationTable 

datasheet to find the related correlations. For example, as shown in Fig. 4, the calculation 

of intact rock elastic modulus for marble based on the index properties used only five of 

the empirical correlations listed in Table 1. The other empirical correlations, although 

included in the database, were not selected because they are not applicable to marble or the 

required index property is not available.   

If the related information is available, the RES can also be used to estimate the 

properties of a jointed rock mass. For example, consider the granite at the Sulakyurt dam 

site in central Turkey [86]. The detailed site investigation has obtained the intact rock UCS 

and the RQD, RMR, Q and GSI values as follows:  

c (MPa) RQD (%) RMR Q GSI 

74.0 0-17 (8.5) 21-28 (24) 0.04-0.13 (0.08) 16-24 (19) 

The design requires the utilization of the deformation modulus and UCS of the rock mass. 

Using the RES, the deformation modulus and UCS of the jointed granite can be 

conveniently estimated. Figs. 5 and 6 show respectively the evaluated deformation 

modulus values and UCS values. It is noted that only the correlations with the required 

information available are used in the calculations. It is also possible for the user to input a 

new correlation to calculate the related rock property. For example, the correlation from 

Hoek [87],  

30

GSI

ccm 036.0 e       (1) 

is used as a new correlation in Fig. 6 to calculate the rock mass UCS, cm. 
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4. Summary and Conclusions 

 The Phase I RES has been successfully developed. It is user-friendly and can serve as 

an effective tool for engineers to search the well determined values of a rock property 

and/or estimate the rock property using empirical relations. Examples are presented to 

show the application of the developed RES. 

The developed RES is adaptive and can be expanded and improved with new functions. 

In Phase II, new functions to integrate the GIS database of rock properties from different 

systems and to consider the reliability of data and predictions will be incorporated.  
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Table 1.  Empirical correlations for estimating elastic modulus Ei of intact rock (modified 

from [4]). 

Correlation r2 Rock Type Reference 

92.33940.1 n(L)  REi  0.78 Marble, limestone, dolomite  [17] 

dcR
i eE


 n(L) , c and d are coefficients 

depending on rock type 

0.77- 

0.92 

Mica-sachist, prasinite, serpentinite, 

gabbro, mudstone 

 [18] 

09074.3
n(N)00013.0 REi   

0.99 Chalk, limestone, sandstone, marble, 

syenite, granite 

 [19]  

146.1054.0 n(L) 
R

i eE  0.90 Gypsum  [20]  

25.647.0 n(L)  REi  0.85 Andesita, tuff, Basalt  [21]  

685.9137.1 dyn  EEi   
Granite  [22]  

32.064.0 dyn  EEi  
 

Different rocks  [23]  

40.669.0 dyn  EEi  
 

Granite  [24] 

26.348.0 dyn  EEi  
0.82 

Crystalline rocks  

71.1867.10 p  vEi  
0.86 

Dolomite, marble and limestone  [25]  

nEi 109.010.10   
0.74 

Different rocks  [26]  

n
i eE 863.09.37   

0.68 
Claystone, clay shale, mudstone, mud 

shale, siltstone, silt shale 

 [27]  

Notes: Ei = intact rock elastic modulus in GPa; Edyn = dynamic elastic modulus in GPa; Rn(L) and Rn(N) = 

respectively L- and N-type Schmidt hammer rebound number; vp = P-wave velocity in km/s; n = porosity 

in %; and r2 = determination coefficient.. 
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Table 2(a).  Empirical correlations for estimating unconfined compressive strength of intact 

rock from point load index (modified from [4]). 

Notes: c = intact rock unconfined compressive strength in MPa; Is(50) = point load index; and r2 = 

determination coefficient. 

Correlation        r2 Rock Type Reference 

c = 15.3Is(50) + 16.3  Different rocks  [28] 

c = 20.7Is(50) + 29.6  Different rocks  [29]  

c = 24Is(50)  Different rocks  [30]  

c = 23Is(50)  Different rocks  [31]  

c = (10 to 29)Is(50)  Different rocks  [32]  

c = 29Is(50)  Different rocks  [33]  

c = 18.7Is(50) – 13.2  Different rocks  [34]  

c = 14.5Is(50)  Different rocks  [35]  

c = 16.5Is(50) + 51.0  Different rocks  [36]  

c = (20 to 25)Is(50)  Different rocks  [37]  

c = (9 to 27)Is(50)  Different rocks  [38]  

c = (8 to 54)Is(50)  Different rocks  [39]  

c = (8.6 to 16)Is(50)  Different rocks  [40]  

c = 23Is(50) + 13  Different rocks  [41]  

c = (14 to 82)Is(50)  Different rocks  [42]  

c = 16Is(50)  Different rocks  [43]  

c = 9.3Is(50) + 20.0      

c = 25.67Is(50)
0.57 

 

 

Different rocks 

 

 [44]  

c = 23.37Is(50) 0.96 Quartzite rocks  [45]  

c = 19Is(50) + 12.7 0.81 Sandstone  [46]  

c = 12.5Is(50 0.53 Granite & tuff  [47]  

c = 14.3Is(50)  Different rocks  [48]  

c = 15.25Is(50) 0.96 Granitic rocks  [49]  

c = (14.5 to 27)Is(50) 

c = (12 to 24)Is(50) 

c = (10 to 15)Is(50) 

c = (5 to 10)Is(50) 

 

 

 

 

Limestone 

Sandstone 

Siltstone & mudstone 

Chalk & porous limestone 

 [50]  

c = 21.4Is(50) 0.85 Mudrock  [27]  

c= (8 to 18)Is(50)  Different rocks  [51]  

c = 23Is(50) 

c = 7.3Is(50)
1.71

0.75 

0.82

Limestone, marlstone and sandstones  [52]  
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Table 2(b).  Empirical correlations for estimating unconfined compressive strength of 

intact rock from Schmidt hammer number (modified from [4]). 

Correlation r2 Rock Type Reference 

2.1043.0 )n(Lc  R        

 

Sandstone [41]  

9.2018.0 )n(Lc  R     
 

Carbonate 

5.6729.4 n(L)c  R  0.92 Marble, limestone, dolomite [17]  

baR
c e


 n(L)  

a and b are coefficients  

depending on rock type 

0.83- 

0.90 

Mica-sachist, prasinite, serpentinite, gabbro, 

mudstone 

[18]  

41636.8 n(L)c  R  0.76 Granitic rocks [49] 

818.0059.0
c

n(L)
R

e  0.96 Gypsum [20] 

332.1053.0
c

n(L)
R

e  0.88 Limestone, claystone, siltstone, sandstone, marl, 

marlstone, basalt, calcarenite, ophite 

[53] 

2917.4
n(L)

6
c 104 R  0.80 Limestone, marble, sandstone, basalt [54] 

83.3575.2 )n(Lc  R      0.95 Basalt, andesite, tuff [21] 

n(N)067.0
c 208.2

R
e  0.96 Chalk, limestone, sandstone, marble, syenite, 

granite 

[19] 

n(N)014.0
c 97.6

R
e


  0.78 Dolomite, sandstone, limestone, marl, diabase, 

serpentine, hematite 

[55] 

Notes: c = intact rock unconfined compressive strength in MPa;  = rock density in g/cm3; Rn(L) and Rn(N) = 

respectively L- and N-type Schmidt hammer rebound number; and r2 = determination coefficient. 
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Table 2(c).  Other empirical correlations for estimating unconfined compressive strength 

of intact rock (modified from [4]). 

Relation r2 Rock Type Reference 

5.310.35 pc  v   Sandstone  [56] 

82.1
pc 45.2 v  

 Limestone  [57]  

283.0358.0log pc  v   Limestone  [58]  

003.0444.0log pc  v
 

 Schist 

98.068.098.0 2
ppc  vv  

 Sandy and shaly rocks  [59]  

)/2.11(
c

p1277
v

e


   Sandstone  [60] 

2.310.36 pc  v   Coal measure rocks  [61] 

5554.35 pc  v  0.64 Granitic rocks  [49] 

21.1
pc 95.9 v  

0.69 Dolomite, sandstone, limestone, marl, diabase, 

serpentine, hematite 

 [55] 

7.635.31 pc  v  0.80 Dolomite, marble and limestone  [25] 

247.1
pc 03.22 v  

0.72 Granite  [62] 

n55.16183c   0.69 Granitic rocks  [49] 

ne 048.0
c 4.74   0.79 Sandstone  [63] 

ne 821.0
c 1.210   0.67 Claystone, clay  shale, mudstone, mud shale, siltstone 

and silt shale 

 [27] 

ne 076.0
c 1.273   0.87 Chalk  [51] 

ne 210.0
c 0.195   0.79 Sandstone, limestone, basalt and granodiorite  [64] 

Notes: c = intact rock unconfined compressive strength in MPa; vp = P-wave velocity in km/s; n = porosity 

in %; and r2 = determination coefficient. 
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Table 3. Empirical correlations for estimating deformation modulus of rock masses (modified from 

[4]).  

Correlation Reference 

𝐸𝑟𝑚 = 2RMR − 100,    RMR > 50  [65] 

𝐸𝑟𝑚 = 10(RMR−10)/40,   RMR ≤ 50                                              [66] 

𝐸𝑟𝑚 =
𝐸𝑖

100
[0.0028RMR2 + 0.9exp (

RMR

22.82
)]  [67] 

𝐸𝑟𝑚 = 0.5𝐸𝑖[1 − cos(0.01𝜋RMR)]  [68]  

𝐸𝑟𝑚 = (
𝜎𝑐

100
)0.5 ∗ 10(GSI−10)/40,     𝜎𝑐 < 100 MPa  [12] 

𝐸𝑟𝑚 = 0.1 [
RMR

10
]

3

  [69]  

𝐸𝑟𝑚 = 7(±3)√𝑄′,   𝑄′ = 10(RMR−44)/21  [70] 

𝐸𝑟𝑚 = 10𝑄𝑐
1/3

,    𝑄𝑐 = 𝑄
𝜎𝑐

100
  [71]  

𝐸𝑟𝑚 = (1 −
𝐷

2
) √

𝜎𝑐

100
10

RMR−10
40 ,      𝜎𝑐 ≤ 100 MPa   [72]  

𝐸𝑟𝑚 = 0.1423 [
𝐸𝑖(1 + 0.01RQD)

WD
]

1.1747

  [73]  

𝐸𝑟𝑚 = 0.001 [
(𝐸𝑖/𝜎𝑐)(1 + 0.01RQD)

WD
]

1.5528

 

RMR0755.00736.0 eErm   

RMR0654.01451.0 eErm   

 [7]  

91.1RQD0186.010  irm EE   [5]  

𝐸𝑟𝑚 = 0.33𝑒0.064GSI 
 [87] 

𝐸𝑟𝑚 = 𝐸𝑖(𝑠𝑎)0.4, s = exp (
GSI−100

9
),   a =

1

2
+

1

6
[exp (−

GSI

15
) − exp (−

20

3
)]  [8]  

𝐸𝑟𝑚 = 0.1 [
1 − 𝐷/2

1 + 𝑒(
75+25𝐷−GSI

11 )
] 

𝐸𝑟𝑚 = 𝐸𝑖 [0.02 +
1 − 𝐷/2

1 + 𝑒(
60+15𝐷−GSI

11 )
] 

 [6]  

𝐸𝑟𝑚 = 𝐸𝑖10
[
(RMR−100)(100−RMR)

400exp (−0.01RMR)
]
  [9] 

Notes: Erm = rock mass deformation modulus in GPa; c = intact rock unconfined compressive strength in 

MPa; Ei = intact rock Young’s modulus in GPa; RMR = rock mass rating; GSI = geological strength index; 

Q = tunneling quality index; and D = factor indicating the degree of disturbance due to blast damage and stress 

relaxation.
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Table 4. Empirical correlations for estimating unconfined compressive strength of rock 

masses (modified from [4]).  

Correlation Reference 

100

)100RMR(65.7

ccm



 e  
 [74] 

106

forRatingRMR c
ccm


   [75,76] 

75.18

100RMR

ccm



 e  
 [77] 

RMR06.0
cm e5.0         [78,79] 

24

100RMR

ccm



 e  
 [80] 




































 



3

20

15

GSI

6

1

2

1

39

100GSI

ccm

ee
D

e  

 [72]  

 

3/1
ccm Q7 f , where fc = c/100 for Q >10 and c >100 MPa, otherwise fc = 1; and 

 is the unit weight of the rock mass in g/cm3. 
 [76,81] 

20

100RMR

ccm



 e  
 [82] 

)RMR100(6RMR

RMR
ccm


  

 [83]  

 

3/1
ccm )100/Q(5  , where  is the unit weight of the rock mass in g/cm3.  [71] 

3/1
cm Q7 , where  is the unit weight of the rock mass in g/cm3.  [84]  

34.1RQD013.0
cm 10  c          [85]  

Notes: cm = rock mass unconfined compressive strength in MPa; c = intact rock 

unconfined compressive strength in MPa; RMR = rock mass rating; GSI = geological 

strength index; Q = tunneling quality index; and D = factor indicating the degree of 

disturbance due to blast damage and stress relaxation. 
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Fig. 1. System architecture diagram for rock expert system (RES). 
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Fig. 2. Categorization and integration of rock property data. 
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Fig. 3. Start page of the rock expert system (RES) website. 
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Fig. 4. A snap shot of RES for estimation of intact rock elastic modulus of marble using 

empirical correlations (To decrease the size of the whole figure, the middle part for 

listing the empirical equations is cut away). 
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Fig. 5. A snap shot of RES for estimation of rock mass deformation modulus using 

empirical relations (To decrease the size of the whole figure, the middle part for listing 

the empirical equations is cut away). 
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Fig. 6. A snap shot of RES for estimation of rock mass unconfined compressive strength 

using empirical relations (To decrease the size of the whole figure, the middle part for 

listing the empirical equations is cut away). 
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Abstract 

This paper investigates the effect of model scale and particle size distribution on the 

simulated macroscopic mechanical properties, unconfined compressive strength (UCS), 

Young’s modulus and Poisson’s ratio, using three-dimensional Particle Flow Code 

(PFC3D). Four different maximum to minimum particle size ratios (dmax/dmin), all having 

a uniform particle size distribution, were considered and seven model diameter to medium 

particle size ratios (L/d) were studied for each dmax/dmin ratio. For each model size 

represented by L/d at a specific dmax/dmin ratio, 20 different realizations, respectively using 

the default PFC3D procedure and considering adjustment to reach the same porosity, were 

generated for simulations. The results indicate that the coefficients of variation (COVs) of 

simulated macroscopic mechanical properties in PFC3D decrease significantly as the 

model size L/d increases. Consider a COV of 2% as the acceptable error for UCS, Young’s 

modulus and Poisson’s ratio in PFC3D, a model size L/d of 25 needs to be used, which 

justifies the rock test sample sizes suggested respectively by ASTM and IRSM. The results 

also show the simulated mechanical properties in PFC3D show much lower COVs than 

those in PFC2D at all model scales. The average simulated UCS and Young’s modulus 

using the default PFC3D procedure keep increasing with larger model size L/d, although 

the rate of increase decreases with L/d. The analysis indicates that the increase is caused 

by the decrease of model porosity with larger model size associated with the default PFC3D 

method and the well balanced contact force chain at a larger model size. As for the average 

simulated Poisson’s ratio, the scale effect can be ignored when L/d is large enough. After 

eliminating the effect of model porosity, the true effect of model scale effect for PFC3D 

model is revealed and oppose to the general intact rock scale effect. This study shows that 

it is important to properly consider the effect of model scale and particle size distribution 

in PFC3D simulations. 

Keywords: Particle flow code (PFC); PFC2D; PFC3D; Model scale; Particle size 

distribution; Calibration study; Model porosity 
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1. Introduction 

Two types of numerical methods are available for analysis of rock mechanical behavior: 

continuum and discontinuum methods (Jing 2003; Fu 2005). An important difference 

between these two types of methods is how the damage process is represented, indirectly 

or directly (Potyondy and Cundall 2004). The continuum (indirect) methods use average 

measures of material degradation in constitutive relations to represent micro-structural 

damage, while the discontinuum (direct) methods idealize the material as a collection of 

separate units such as particles bonded together at their contact points and use the breakage 

of the bonds to represent damage (Potyondy and Cundall 2004). In general, rock can be 

treated as a granular material whose micromechanical behavior is discontinuous and 

heterogeneous. Thus the existing continuum methods have natural difficulty in 

characterizing the micro mechanisms occurring in rock. The discontinuum methods such 

as the discrete element method (DEM) (Cundall and Strack 1979; Cundall 1987) have been 

widely adopted for simulating the rock mechanical behavior. The Particle Flow Codes 

(PFC2D and PFC3D) (Potyondy and Cundall 2004; Itasca 2004) are the most well-known 

DEM softwares. The basic idea of PFC is to treat rock as an assembly of bonded particles 

that follow the law of motion and consider the model behavior dominated by the formation 

and interaction of micro cracks developed within the particle-particle cement. Unlike the 

continuum methods, PFC can deal with the natural process from micro cracking to macro 

failure, without predefining a macroscopic failure criterion (Yan and Ji 2010). As stated by 

Potyondy and Cundall (2004), the bonded particle model used in PFC “approximates rock 

as a cemented granular material with an inherent length scale that is related to grain size 

and provides a synthetic material that can be used to test hypotheses about how the 

microstructure affects the macroscopic behavior.”  

For the application of PFC, an important aspect is the assignment of microscopic model 

parameters. Since the microscopic parameters are unknown and usually cannot be 

measured directly during mechanical experiments, they are commonly back-calculated 

based on numerical calibrations against macroscopic property values measured from 
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experiments. Specifically, the microscopic parameters are determined through an iterative 

trial-and-error process by conducting a series of numerical simulations of some usually 

small scale laboratory experiments of rock samples until the microscopic parameters 

reproduce or approximate adequately the measured macroscopic properties, usually 

unconfined compressive strength (UCS), Young’s modulus and Poisson’s ratio. This 

calibration process is the priori step for each PFC application and has been studied 

extensively by different researchers in PFC2D (Huang 1999; Potyondy and Cundall 2004; 

Yang et al. 2006; Cho et al. 2007; Koyama and Jing 2007; Yoon 2007; Wang and Tonon 

2010; Zhang and Wong 2012). Due to the limitation of computer capacity and efficiency, 

however, the related study is very limited in PFC3D (Kulatilake et al. 2001; Potyondy and 

Cundall 2004; Wang and Tonon 2009). It is also noted that most of the previous studies 

simply select the model size and the micro structure characteristics (mainly particle size 

and size distribution) in the PFC model based on the engineering needs or computer 

capacity and efficiency, without checking their impact on the final results. However, the 

limited studies (see, e.g., Potyondy and Cundall 2004; Yang et al. 2006; Koyama and Jing 

2007; Yoon 2007 and also the brief review in next section) show that the model size and 

the micro structure characteristics have significant effect on the PFC simulation results and 

should be properly considered in the PFC applications. As pointed out by Koyama and Jing 

(2007), in order to study the relationship between microscopic parameters and macroscopic 

properties, for a certain micro structure characteristic configuration, a representative model 

has to be achieved in order to obtain reliable simulation results regardless of the model size. 

In other words, a reasonable model size and a representative micro structure including 

particle size and size distribution should be utilized in order to obtain representative and 

reliable simulation results. However, even today, there is still no commonly accepted 

standard for selecting the model size and micro structure characteristic for PFC simulations.  

This paper systematically studies the effect of model size and particle size distribution on 

the PFC simulation results. Since the existing studies are mainly in PFC2D and the limited 

studies in PFC3D have shown apparent difference between the PFC2D and PFC3D results 

(Huang 1999; Potyondy and Cundall 2004; Yang et al. 2006; Koyama and Jing 2007; 
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Schöpfer et al. 2007), this paper focuses on the effect of model size and particle size 

distribution in PFC3D.  

2. Literature review 

Many researchers have studied the calibration procedure for PFC applications and tried to 

predict the relationship between microscopic parameters and macroscopic properties using 

different optimization methods and/or stochastic techniques. Because PFC2D was released 

earlier with more flexibility and simplicity than PFC3D, most of the studies so far are in 

PFC2D (Huang 1999; Potyondy and Cundall 2004; Yang et al. 2006; Cho et al. 2007; 

Koyama and Jing 2007; Yoon 2007; Zhang and Wong 2012). Tables 1 and 2 list, 

respectively, the PFC2D and PFC3D model configurations that have been used by different 

researchers. In the tables, L is the smallest characteristic model length such as the width of 

a rectangular sample in PFC2D and the diameter of a cylindrical sample or the smallest 

width of a parallelepiped sample in PFC3D, and d is the medium particle diameter. Here 

we use the L/d ratio to indicate the model size, following the standard rock test procedures 

(Fairhurst and Hudson 1999; ASTM 2008).  

Huang (1999) investigated the relationship between microscopic parameters and 

macroscopic properties of PFC2D specimens, and pointed out that the degree of 

discretization in DEM modeling can be described using the ratio of the smallest 

characteristic model length to the medium particle radius. She conducted a series of PFC2D 

simulations with  L/d ratios of 30, 35, 40 and 45, all having the same average particle 

diameter of 2.5 mm and a uniform particle size distribution with dmax/dmin = 1.5, where dmax 

and dmin are respectively the maximum and minimum particle diameters. The results 

showed some fluctuation of the obtained UCS but the mean UCS showed little change with 

the L/d ratio within the selected range of L/d ratios. Yoon (2007) also studied the 

calibration process of PFC2D and quantified the sensitivity of microscopic parameters to 

macroscopic responses using the Plackett-Burman design method and optimization 

techniques. The author established the relationship between each macroscopic response 
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and two microscopic parameters that have the greatest impact. These relationships showed 

relatively fair applicability to simulations of rock materials with properties falling within 

certain ranges: UCS (40–170 MPa), Young’s modulus (20–50 GPa), and Poisson’s ratio 

(0.19–0.25). However, Yoon’s study utilized a fixed dmax/dmin ratio of 1.66 and thus the 

applicability of these relations may be limited. Yang et al. (2006) systemically studied the 

important factors that control the deformability and strength behavior of PFC2D models 

and derived closed-form relationships between the macroscopic properties and the model 

size (L/d) and microscopic parameters. The results showed that the Young’s modulus 

increases with higher L/d until L/d about 32.5 and then stays about the same. The Poisson’s 

ratio, however, tends to decrease with higher L/d and then appears to be independent of 

L/d after L/d is larger than about 32.5. As for the UCS, the results showed that when L/d 

increases from 5 to 62.5, the UCS changes very little. The study also indicated that the 

simulation results at the same L/d exhibit large variation at small L/d (such as < 20), 

especially for the Poisson’s ratio. The simulation results tend to be stable after L/d is large 

enough, say > 30.  By using different dmax/dmin ratios, 2, 2.4, 4.2 and 6.2, they also studied 

the effect of particle size distribution on the simulation results. The results showed that the 

particle micro structure has essentially no effect on the Young’s modulus, Poisson’s ratio 

and UCS. Potyondy and Cundall (2004) studied the particle and model size effect in the 

simulation of Lac du Bonnet granite using PFC2D with a fixed dmax/dmin of 1.66. The results 

showed that the UCS varied about 8% and exhibited no clear increasing or decreasing trend, 

the Young’s modulus increased about 5% and the Poisson’s ratio stayed about the same 

when the L/d ratio changed from 11 to 88. Since they used a constant dmax/dmin in the 

investigation, the effect of particle micro structure was not included. Koyama and Jing 

(2007) studied the effect of particle micro structure and model size based on simulations 

with three different dmax/dmin values, 1.5, 2.0 and 3.0. They demonstrated that stable PFC2D 

simulation results with an acceptable coefficient of variation (COV) less than 5% can be 

obtained when the L/d ratio reaches around 50. Their results also showed that the wider the 

particle sizes are scattered the larger the model size is needed to achieve the same COV for 

the simulation results.  
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The prior PFC2D studies indicate that the particle micro structure configuration only has a 

small effect on the macroscopic deformability and strength behavior in the simulations. 

This may be because only a small range of dmax/dmin values, from 1.5 to 3.0, are utilized in 

these studies, as shown in Fig. 1(a). On the other hand, these PFC2D studies cover a wide 

range of L/d values, from 5 to 200, as shown in Fig. 2(a). The results indicate that the 

macroscopic properties exhibit large variation at low L/d values and converge to a 

consistent value after L/d is large enough, say above 50. The results also show that the 

macroscopic properties have no clear trend of increasing or decreasing with the L/d ratio. 

The studies in PFC3D are limited. Potyondy and Cundall (2004) used PFC3D to simulate 

Lac du Bonnet granite and illustrated that the particle size in PFC3D modeling cannot be 

regarded as a free parameter that only controls model resolution. The particle size affects 

both the tensile and compressive strengths and should be considered an intrinsic part of the 

material characterization. Their simulations used a fixed dmax/dmin ratio of 1.66, and the 

results indicated that when the average particle size decreases from 5.95 to 1.53 mm or the 

L/d increases from 5.4 to 20.7, the elastic modulus increases about 20.8% and the UCS 

about 55.4%. Other studies with PFC3D and other 3D-DEM softwares are listed in Table 

2.  

The dmax/dmin and L/d ratios used by different researchers in the PFC3D studies are 

summarized respectively in Figs. 1(b) and 2(b). The dmax/dmin ratios used in the PFC3D 

studies cover a wider range than those in PFC2D studies. Due to the limitations mentioned 

in the introduction section, however, the L/d ratios used in the PFC3D studies only cover 

a range of 5 to 50, which is much narrower than those used in the PFC2D studies.  

In summary, no systemic study covering a wide range of L/d and dmax/dmin ratios has been 

conducted to investigate the effect of model and particle sizes, especially for PFC3D. This 

is probably why even today there is still no commonly accepted standard for selecting the 

model and particle sizes in PFC simulations.  
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3.  Methodology  

This study is based on a set of microscopic parameters back calibrated using the 

experimental data of Lac du Bonnet (LDB) granite. The LDB granite has been used as a 

nuclear waste deposit base rock and widely studied by researchers (Martin 1993; Martin 

and Chandler 1994; Potyondy and Cundall 2004; Wang and Tonon 2009; Yan and Ji 2010). 

The PFC method has been used by different researchers to model the behavior of the LDB 

granite in 2D (Potyondy and Cundall 2004; Cho et al. 2007; Wang and Tonon 2009) and 

3D (Potyondy and Cundall 2004) and encouraging results have been obtained. This study 

is carried out by first collecting the basic physical and mechanical properties of the LDB 

granite from the published literature. Then a numerical model that mimics the 

microstructure of the LDB granite is generated in PFC3D. After that, a set of microscopic 

parameters are determined so that the numerical results match the measured mechanical 

properties. Finally the calibrated microscopic parameters are utilized to systematically 

study the effect of model size and particle micro structure in PFC3D by varying the model 

size and the particle size distribution. 

3.1. Calibration of numerical model  

3.1.1. Experimental data 

The physical properties of the LDB granite are extracted from the published literature. The 

LDB granite is a homogeneous, fine grained granite from Manitoba, containing mainly 

large metamorphosed crystals of alkali feldspar, plagioclase, quartz and biotite (Martini et 

al. 1997). Its color varies between light brown to pinkish brown.  The grain size of the LDB 

granite has been reported by many researchers (Martin 1993; Martini et al. 1997; Homand-

Etienne et al. 1998; Walker 2003; Potyondy and Cundall 2004; Heilbronner and Keulen 

2006), ranging approximately from 1 to 6 mm. The grain size distribution (GSD) of the 

LDB granite has not been found from the published literature (Martini et al. 1997; 

Heilbronner and Keulen 2006; Keulen et al. 2007; Mair and Abe 2008). For simplicity in 

this study, a particle size range from 1 to 6 mm following a uniform distribution is used. 
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The mechanical properties of the LDB granite have been tested in the laboratory by 

different researchers (Lajtai and Bielus 1986; Martin 1993; Martini et al. 1997; Hazzard et 

al. 2000). Table 3 lists the macroscopic mechanical properties of the LDB granite based on 

laboratory tests on cylindrical samples (Martin 1993). 

3.1.2. Model genesis 

To do PFC3D simulations, first a PFC model consisting of densely packed spheres 

(particles) bonded together needs to be generated and the microscopic properties of both 

the particles and the bonds assigned. There are two types of sphere packing methods: 

geometric method and dynamic method (Jerier et al. 2010). The dynamic packing method 

is now more commonly used in PFC simulations because it’s available as a standard PFC 

function in FishTank (Itasca 2004). The Fishtank is a group of functions that have been 

developed by Itasca since the first release of the PFC code to help users easily apply the 

PFC to solid based simulations. After years of development, the FishTank has evolved to 

a collection of powerful functions and routines to generate, view, monitor and analyze 

discrete element model simulations under different boundary conditions. In this study, we 

first deployed the dynamic genesis procedure to generate the standard PFC specimens with 

different model sizes and particle size distributions. Since the default generation procedure 

cannot produce models (specimens) at the same porosity even when the same model size 

and the same particle size distribution are used, the default procedure was modified so that 

models at the same porosity can be generated. The default procedure and the modifications 

are briefly described below. 

a) Default genesis procedure in PFC3D 

The default genesis procedure in PFC3D includes four steps (Potyondy and Cundall 2004):  

1) Generate particles randomly with diameters in a specified range within a vessel 

bounded by frictionless walls;  

2) Adjust the system by allowing particles to move under zero friction;  

3) Install a low isotropic stress by modifying the diameters of all particles 

simultaneously;  
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4) Modify the diameters of particles that have less than three contacts iteratively so 

that these particles have at least three contacts and their mean contact normal force 

is low in relation to the mean contact force of the assembly.   

It needs to be noted that the target porosity of the compact particle assembly used in PFC3D 

is set to 35%, which is the theoretical highest density that can be achieved for mono-sized 

particle close packing (Hales 1998). The total number of particles generated is determined 

based on this target porosity. The final porosity is then adjusted when applying an isotropic 

stress. For particles following a uniform size distribution with diameters in the range [dmin, 

dmax], the total number (N) of particles that can be generated to fill a given volume V, at a 

given porosity n, can be determined by (Itasca 2004; Potyondy and Cundall 2004) 

N =
6𝑉(1−𝑛)

𝜋d̅3 ;  𝑤𝑖𝑡ℎ �̅� =
𝑑𝑚𝑖𝑛+𝑑𝑚𝑎𝑥

2
                             (1) 

b) Modifications to control porosity  

The default genesis procedure in PFC3D cannot produce models at the same porosity even 

when the same model size and the same particle size distribution are used. Therefore, a 

specific procedure was designed so that the same porosity models can be generated without 

changing the particle size distribution. For a given particle assembly, two methods can be 

used to adjust the porosity so that a target porosity is reached: randomly deleting particles, 

and randomly inserting particles. Because the individual void space is small, the insertion 

method can only insert particles with diameters within the lower range of the specified 

particle size distribution or even smaller than the specified dmin in the original model. In 

this case, the originally specified particle size distribution cannot be retained. So the 

deletion method was used in this study to adjust the porosity by following the procedure 

below:  

1) Update the system porosity by counting all unmarked balls and check if the required 

porosity is reached. If yes go to step 5) and if no go to step 2);  

2) Pick a random location inside the specimen and find the nearest ball as a potential 

target ball to be deleted;  
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3) Test the target ball to see if it is neighboring with any other marked balls (from 

previous cycles). If yes go to step 4) and if no go back to step 2);  

4) Flag the target ball as marked and then go back to step 1);  

5) Delete all marked particles.  

After this process, a particle assembly with required porosity can be generated. Since the 

deleted balls are randomly selected, the originally specified particle size distribution is only 

slightly affected.  

3.1.3. Calibration of numerical model to LDB granite 

The numerical model used for the calibration is a cylinder with a diameter of 87.5 mm and 

a height of 175 mm and was generated using the default procedure in PFC3D. After a 

numerical model is generated, the specimen is confined by top, bottom and side walls. For 

uniaxial compression tests, the side walls are removed and the top and bottom walls act as 

loading platens. These walls are frictionless and bear a normal stiffness that is equal to the 

average particle normal stiffness. The specimen is loaded by moving the top and bottom 

wall toward to each other at a specified velocity that ensures a quasi-static loading 

condition. In order to keep the test results comparable, a fixed loading velocity of 0.175 

m/s is selected for all the tests carried out in this study. 

To simulate the measured rock properties of the LDB granite listed in Table 3, the 

microscopic properties of the PFC3D model were interpreted in an iterative manner. Based 

on the calibration, the microscopic properties were determined as shown in Table 4. For 

comparison, the calibrated microscopic parameters by Potyondy and Cundall (2004) are 

also listed in this table. The comparison of the measured macroscopic properties with the 

simulation results respectively from this study and Potyondy and Cundall (2004) is shown 

in Table 3. The obtained microscopic properties are slightly different from those by 

Potyondy and Cundall (2004). This is because different particle sizes and size distributions 

are used in the calibration.  
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3.2. Parametric study  

The study investigates the effect of both model scale and particle size distribution in 

PFC3D simulations. Fig. 3 shows the schematic view of the different PFC3D models used 

in this study. Four different particle size ratios, i.e., dmax/dmin = 1, 2, 4 and 6, were 

considered and seven model diameters, 35, 52.5, 70, 87.5, 105, 122.5 and 175 mm, were 

studied for each dmax/dmin ratio. The corresponding L/d ratios are respectively 10, 15, 20, 

25, 30, 35 and 50. The increase of L/d ratio indicates higher model resolution, as shown in 

Fig. 3. The lower limit of the selected L/d values is selected based on the prior studies 

which demonstrated that an L/d ratio smaller than 10 leads to significantly variable and 

thus unreliable simulation results. The upper limit is selected by considering not only the 

limitation of the computer capacity, but also the trend of the simulation results. All 

numerical models used in this study are right circular cylinder with a height to diameter 

ratio of 2. For each model size at a specific dmax/dmin ratio, 20 different realizations were 

generated and the simulation results were used for analysis. The particle generation process 

in each model realization was controlled with an input parameter called random seed 

number in PFC3D.  

Table 5 shows the microscopic parameters adopted in this study for four different cases (or 

four different dmax/dmin ratios). All four cases have the same medium particle size and other 

microscopic parameters as calibrated in the previous section. The medium particle size is 

kept the same for all cases in this study because the total number of particles used in PFC3D 

modeling is determined based on the medium particle size. With the same number of 

particles in all four cases, the degree of model heterogeneity will be only related to the 

particle size ratio dmax/dmin. In this case, the model scale effect can be investigated by only 

varying the specimen size.  

This study was carried using a tower server computer with two Intel Xeon X5660 CPUs at 

2.80 GHz and 24 GB ram. The calculation time is related to not only the frequency of CPU 

but its efficiency based on different CPU design architecture. The server computer is more 

than twice faster than the desktop computer with Intel Quad Q9550 CPU at 2.83GHz and 
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8 GB ram, which allows the simulations at L/d equal to 50 to be completed within a 

relatively short period of time.  

4. Results  

4.1. Standard PFC3D specimens  

In this section, the simulation results using specimens generated with the standard 

procedure in PFC3D are presented.  

4.1.1. Effect of model scale 

Fig. 4 shows the simulated macroscopic mechanical properties (UCS, Young’s modulus 

and Poisson’s ratio) from 20 realizations with different model sizes for Case II (dmax/dmin 

= 2). The scatter of the simulated macroscopic properties reduces with increasing model 

size (L/d). Similar results were also obtained for the other three cases. Fig. 5 shows the 

calculated coefficients of variation (COVs) for the simulated macroscopic properties for 

all the four cases. For all three simulated macroscopic properties, the COVs keep 

decreasing with increasing L/d. The simulated UCS values show larger variation than the 

Young’s modulus and Poisson’s ratio values. The COVs for the Young’s modulus and 

Poisson’s ratio are lower than 1% after L/d reaches 20 in all four cases; but they are still 

around 2% for the UCS.  

Fig. 6 shows the average simulated values of UCS, Young’s modulus, and Poisson’s ratio 

from the 20 different realizations at different model sizes for all four cases.  The UCS and 

the Young’s modulus both keep increasing while the Poisson’s ratio keeps decreasing when 

the model size increases. Based on the average results of the four cases, the UCS and 

Young’s modulus increase about 41% and 13% respectively, but the Poisson’s ratio 

decreases about 5% when the model scale (L/d) increases from 10 to 50. For the Poisson’s 

ratio, the change after L/d is larger than 25 is quite small and the model size effect can be 

essentially eliminated. For the UCS and Young’s modulus, especially the UCS, however, 

they still increase substantially even after L/d is larger than 25. Several researchers 
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(Potyondy and Cundall 2004; Zhang et al. 2011) also found the increase of simulated UCS 

and Young’s modulus with the model size but the reason was not explained.  

We also evaluated the porosity from the 20 realizations at different model sizes for all four 

cases. The results indicate that the same porosity value cannot be achieved from different 

realizations even at the same model size and the same particle size distribution. The COVs 

of porosity, however, are much smaller than those of the mechanical properties discussed 

above. The COVs of porosity also decrease with higher L/d, getting smaller than 0.25% 

after L/d reaches 20 (see Fig. 7). The average porosity from the 20 realizations is shown in 

Fig. 8. It shows that the average porosity decreases with higher L/d for all four particle size 

distributions. The porosity is a very important factor that affects the behavior of DEM 

specimens, lower porosity leading to greater UCS and Young’s modulus (Huang 1999; 

Boutt and McPherson 2002; Schöpfer et al. 2007). Comparing Figs. 6 and 8, it can be 

concluded that the increase of UCS and Young’s modulus with model size L/d includes the 

effect of porosity decrease with L/d. Since the decrease of porosity is caused by the default 

specimen generation procedure in PFC3D, the effect of porosity decrease should be 

deducted so the pure effect of model size L/d can be evaluated. This will be discussed in 

detail in Section 4.2.  

4.1.2. Effect of particle size distribution 

The particle size distribution effect was studied by considering four different maximum to 

minimum particle diameter (dmax/dmin) ratios (see Table 5 and Fig. 3). The average particle 

diameter was kept the same for all four cases. The simulation results show that the particle 

size distribution has no deterministic effect on the COV of the simulated macroscopic 

mechanical properties (Fig. 5) and the model porosity (Fig. 7).  

Fig. 6(a) shows that Case I has the highest average UCS, which means a model with 

uniform particle assembly has higher UCS than a model with heterogeneous particle 

assembly. For Cases II-IV (all with heterogeneous particle assembly), however, the results 

show that the average UCS increases as the heterogeneity increases. For the cases with 
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heterogeneous particle assembly, the effect of heterogeneity or particle size distribution 

can be explained by the difference of model porosity. As the heterogeneity or particle size 

ratio increases, the particles are better graded and the model porosity decreases, leading to 

higher UCS. As for Case I, although its porosity is the highest, it shows the highest UCS. 

This is because the force chain system in the uniform particle assembly model is different 

from that in the heterogeneous particle assembly model. For example, Fig. 9 shows the 

middle section of contact force chains for Cases I and IV at L/d equal to 20 and 50. The 

more balanced stress distribution in the uniform particle assembly model leads to higher 

UCS. 

Fig. 6(b) shows that for the heterogeneous Cases II-IV, the average Young’s modulus 

increases as the heterogeneity increases, which shows about the same trend as the average 

UCS shown in Fig. 6(a). The effect of heterogeneity or particle size distribution on the 

average Young’s modulus can also be explained by the difference of model porosity. 

Unlike the average UCS, the average Young’s modulus of Case I is not very different from 

those of Cases II-IV. This is possibly because of the additional effect of the lower Poisson’ 

ratio of Case I than Cases II-IV [see Fig. 6(c)]. Fig. 6(c) shows that the average Poisson’s 

ratio value increases as the heterogeneity increase from Case I to IV.   

Fig. 8 indicates that the particle size distribution affect the final model porosity even though 

the default generation procedure is intended to reach the same porosity for different models. 

Higher heterogeneity or wider particle size distribution leads to smaller model porosity of 

standard PFC3D specimens.     

4.2. Same porosity specimens 

Since the standard PFC3D specimens do not have the same porosity, the simulation results 

presented in the previous subsection on the effect of model scale and particle size 

distribution contain the effect of porosity. In order to study the true effect of model scale 

and particle size distribution, the modifications developed in Section 3.1.2 were used to 

produce specimens at the same porosity. The lowest porosity for Case II at L/d = 10 was 
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selected as the target porosity (38.48%) for all numerical models. For the numerical 

simulations at the target porosity, the same microscopic properties as used in the previous 

section for standard PFC3D specimens were used.   

4.2.1. Effect of model scale  

For each case and L/d ratio, the simulated macroscopic properties (UCS, Young’s modulus 

and Poisson’s ratio) were obtained from 20 realizations. The results indicate that the scatter 

of simulated macroscopic properties follows the same pattern as that shown in Fig. 4 and 

the COVs of the simulated UCS, Young’s modulus and Poisson’s ratio are very close to 

those shown in Fig. 5. So the variation of simulated UCS, Young’s modulus and Poisson’s 

ratio values from different realizations may not be due to the variation of model porosity 

but the variation of particle fabrication at different model scale. This can be further seen 

from the very small COV values of simulated model porosity as shown in Fig. 7.  

Fig. 10 shows the average simulated values of UCS, Young’s modulus, and Poisson’s ratio 

from the 20 different realizations at different model sizes for all four cases. Since all 

simulations were conducted at the same porosity, this figure shows the pure effect of model 

scale based on PFC3D simulations. It can be seen that the UCS increases while the Young’s 

modulus and Poisson’s ratio both decrease as the model size L/d increases. Based on the 

average results of the four cases, the UCS increases about 10% while the Young’s modulus 

and Poisson’s ratio both decrease about 5% when the model scale L/d increases from 10 to 

50. The decreasing rate for Young’s modulus and Poisson’s ratio becomes slower at higher 

L/d values, and the change after L/d is larger than 25 is quite small and can be essentially 

neglected. The UCS, however, keeps increasing at about the same rate even after the L/d 

is greater than 25.  

By comparing the results in Figs. 6 and 10, the pure effect due to the decrease of model 

porosity associated with the default PFC3D specimen generation procedure on the 

simulated macroscopic properties can be evaluated. For example, Fig. 11 shows the 

variation of simulated UCS with L/d for Case II respectively from the standard PFC3D 
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model and the same porosity model simulations. The comparison indicates that the 

decrease of porosity associated with the default PFC3D specimen generation procedure has 

a much higher effect than the model scale L/d on the increase of UCS.  

By deducting the pure effect of L/d on UCS from the simulation results using standard 

PFC3D models, the relation between UCS and porosity as shown in Fig. 12 was obtained. 

As expected, the UCS decreases as the porosity increases. Many researchers have studied 

the correlation between model porosity and UCS in PFC2D and PFC3D (Huang 1999; 

Boutt and McPherson 2002; Schöpfer et al. 2009). For comparison, the results of Schöpfer 

et al. (2009) are also shown in Fig. 12.  It can be seen that all relations follow approximately 

the same general trend.  

For the simulated Young’s modulus and Poisson’s ratio, the comparison of Figs. 6 and 10 

indicates that the increase of Young’s modulus with model scale in the standard PFC3D 

simulations is due to the decrease of model porosity and that the model porosity has 

essentially no effect on the Poisson’s ratio.  

4.2.1. Effect of particle size distribution  

Fig. 10 indicates that the UCS and Young’s modulus decrease while the Poisson’s ratio 

increases as the particle size distribution gets wider (or the dmax/dmin ratio is greater). This 

can be more clearly seen in Fig.13 which shows the variation of UCS, Young’s modulus 

and Poisson’s ratio with dmax/dmin at fixed L/d ratios. The rate of decreasing or increasing 

becomes smaller at higher dmax/dmin. The decrease of UCS and Young’s modulus with 

higher dmax/dmin can be explained by the fact that if the same average particle diameter is 

used, fewer particles are needed to generate specimens at the same porosity when dmax/dmin 

is higher, because the average volume of particle will be increased.  

The increase of the Poisson’s ratio with dmax/dmin may indicate a general trend of particle 

fabrication and packing effect on the Poisson’s ratio. Walsh (1993), who studied the 

influence of microstructure on rock deformation, concludes that fabrication of rock 

material play an important role on the values of Poisson’s ratio. Wichtmann and 
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Triantafyllidis (2010) investigated the influence of grain size distribution on the elastic 

properties of quartz sands and found out the Poisson’s ratio does not correlate with the 

average diameter of particle size but increase with the coefficient of uniformity (d60/d10) of 

grain size distribution curve.  

4.3. Comparison of PFC3D and PFC2D simulation results 

Fig. 14 shows the variation of simulated UCS with model size L/d for both PFC2D and 

PFC3D based on the data from the literature and this study. The PFC2D UCS values show 

no clear increasing or decreasing trend with L/d, but fluctuate, especially at low L/d, and 

then tend to converge to a constant value after L/d is large enough. The PFC3D UCS values, 

however, show obvious increasing trend with L/d although the increasing speed slows 

down at larger L/d.  

Fig. 15 compares the COVs of the simulated mechanical properties from the present study 

with those from Koyama and Jing (2007) in PFC2D, both having a dmax/dmin ratio of 2.0. 

The UCS has the largest COVs in both PFC3D and PFC2D. It can also be seen that the 

PFC3D results have much lower COVs than the PFC2D results. This effect can be 

explained by the number of particles used in both models. At the same L/d ratio, the number 

of particles in PFC3D is approximately L/d times the number of particles in PFC2D, 

leading to more chance of proper discretization of particles in PFC3D.  

5. Discussion 

5.1. Standard rock sample testing 

The American Society for Testing and Materials (ASTM) standard for determining the 

compressive strength of intact rock core specimens (ASTM 2008) suggests that the 

specimen should have a minimum diameter approximately 47 mm and at least 10 times the 

diameter of the largest mineral grain (dmax). For obtaining the complete stress–strain curves 

with unconfined compression tests, the International Society for Rock Mechanics (ISRM) 
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suggests that the diameter of the test specimen should be at least 20 times the largest 

mineral grain size and not less than approximately 50 mm (Fairhurst and Hudson 1999).  

For the same L/dmax, the L/d will be different if the particle size distribution is different. 

For example, for the four cases considered in this study, dmax/dmin = 1, 2, 4 and 6, the ASTM 

suggested L/dmax of 10 corresponds to L/d respectively of 10, 13.3, 16 and 17.2. For all 

these L/d values and the corresponding particle size ratios, the COVs of the simulated 

mechanical property values are smaller than 5% (see Fig. 5). So the ASTM suggested 

L/dmax of 10 is acceptable if a variation level of 5% is selected. If a lower variation level is 

selected, a higher L/dmax should be selected. For the ISRM suggested L/dmax of 20, the L/d 

values corresponding to the four cases are respectively 20, 24.7, 32 and 34.4 and the COVs 

of the simulated mechanical property values are smaller than 2% (see again Fig. 5).  

Based on the results in Fig. 5 and the previous discussion, we recommend an L/d ratio of 

25 for the PFC3D model so that a variation level less than 2% is achieved.  

5.2. Change of UCS with model size 

The PFC3D simulation results indicate that the UCS continues to increase with the model 

size L/d [see Fig. 10(a)], which contradicts the laboratory test results on intact rock that 

generally show that the UCS decreases with L/d. The decrease of laboratory measured UCS 

with model scale is because larger specimens have more chance to contain fractures and 

imperfections within them (Griffith 1924; Bieniawski 1968; Pretorius and Se 1972; Bažant 

and Planas 1998). In the PFC3D specimens, however, no fractures and imperfections are 

included. With the dynamic particle generation process, larger PFC3D specimens have 

greater chances for the particles to be well distributed and properly connected and thus 

have well balanced contact forces and higher strength. This can be seen from the contact 

force chain distribution diagrams in Fig. 9. The thickness of line segments in the figure 

indicates the magnitude of contact force between particles. The larger specimen at the 

bottom has better distributed contact force chains than the smaller specimen at the top. To 
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simulate the effect of fractures and imperfections on the UCS, they should be included 

properly in the PFC3D specimens as done by Zhang et al. (2012). 

5.3. Effect of particle size distribution 

The mechanics of a discrete particle contact model is complicated. Analytical solutions are 

only available for mono dispersed packing under special boundary conditions (Brandt 1955; 

Duffy and Mindlin 1957; Deresiewicz 1958). A complex particulate system with different 

grain size distributions can only be studied via lab experiments and numerical modeling. 

For simplicity, we used uniformly distributed particle assembly with varying dmax/dmin 

ratios to study the effect of particle size distribution. The default PFC3D function provides 

two types of particle size distributions: uniform and Gaussian (normal). The uniform 

distribution is more commonly used by researchers. Schöpfer et al. (2009) used a specific 

insert function to generate PFC3D models with a power law particle size distribution, 

which can increase the model porosity from 37% to 23% and in consequence increase the 

UCS up to 2.5 times. However, this insertion method is not time efficient. Ding and Zhang 

(2011) also developed a method to generate an approximate power law particle size 

distribution with multiple segments of uniform distribution by modifying the PFC3D 

Fishtank functions. This approximate method can also be used to generate other forms of 

irregular particle size distributions. As explained by Blair and Cook (1998), fabric 

heterogeneity increases the number and magnitude of local stress concentrations and thus 

crack formation, growth and coalescence in more heterogeneous material occur at lower 

average stress levels. For the PFC3D modeling, random packing of non-uniform size 

particles gives a non-homogenous geometric model, leads to non-uniform distribution of 

interaction forces, and affects the strength aversely (Antonellini and Pollard 1995; Boutt 

and McPherson 2002; Madadi et al. 2004; Saint-Cyr et al. 2009).  

6. Summary and Conclusions 

This study investigated the effect of model scale and particle size distribution on the 

macroscopic properties (UCS, Young’s modulus and Poisson’s ratio) of PFC3D 
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simulations using the standard PFC3D specimen generation procedure and a modified 

procedure which can ensure the same porosity for all specimens. Four different particle 

size ratios, i.e., dmax/dmin = 1, 2, 4 and 6, all having a uniform particle size distribution, were 

considered and seven model diameter to medium particle size ratios, i.e., L/d = 10, 15, 20, 

25, 30, 35 and 50, were studied for each dmax/dmin. For each model size at a specific dmax/dmin, 

20 different realizations were generated and the simulation results were used for the 

analysis. The important findings based on this study are highlighted below. 

 The COVs of simulated mechanical properties in PFC3D, for both the standard PFC3D 

specimen generation procedure and the modified specimen generation procedure, 

decrease significantly as the model size L/d increases.  

 The simulated mechanical properties in PFC3D show much lower COVs than those in 

PFC2D at all model scales. 

 The simulated UCS using the standard PFC3D specimen generation procedure 

increases with larger model size L/d at a much greater rate than that using the modified 

specimen generation procedure. This is because the standard PFC3D procedure 

generates specimens with porosity decreasing with larger model size.  

 The simulated Young’s modulus using the standard PFC3D specimen generation 

procedure increases with larger model size L/d, but the simulated Young’s modulus 

using the modified specimen generation procedure decreases with larger model size 

L/d. again, this is because the standard PFC3D procedure generates specimens with 

porosity decreasing with larger model size.  

 The simulated Poisson’s ratio decreases with larger model size L/d for both the standard 

PFC3D specimen generation procedure and the modified specimen generation 

procedure.  

 The simulated UCS and Young’s modulus decrease while the Poisson’s ratio increases 

with larger dmax/dmin or wider particle size distribution. The effect of particle size 

distribution mainly comes from the different total number of particles in the specimen 

when dmax/dmin is different.  
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 The PFC3D simulation results justify the rock test sample sizes suggested respectively 

by ASTM and IRSM.  
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Table 1: Summary of PFC2D study model parameters. 

References Model 

size 

(mm2) 

Shape Medium 

diameter    

(d) (mm) 

dmax/dmin 

Ratio 

Ball number L/d Note 

Huang (1999) 150×150 

~50×500 
Rectangular

, and square 

1.25~3.5I 1.5 200~31,929 28~200 PFC2D  

Potyondy and 

Cundall (2004) 

63.4×31.7 Rectangular 0.36~2.87 1.66 260~16,586I 11.1~88.1  PFC2D 

Yang et. al. 

(2006) 

20×10 Rectangular 0.4 2.0 Unknown 5~64.3 PFC2D 

Koyama and 

Jing (2007) 

10×10~ 

100×100 

Square 0.875~1.4 1.5~3.0 55~13,304I 10~95.3  PFC2D 

Schöpfer et. al. 

(2007) 
2000×100

0~100000

×50000 

Rectangular 93.75 2 Unknown 11.7~53.3 PFC2D 

Yoon (2007) 100×50 Rectangular 0.64~1.28 1.66 Unknown 39.1~78.2  PFC2D 

Zhang and 

Wong (2012) 

152×76 Rectangular 0.56 1.66 38,000 135.7 PFC2D 

I Estimated from the original paper. 
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Table 2: Summary of PFC3D and other 3D-DEM study model parameters. 

References Model 

size 

(mm2) 

Shape Medium 

diameter 

(d) (mm) 

dmax/dmin 

Ratio 

Ball 

number 

L/d Note 

Collop et al. 

(2004) 

Unknown Cylindrical 1.8 1 300~11000 Unknown PFC3D 

Kulatilake et al. 

(2001) 

300×125×

86 

Rectangular 

parallelepiped 

7~9 1.29 Unknown 18.8 PFC3D 

Potyondy and 

Cundall (2004) 

63.4×31.7

×31.7 

Rectangular 

parallelepiped 

1.53~5.95 1.66 338~19,74

9I 

5.4~20.7  PFC3D 

Holt et al. 

(2005) 

9×4.5I Cylindrical 0.127 1.44 44,812 35.4 PFC3D 

Schöpfer et. al. 

(2009) 

Unknown Rectangular 

parallelepiped 

Unknown 1.66~10 Unknown 5~50 PFC3D 

Akram and 

Sharrock (2010) 

188×94, 

108×43 

Cylindrical 3.56~6.34 1 Unknown 14.9~26.4 PFC3D 

Wang and 

Tonon (2010) 

32×16 Cylindrical 1.7I 2I 2,500 9.4I 3D-

DEM 

Zhang et al. 

(2011) 

40×20~ 

120×60 

Rectangular 

parallelepiped 

2.0 1.67 Unknown 10~30 PFC3D 

This research 70×35~ 

350×175 

Cylindrical 3.5 1~6 2,100~250,

000 

10~50 PFC3D 

I Estimated from the original paper. 
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Table 3: Experimental test data and calibration results. 

Property (mean ± std. dev. 

with n samples) 

Lab Experiment  Potyondy and Cundall 

(2004) 

This study 

UCS, σc (MPa) 200 ± 22 (n=81) 198.8 ± 7.2 (n=10) 202.9 ± 3.9 (n=20) 

Young’s modulus, E (GPa) 69 ± 5.8 (n=81) 69.2 ± 0.8 (n=10) 68.1 ± 0.59 (n=20) 

Poisson’s ratio,  0.26 ± 0.04 (n=81) 0.256 ± 0.014 (n=10) 0.289 ± 0.0015 

(n=20) 

Sample size 

(diameter/height) (mm) 

63/157.5 31.7/63.4 87.5/175 

L/d ratio 18 44.1 25 
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Table 4: Microscopic parameters of PFC3D model. 

 

Property Description This study Potyondy 

and 

Cundall 

(2004) 

dmin (mm) Minimum ball diameter 1.0 1.22 

dmax/dmin Ratio of maximum to minimum ball diameter 6 1.66 

Ec (GPa) Grain modulus 69.7 72 

sn kk /  
Ratio of grain normal to shear stiffness 3 2.5 

μ Grain contact friction coefficient 0.5 0.5 

cE (GPa) 
Cement modulus 69.7 72 

sn kk /  
Ratio of cement normal to shear stiffness  3 2.5 

c  (MPa) 
Average normal bond strength ± std. dev. 167 ± 39 175 ± 40 

c (MPa) 
Average shear bond strength ± std. dev. 167 ± 39 175 ± 40 

λ Bond width multiplier 1 1 
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Table 5: Microscopic parameters used in four cases. 

Properties and description Case I Case II Case III Case IV 

Ball size ratio: dmax/dmin  1 2 4 6 

Average ball diameter: d (mm) 3.5 3.5 3.5 3.5 

Minimum ball diameter: dmin (mm) 3.5 2.34 1.4 1.0 

Grain size distribution pattern Uniform 

Grain modulus: Ec (GPa) 69.7 

Grain normal/shear stiffness ratio: sn kk /  
3 

Grain contact friction coefficient: μ
 

0.5 

Parallel bond modulus: cE  (GPa) 
69.7 

Parallel bond normal/shear stiffness ratio: sn kk /  
3 

Parallel bond normal strength: c ± std. dev. (MPa) 
167 ± 39 

Parallel bond shear strength: c ± std. dev. (MPa) 
167 ± 39 

Bond width multiplier: λ 1 
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Fig. 1. dmax/dmin ratios used in PFC studies: (a) PFC2D; and (b) PFC3D.  
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Fig. 2. L/d ratios used in PFC studies: (a) PFC2D; and (b) PFC3D. 
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Fig. 3. Top view of Case I, II, III and IV models at different sizes used in this study. 
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Fig. 4. Results of simulated macroscopic properties for Case II from 20 realizations: (a) 

UCS; (b) Young’s modulus; and (c) Poisson’s ratio.  
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Fig. 5. Coefficient of variation of simulated mechanical properties versus model size L/d: 

(a) UCS; (b) Young’s modulus; and (c) Poisson’s ratio. 
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Fig. 6. Model scale effect on (a) UCS; (b) Young’s modulus; and (c) Poisson’s ratio from 

standard PFC3D model.  
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Fig. 7. Coefficient of variation of simulated model porosity versus model size L/d based 

on default specimen generation procedure in PFC3D. 
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Fig. 8. Change of porosity with model size L/d based on default specimen generation 

procedure in PFC3D. 
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Fig. 9. Top view of contact force chains for Cases I and IV at L/d = 20 and 50 (In order to 

clearly show the contact force chains for three dimensional models, only the contact 

forces in the middle section of 12 mm thickness are shown. Line thickness and 

orientation represent force magnitude and direction, respectively.) 
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Fig. 10. Model scale effect on (a) UCS; (b) Young’s modulus; and (c) Poisson’s ratio 

based on the same porosity model.  
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Fig. 11. Comparison of UCS values for Case II based on standard PFC3D model and 

same porosity model 
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Fig. 12. Correlation of simulated UCS and model porosity. 
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Fig. 13. Effect of particle size distribution on UCS, Young’s modulus and Poisson’s ratio 

based on constant porosity model simulations. 
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Fig. 14. Comparison of model scale effect on UCS in PFC2D and PFC3D. 
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Fig. 15. Comparison of model scale effect on the COVs of simulated UCS, Young’s 

modulus and Poisson’s ratio values in PFC2D and PFC3D, both with dmax/dmin = 2. (* 

PFC2D data is from Koyama and Jing (2007)). 
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ABSTRACT 

This paper presents part of the results for the first phase of the research on simulating rock 

fracturing with particle flow modeling, using the three dimensional Particle Flow Code 

(PFC3D). The first phase work focuses on development and calibration of the numerical 

model based on the micro structure and laboratory mechanical test data (unconfined 

compressive strength, tensile strength and stress-strain curves) of real rocks. The results 

show that although the unconfined compressive strength can be well simulated using the 

standard PFC3D model, the tensile strength is over predicted and leads to unconfined 

compressive strength to tensile strength (UCS/T) ratios significantly lower than the 

laboratory test value. Two different methods have been used to improve the simulation 

results and increase the UCS/T ratio. The contact bond release model which simulates the 

pre-existent micro cracks in rock can double the UCS/T ratio from the standard PFC3D 

model but still under-predicts the UCS/T ratio. The near sphere clump particle model 

containing 50% clump particles only slightly improve the simulation results. Other 

methods and/or a combination of different methods need to be studied in order to develop 

a PFC3D model which can correctly simulate the mechanical behavior of real rocks. 

 

Key words: Particle flow code; Unconfined compressive strength; Tensile strength; 

Clump particle; Contact bond release  
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1. INTRODUCTION 

Rock fractures have a profound effect on the mechanical and hydraulic properties of rock 

masses and need to be considered properly for different rock engineering problems. For 

example, natural fractures control the behavior of rock masses involved in the stability of 

civil engineering structures such as tunnels and slopes. Rock fractures also play an 

important role in the permeability of fractured rock masses and control the movement of 

oil and gas in petroleum reservoirs, water and contaminants through aquifers, and the 

migration of hydrothermal fluids and CO2 [1-6]. The capacity of a fracture network to feed 

oil or water to a well depends on the connectivity (or intersections) of fractures and affects 

the production efficiency and ultimate recovery of oil or groundwater. Research results 

have shown that the planar shape of fractures has a profound effect on the connectivity of 

fractures and thus on the permeability of fractured reservoirs and aquifers [7-10]. It is very 

important to know the planar shape of fractures when characterizing rock fractures. 

However, the real planar shape of fractures at a site is rarely known since a rock mass is 

usually inaccessible in three dimensions. Information on the planar shape of rock fractures 

is limited and often open to more than one interpretation [11,12], making it difficult to 

correctly characterize fractured oil reservoirs. One simple way commonly used in oil 

reservoir characterization is to assume a circular disk fracture shape, which often leads to 

underestimated connection probability [8]. Although extensive studies on the planar shape 

of rock fractures have been conducted, they are based on the macro-scale behavior of rocks 

and are empirical in nature. To better characterize rock fractures, further research is 

required to investigate the fundamental mechanism of fracture initiation and propagation 

in rock and the factors affecting the planar shape of rock factures. 

With the increasing power of computing capacity and development of computer software, 

modeling of rock fracture initiation and propagation in three dimensions is now more 

feasible to researchers. However, the number of methods available for the modeling of 

fracture initiation and propagation is still limited. Existing continuum theories have natural 

difficulty to characterize the micro mechanisms occurring in rock. Due to the discontinuous 
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nature of granular materials, the discrete element method (DEM) has been widely adopted 

as an effective method for simulation of rock masses and rock fill materials. The three 

dimensional Particle Flow Code (PFC3D), as one of the commercially available DEM 

softwares, offers a new avenue to better understand the behavior of rocks. PFC3D can deal 

with the natural process from micro cracking to macro failure, without predefining a failure 

criterion by a user for the rock [13]. The basic idea of PFC is to treat rock as an assembly 

of bonded particles and that the rock’s mechanical behavior is dominated by the formation 

and interaction of micro cracks [14]. The bonded particle model (BPM) used in PFC has a 

great advantage in conducting synthetic rock material simulation and crack evolution study. 

As stated by Potyondy and Cundall [14], “The BPM approximates rock as a cemented 

granular material with an inherent length scale that is related to grain size and provides a 

synthetic material that can be used to test hypotheses about how the microstructure affects 

the macroscopic behavior.” The BPM method may provide insight prediction on the 

fundamental mechanism of fracture initiation and propagation in rock.  

Although the current BPM approach has its outstanding advantage in simulating fracture 

initiation and propagation, it is still under development by many researchers to validate the 

accuracy of simulation results. Few of the previous simulation works are based on real 

materials. How to accurately represent a real material system with complex-shaped or even 

near realistic shaped particles in a DEM model has not yet been solved. Rock granular 

materials are usually assemblies of bonded complex bodies with different size, shape and 

surface properties. In current DEM softwares circle disks, solid spheres and ellipsoids are 

commonly used discrete element particles [15-20]. Considerable advances have been made 

in 3D discontinuum modeling by using spheres to represent particles. However spherical 

bodies behave differently than complex-shaped bodies not only on the force localization 

but also on the anisotropic deformation process. As pointed out by several researchers 

[14,21,22], the sphere particle assembly has difficulty to simulate particle interlocking 

phenomenon and thus the internal friction angle and the unconfined compressive strength 

to tensile strength (UCS/T) ratio based on simulation are much lower than those of the 

laboratory test value. On the other hand, the failure process of rock has strong relation with 



107 

 

 

 

internal crack initiation and propagation along rock particle boundaries [23]. Therefore the 

physical meaning of results obtained from simulations that investigate crack propagation 

process with circle or solid sphere particles is questionable. In order to tackle these 

problems, more sophisticated particles that can mimic realistic rock particle shapes need to 

be included to increase inter-particle friction and simulate natural process of internal crack 

propagation.  

The main objective of this research is to perform numerical experiments with PFC3D to 

systematically investigate the fundamental mechanism of fracture propagation in rock and 

the factors affecting the planar shape of rock fractures. An advantage of numerical 

experiments is that the effect of varying individual input parameters can be systematically 

examined while keeping all other parameters constant, which is rarely possible with 

laboratory measurements. The whole research work includes (1) development and 

calibration of the numerical model using the experimental data (unconfined compressive 

strength, tensile strength and stress-strain curves) of real rocks; (2) validation of the 

calibrated numerical model by comparing the simulated fracturing pattern with the 

experimental fracturing results of the same rock; and (3) investigation of the planar shape 

of rock factures and the different factors affecting the fracturing of rocks using the validated 

numerical model. This paper presents part of the results for the first phase.  

2. DEVELOPMENT OF PFC3D MODEL 

To develop the PFC3D model which can be used to investigate the initiation and 

propagation of rock fractures, the experimental data of two widely studied rocks, Lac du 

bonnet (LDB) granite and Carrara marble, were used. Here only the results for LDB granite 

are presented.  

First the micro-structure of LDB granite was studied, including the grain size, shape and 

size distribution. Then the PFC3D model was developed to mimic the microstructure and 

to simulate the macro properties. 
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2.1. LDB Granite 

LDB granite is a homogeneous, fine grained granite from Manitoba, with main content of 

large metamorphosed crystals of alkali feldspar, plagioclase, quartz and biotite [24]. Its 

color varies between light brown to pinkish brown.  

The grain size of LDB granite has been reported by many researchers [14, 24-27], ranging 

from 1 to 6 mm. The fragmentation of LDB granite has been categorized as a low 

indentation near rounded convex shape in general [24,28]. The grain size distribution (GSD) 

has been widely studied for granite [28-30]. The reported GSD follows a power law 

distribution and the slope in a log-log chart is within the range of 2.33-2.6.  

The LDB granite has been used as a nuclear waste deposit base rock and its mechanical 

properties have been extensively tested in the laboratory by different researchers [25, 31-

33]. Table 1 lists the macro mechanical properties of LDB granite based on the laboratory 

tests [25] on cylindrical samples, in a size of 63 mm diameter and 157.5 mm height. 

2.2. PFC3D Model Configuration 

(1) Sample size 

After fixing the particle size and size distribution, the model sample size decides the total 

number of particles.  The total number of particles affects the calculation time efficiency. 

As Potyondy [34] points out, using sphere particles that approximate the true grain size of 

a real rock sample will result in excessive increase of runtime in PFC3D modeling. The 

volume of a PFC3D model has to be small enough in order to obtain reasonable time 

efficiency. In this research, we used cylindrical PFC3D models in a size of 30 mm diameter 

and 60 mm height (ratio of 1:2), which is about half the size of laboratory test specimens. 

The difference between the simulation results using the smaller PFC3D models and those 

using the PFC3D models at the laboratory test specimen size is within 0.5%. 

(2) Particle size and size distribution 

The ball diameters are selected to be from 1 to 6 mm and follow a power law distribution. 

Since it is difficult to use the PFC3D intrinsic function to generate balls exactly following 
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a power law distribution, an approximate method was used. The method generates 

universally distributed balls in each small segment while the general GSD follows a power 

law distribution. Fig. 1 shows the GSD of balls generated in our PFC3D modeling. 

2.3. Calibration to Experimental Data 

The PFC method has been widely used to simulate the behavior of LDB granite in 2D 

[14,22,35] and 3D [14,21,22]. Most of the simulations predict the compressive behavior 

very well, but are not able to properly predict the tensile behavior. As Schopfer et al. [21] 

and Potyondy and Cundall [14] mentioned, PFC has difficulty in reaching the laboratory 

test UCS/T value. Typically the test UCS/T values are between 10 and 20 for intact rock, 

but the standard PFC model gives UCS/T ratios of 3 to 7 [14,21,22]. Researchers have 

attempted different methods to tackle this problem [13,14,20-22,36], but most of the work 

is in 2D. Here the results in 3D are presented, respectively using the standard PFC3D 

method, the contact bond release model and the model with clumped particles. 

(1) Standard PFC3D model 

A cylindrical model is generated using the default PFC procedure. The ball size and size 

distribution follows the configuration discussed above. Based on calibration, the micro 

parameters as shown in Table 2 are used in the PFC3D model to obtain the test UCS and 

elastic modulus. The detailed definition of each micro parameter in Table 2 can be found 

in Ref. [14]. The ratio of the average normal bond strength to the average shear bond 

strength (σc/τc) affects the internal friction behavior. As discussed by Lee [37,38], when 

the normal bond strength is larger than or equal to the shear bond strength, the simulation 

failure envelope is lower than the laboratory test result. Thus the average normal bond 

strength is always set to be lower than average shear bond strength. In this study, the ratio 

of normal bond strength to shear bond strength is set to be 0.94, and the stand deviation is 

set to be the same for both bond strengths. 

The simulations of unconfined compression tests are performed by shortening the specimen 

along its long axis with top and bottom platens using a constant velocity that is slow enough 
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to ensure quasi-static condition. Direct tension tests are carried out by elongating the 

specimen with top and bottom grip layers at constant slow velocity. 

Based on the simulations, the UCS (expressed as the UCS/normal bond strength ratio) and 

the UCS/T ratio versus the normal bond strength are shown in Fig. 2. The UCS/T ratio 

based on the starndard PFC3D model is around 3.9 which is much smaller than the test 

value of about 20 for LDB granite. 

(2) Contact bond release model 

It is well known that rocks contain pre-existing minor cracks which control the mechanical 

behavior and thus the UCS/T ratio. Schopfer et al. [21] considered the effect of micro 

cracks in PFC3D simulations by releasing the contact bonds. The percentage of released 

(or unbounded) contacts can be considered an indicator of the micro crack density. In this 

research, we studied the effect of contact bond release on the UCS/T ratio. 

In order to examine the effect of contact bonds in 3D, two series of simulations are 

performed. First, PFC3D models with the same parameters as the standard PFC3D model 

(see Table 2) but with 25% or 50% of the parallel bonds released are used to study the 

effect of contact bond release on the UCS/T ratio. The results (see Fig. 3) indicate that the 

release of contact bonds can significantly increase the UCS/T ratio, more than doubled 

when 50% contact bonds are released. 

The UCS/normal bond strength ratio also drops as more contact bonds are released, which 

leads to much lower simulation UCS than the UCS from laboratory tests considering the 

same normal bond strength values used. In the second series of simulations, the UCS for 

each model is calibrated to the laboratory test value by adjusting the normal bond strength 

of the unreleased contact bonds. The simulation results are shown in Fig.4. To calibrate to 

the laboratory test UCS with the contact bond release model, the normal bond strength 

needs to be increased with higher percentage of contact bond release. In this case, the 

significant increase of the UCS/T ratio can also be achieved. 

(3) Clumped particle model 
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The effect of clumped particles has been widely studied in PFC2D [13,14,20-22,36]. The 

results show that clumped particles can increase the dilation and the UCS/T ratio [36]. This 

trend is also predicted to be true in PFC3D because the clumped particles are supposed to 

increase the internal friction between particles in both 2D and 3D [14,21,36]. In this study, 

simulations were conducted with clumped particles in PFC3D to investigate the effect of 

particle clumping on the UCS/T ratio.  

The clumped particle model was set up to represent the real shape of LDB granite 

fragmentation. As stated earlier, the real shape of LDB granite particles is nearly round. So 

a symmetric 5 ball clump particle was built to simulate the LDB granite rock microstructure. 

The clump structure is demonstrated in Fig. 5.  

To develop the clumped particle PFC3D model, first a standard PFC3D model is generated 

as done in the standard PFC3D modeling. Then 50% of the initial balls are replaced by the 

clump particles. Each clump particle contains 5 small particles (see Fig, 5) and has the 

same volume and position as the original ball replaced. A comparison of the standard 

PFC3D model and the clumped model is shown in Fig. 6. The clumped particles act like a 

single particle that has an irregular shape and move as a rigid body. 

The simulation results are shown in Fig. 7. The UCS/T ratio only slightly increased (about 

10%) compared to that from the standard PFC3D model (see Fig. 2). This is probably due 

to the little difference between the near sphere clump particle and the original ball. 

3. DISCUSSION 

3.1. Effect of model assembly micro structure 

This study used the real particle size and size distribution of LDB granite in the PFC3D 

modeling. The standard PFC3D assembly uses uniformly distributed sphere balls with the 

maximum to minimum radius ratio (Rmax/Rmin) ranging from 1 to 3 [14,22]. Potyondy 

and Cundall [14] simulated a rectangular parallelepiped sample of LDB granite with 

Rmax/Rmin equal to 1.66 and minimum radius of 0.61 mm. The micro parameters used in 
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their simulations are listed in Table 3. For comparison, the micro parameters used in this 

study are also listed in the table. Table 4 compares the macro properties from the laboratory 

tests, the simulations by Potyondy and Cundall [14] and this study. 

Potyondy and Cundall [14] used smaller average ball radius and more uniformly distributed 

particle size distribution than those used in this study. The bond strengths needed to achieve 

the experimental macro properties in the simulations by Potyondy and Cundall [14] are 

also smaller than those in this study. The real reason for this particle size effect is unknown 

but may be related to the general observation that finer-grained rock is stronger than 

coarser-grained rock [14]. 

The UCS/T ratio from the present study is smaller than that from the universal ball 

assembly model used by Potyondy and Cundall [14]. This effect may suggest that the 

tensile strength from the PFC3D model is more sensitive to packing and strength 

heterogeneities. The effect of several factors on the UCS/T ratio is discussed in the next 

section. 

3.2. Methods to increase UCS/T ratio in PFC3D modeling 

The standard PFC3D model can be easily used to simulate the compression behavior of 

intact rock. However, the standard PFC3D model tends to significantly over predict the 

tensile strength and lead to a UCS/T ratio much smaller than the laboratory test value. The 

unrealistically high tensile strength may lead to false prediction of crack initiation and 

propagation in rock.  

The release of contact bonding is a direct imitation of pre-existing micro cracks in rocks. 

The simulation results show that the release of contact bonds has a greater impact on tensile 

strength than on compressive strength. This feature may indicate that non-bonded contacts 

can bear some load in compression but not in tension [21]. So the UCS/T ratio increases 

with a greater percentage of non-bonded contacts. The results in this study indicate that the 

UCS/T ratio can be doubled when 50% of contact bonds are released. To calibrate to the 

laboratory test UCS value, the normal bond strength of the unreleased contact bonds needs 

to be increased. 
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The clumped particle PFC3D model simulations do not show significant increase of UCS/T 

ratio. By using the clumped particle containing 5 small balls to represent the original solid 

ball, both the compressive and tensile strengths are decreased, simply because the clumped 

particle as a whole is weaker than the original ball [34]. This leads to a UCS/T ratio almost 

the same as that from the standard PFC3D model simulations (only about 10% difference). 

It needs to be noted, however, that the clumped particles used in this study are close to a 

sphere particle and may not lead to much increase in the internal friction. Utilization of 

more irregular shapes for the clumped particles needs to be studied further. Also only 50% 

of the balls have been replaced by clumped particles in this study. More tests need to be 

performed with different percentage of clump particles. 

4. SUMMARY AND CONCLUSIONS 

Rock fractures have a profound effect on the mechanical and hydraulic properties of rock 

masses. The bonded particle model used in PFC has a great advantage in conducting 

synthetic rock material simulation and rock fracture initiation and propagation study. This 

paper presents part of the results for the first phase of a systematic investigation of rock 

fracture initiation and propagation using the PFC3D modeling. The first phase work 

focuses on development and calibration of the numerical model based on the micro 

structure and experimental data of LDB granite. The simulations based on the standard 

PFC3D model over-predict the tensile strength and lead to a UCS/T ratio much smaller 

than the laboratory test value. Two different methods have been tested to improve the 

simulation results (i.e. increase the UCS/T ratio). The contact bond release model shows 

significant improvement in decreasing the predicted tensile strength and increasing the 

UCS/T ratio compared with the standard PFC3D model. The clumped particle model used 

in this study does not show significant improvement and the UCS/T ratio remains about 

the same as that from the standard PFC3D model; but this is based on the simulations using 

near sphere clump particles to replace only 50% of balls. Further study needs to be done 

using more irregular shapes and different percentage of clumped particles to evaluate the 

effect of clump particles in PFC3D modeling. 
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Other methods such as adjusting the porosity of the particle assembly and the combination 

of different methods may be used to improve the results of PFC3D simulations. These 

different methods will be tested to develop the PFC3D model which can correctly simulate 

the behavior of real rocks including the UCS/T ratio. Then the developed model will be 

used to investigate the fundamental mechanism of fracture initiation and propagation in 

rock. 
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Table 1. Macro mechanical properties of LDB granite 

Property Value (mean ± st dev, with n samples) 

Young’s modulus E (GPa) 69 ± 5.8 (n=81) 

Poisson’s ratio,  0.26 ± 0.04 (n=81) 

Uniaxial compressive strength c (MPa) 200 ± 22 (n=81) 

Uniaxial tensile strength t (MPa) 9.3 ± 1.3 (n=39) 

Crack initiation stress σci (MPa) 90 + σ3, σ3 < 30 

Internal friction angle  (deg) 59 

 

  



119 

 

 

 

 

 

Table 2. Micro parameters of PFC3D mode for LDB granite 

Property Description* Value 

Rmin (mm) Minimum ball radius 0.5 

Rmax/Rmin 
Ratio of maximum to minimum ball 

radius 
6 

Ec (GPa) Grain modulus 58.5 

kn/ks Ratio of grain normal to shear stiffness 2.2 

μ Grain contact friction coefficient 0.5 

E
_

c (GPa) Cement modulus 58.5 

k
_

n/k
_

s 
Ratio of cement normal to shear 

stiffness 
2.2 

σ
_

c (MPa) Average normal bond strength ± stdev 199 ± 37 

τ
_

c (MPa) Average shear bond strength ± stdev 211 ± 39 

λ Bond width multiplier 1 

mg_ts0 target isotropic stress -2e-6 

mt_tas target axial stress -2e-6 

* Definition of microproperties is given in Ref. [14]. 
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Table 3. Comparison of micro parameters 

Property 
Potyondy and 

Cundall [14] This study  

Rmin (mm) 0.61 0.5 

Rmax/Rmin 1.66 6 

Ec (GPa) 72 58.5 

kn/ ks 2.5 2.2 

σ
_

c (MPa) 175 ± 40 199 ± 37 

τ
_

c (MPa) 175 ± 40 211 ± 39 

mg_ts0 -0.1e-6 -2e-6 

mt_tas -0.1e-6 -2e-6 
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Table 4. Comparison of macro properties 

 

Property 

 

Experimental 

Potyondy and 

Cundall [14] 

 

This study  

E (GPa) 69 69.2 69.2 

 0.26 0.256 0.263 

c 

(MPa) 
200 198.8 200.4 

ci 

(MPa) 
90 86.6 90.4 

t (MPa) 9.3 27.8 51.92 

UCS/T 21.5 7.15 3.86 
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Fig. 1. Approximate power law grain size distribution with a slope of 2.4 in log-log scale. 
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Fig. 2. UCS/T and UCS/Normal bond strength ratio based on standard PFC3D model. 
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Fig. 3. The effect of contact bond release on UCS/T ratio with the same micro parameters 

as the standard PFC3D model. 
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Fig. 4. The effect of contact bond release on UCS/T ratio with calibrated normal bond 

strength for the unreleased contact bonds (each model is calibrated to the laboratory test 

UCS value). 
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Fig. 5. Near sphere clump particle used in the simulation of LDB fragmentation. 
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a). Standard PFC3D 

model with 12,562 balls 

b). Clumped PFC3D 

model with 36,324 balls 

Fig. 6. Comparison of standard and clumped PFC3D models. 
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Fig. 7. UCS/T ratio based on clumped PFC3D model. 

 



129 

 

129 

 

Appendix D 

 

 

 

 

A NEW CONTACT MODEL FOR PFC3D TO IMPROVE 

SIMULATED UNCONFINED COMPRESSIVE STRENGTH 

TO TENSILE STRENGTH (UCS/T) RATIO  

Paper was prepared to submit to a Journal 

 

By 

Xiaobin Ding1, Lianyang Zhang1, *  

1 Department of Civil Engineering and Engineering Mechanics, University of Arizona, 

Tucson, Arizona, USA 

 

 

 

 

 

 

* Corresponding author: Tel.: 1 520 6260532; fax: 1 520 6212550. 

E-mail address: lyzhang@email.arizona.edu. 

  



130 

 

130 

 

Abstract 

The discrete element method (DEM) has been increasingly used to simulate and analyze 

the behavior of rock material. Classic DEM formulations using symmetrical particles, 

however, bear the intrinsic limitation of severely overestimating the tensile strength of 

simulated rock material and lead to unrealistically low unconfined compressive strength to 

tensile strength (UCS/T) ratios. Researchers have proposed different methods to increase 

the UCS/T ratio from DEM simulations; but they all have limitations. In this paper, a new 

contact model which can properly consider the contribution of moment to contact normal 

and shear stresses and the condition at which the contact bond fails was proposed and 

implemented in the three-dimensional Particle Flow Code (PFC3D). The new contact 

model does not impose additional calculation burden and maintains the calculation 

efficiency of the original PFC3D. Detailed parametric study was performed to evaluate the 

effect of different micro parameters on the UCS/T ratio of PFC specimens. The results 

indicated that the moment contribution, cohesion and tensile strength were three key factors 

affecting the UCS/T ratio from PFC3D simulations. When the moment contribution 

parameters was smaller than 0.5, a wide range of UCS/T ratios could be achieved by 

changing the cohesion and/or tensile strength values. Finally, the new contact model was 

used to simulate two widely studied rocks, Lac Du Bonnet (LDB) granite and Carrara 

marble, and the obtained UCS/T ratios were in very good agreement with the measured 

values from laboratory experiments.  

 

 

 

Keywords: Particle flow code (PFC); PFC3D; UCS/T ratio; Contact model; Moment 

contribution; Parametric study 
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1. Introduction 

With the increasing computer power, it is now more feasible for researchers to model and 

analyze rock behavior numerically. The discrete element method (DEM) (Cundall and 

Strack 1979) simulates the mechanical behavior of rock material by representing it as an 

assembly of small particles bonded together. It has the advantage to deal with the 

discontinuity of natural rock and bring insights to the mechanisms of rock failure. The 

Particle Flow Codes (PFC2D and PFC3D) (Cundall and Strack 1979; Itasca 2008; 

Potyondy and Cundall 2004) are the most well-known DEM software and have been used 

by many researchers to study the behavior of rocks (Cundall et al. 2008; Ding and Zhang 

2011; Kulatilake et al. 2001; Lee and Jeon 2011; Lee 2008; Mas Ivars et al. 2011; Potyondy 

and Cundall 2004; Reyes-Montes et al. 2007; Schöpfer et al. 2007; Zhang et al. 2011; 

Zhang and Wong 2012). However, it is found that the simulations using PFC tend to 

overestimate the tensile strength and lead to unrealistically low unconfined compressive 

strength to tensile strength (UCS/T) ratios (Ding and Zhang 2011; Schöpfer et al. 2009). 

The UCS/T ratio is an important property of rock related to its fundamental characteristics 

(Altindag and Guney 2010). Although UCS is the most widely used parameter to 

characterize rock in engineering practice, it is now well known that the brittle failure in 

rock is mainly dominated by tensile rupture (Brady and Brown 2004). Therefore, the 

limitation of low UCS/T ratio restricts the capability of PFC to simulate problems where 

the stress path may be either compression or tension. The unrealistically high tensile 

strength may lead to false prediction of crack initiation and propagation in rock.   

This paper studies the basic mechanism that leads to the significantly underestimated 

UCS/T ratio from PFC simulations, reviews the different methods proposed by researchers 

to increase the UCS/T ratio, and finally develops a new contact model for PFC3D so that 

the correct UCS/T ratio can be obtained. 
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2. Literature review and discussion 

Different DEM models have been proposed in the literature to simulate the behavior of 

intact rock (Cundall and Strack 1979; Wang and Tonon 2009). However, they all tend to 

significantly over predict the tensile strength and lead to a UCS/T ratio much smaller than 

the laboratory test values. Typically the test UCS/T values are between 10 and 20 for intact 

rock, but the standard PFC model gives UCS/T ratios of 3 to 7 (Ding and Zhang 2011; 

Potyondy and Cundall 2004; Schöpfer et al. 2009; Wang and Tonon 2009). LDB granite is 

one of the well simulated rocks using PFC2D (Kulatilake et al. 2001; Potyondy and Cundall 

2004) and PFC3D (Potyondy and Cundall 2004; Schöpfer et al. 2009). As Schöpfer et al. 

(2009) and Potyondy and Cundall (2004) mentioned, PFC had difficulty in reaching the 

laboratory test UCS/T value of LDB granite. Researchers have attempted different methods 

to tackle this problem (Cho et al. 2007; Ding and Zhang 2011; Fu 2005; Potyondy 2011; 

Potyondy and Cundall 2004; Schöpfer et al. 2009; Wang and Tonon 2009; Yan and Ji 2010).  

These methods can be divided into three categories: (1) modifying particle texture such as 

using clump and cluster particles, (2) modifying contact bond condition such as partial 

release of contacts, and (3) modifying the contact bond model such as such as eliminating 

the contribution of moment to contact stresses, which are discussed in detail below.  

The first category of methods imposes additional texture to the symmetrical particles in 

order to increase particle interlocking. Generally, particle interlocking contributes to high 

UCS/T ratio and large friction angle of rock. Several researchers tried to increase the 

UCS/T ratio by generating irregularly shaped discrete elements such as clumps proposed 

by Itasca (2008) and Potyondy and Cundall (2004) and clusters by Cho et al. (2007) to 

improve particle interlocking. These methods have been tested and can effectively increase 

the UCS/T ratio in PFC2D. However it is difficult to use these methods to reach a UCS/T 

ratio greater than 10 in PFC3D (Ding and Zhang 2011). Moreover, utilization of irregularly 

shaped particles in 3D significantly increases the calculation time. So the particle texture 

modification methods are limited to simulations of small scale problems. 
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The second category of methods modifies the contact bond condition. These methods 

include partial release of contact bonds (Ding and Zhang 2011; Schöpfer et al. 2009) and 

increase of bond density by enlarging the interaction range (Scholtès and Donzé 2013). 

The release of contact bonds is a direct imitation of pre-existing micro cracks in rock. The 

simulation results (Ding and Zhang 2011; Schöpfer et al. 2009) show that the release of 

contact bonds has a greater impact on tensile strength than on compressive strength. This 

feature may indicate that non-bonded contacts can bear some load in compression but not 

in tension. So the UCS/T ratio increases with a greater percentage of non-bonded contacts. 

The results of Ding and Zhang (2011) indicate that the UCS/T ratio can be doubled when 

50% of contact bonds are released in PFC3D but still is not large enough compared to the 

high UCS/T ratio from experiments.  The method to increase the bond density via manually 

increasing the bond interaction range (Scholtès and Donzé 2013) in the YADE open DEM 

platform (Kozicki and Donzé 2008) has been proved effective in increasing the UCS/T 

ratio to over 20.  

The third category of methods modifies the constitutive model of contact bond to reach 

higher UCS/T ratio. Potyondy (2011) modified the default contact model in PFC to 

eliminate the contribution of moment confinement in the failure algorithm of the bonded 

particle model. He successfully reached the measured UCS/T ratio of Äspö diorite. The 

elimination of moment contribution to the maximum stresses in the contact bond results in 

less displacement and rotation undertaken by the bond and thus postpones the breakage of 

bond. In other words, the bond is strengthened. However, this method completely ignores 

the forces from the bending response when considering failure although these forces do 

exist and are carried by the parallel bond as the bond moment. A more realistic model 

should properly consider the contribution of moment to the contact stresses.  

In summary, although different methods have been proposed to address the problem of 

unrealistically low UCS/T ratios from PFC simulations, they all have limitations. To obtain 

correct UCS/T ratio from PFC simulations in a reasonable way, further research is required. 
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3. A new contact model for PFC3D 

The mechanical behavior of a material is simulated in PFC by associating a contact model 

with each contact of particles. A contact model describes the force-displacement response 

at a contact and the condition at which the contact bond fails. During each calculation cycle, 

the PFC program calls each contact model and the force and moment acting at the contact 

are updated. Besides the standard contact model implemented in PFC, a user can implement 

alternative contact models using the User-Defined contact Model (UDM) function. The 

alternative contact model function can be written in the C++ language and compiled into a 

DLL (dynamic link library) file and is then loaded into the PFC program. The contact 

behavior is defined via member functions which determine the deformation and strength 

behavior between two objectives (particles).   

Different contact models have been developed by researchers. Zyranov et al. (2002) 

developed a contact model that can reproduce the complex visco-elasto-plastic behavior of 

ice sheet under strong offshore wind. An (2006) developed an elastic-inelastic power 

function model that incorporates an energy dissipation algorithm to simulate rock impact 

event. Wong et al. (2001) used a Coulomb criterion with a tension cut-off or threshold in 

order to get a good agreement with experimental test results. Potyondy (2011) proposed a 

contact model by completely eliminating the contribution of moment to the contact stresses 

and successfully obtained the UCS/T ratio of a tested rock; but as stated earlier, the effect 

of moment on the contact stresses should not be ignored completely.  

The mechanical behavior of a PFC specimen is described by the movement of each particle 

and the force and moment acting at each contact bond between two particles (Fig. 1a). The 

forces and moments acting on the bond are shown in Fig. 1b. The particle movements and 

resultant forces and moments follow the basic Newton’s law of motion. The change of 

contact forces and moments due the relative particle movements are determined by:  
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where n

iF , s

iF , nM  and sM  are the contact forces and moments located at the center of 

the contact zone respectively in the normal (n) and shear (s)directions, nk , n  and sk , s  

are the bond stiffness per unit area and rotation angle respectively in the normal ( n ) and 

shear ( s ) directions, and A , I and J  are the area, moment of inertia and polar moment of 

inertia of the bond cross-section, respectively. There quantities are given by  
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where, R  is the radius of bond cross-section.  

Here a new contact model which can properly consider the contribution of moment to the 

contact stresses and the condition at which the contact bond fails is proposed. Specifically, 

the contribution of moment to the normal and shear contact stresses is controlled 

respectively by parameters 1 and 2, as expressed by the following equations (Fig. 2): 
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where max and max  are the maximum contact stress respectively in the normal and shear 

directions; nF , sF , nM and sM are as defined earlier; When 1 and 2 are equal to zero, 

equation (1) reduces to the model proposed by Potyondy (2011). 
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The new contact model assumes that the shear strength follows Coulomb criterion with a 

tension cut-off and has an upper bound (Fig. 3). The shear strength s is determined by: 
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where n is the normal contact stress, C is the cohesion, i is the friction angle, r is the 

residual friction angle, and  is the controlling parameter that determines the ratio of the 

maximum shear strength over the cohesion strength. t is the tension cut-off or maximum 

tensile strength of the contact bond.  

When max > s, shear rupture occurs and the interaction between the initially bonded 

particles becomes purely frictional, and the shear strength is then determined by 

rns  tan       (6) 

where r is the residual friction angle. 

So the parameters that characterize the newly developed contact model are: 
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where Ec and cE  are the elastic modulus of the particle and contact, respectively; /n sk k  

and /n sk k are the normal to shear stiffness ratio of the particle and contact, respectively; 

and  is the radius multiplier used to set the bond radius. The other parameters are as 

defined earlier.  

The particle stiffness is related with the Young’s modulus as follows: 
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where t is the radius multiplier, and AR  and BR  are the radius of particles A and grain B 

connected to each other. The stiffness of the contact bond is determined by: 

 c
n A B

E
k

R R



 (8) 

4. Parametric study 

To evaluate the performance of the new contact model, a systematic parametric study was 

carried out to investigate the effect of parameters on the simulated macroscale properties. 

The base value of each parameter used in the parametric study is shown in Table 1. 

Although, the  and  set to zero is not realistic as been mentioned in the previous section, 

it is used as the base value to isolate the correlation of C and t  on the effect of UCS/T 

ratio. For the seven contact parameters: sn kk / , C, t , , , , and i, the low and high 

values used in the parametric study are also shown in this table. As in the default PFC 

model, the particle parameter sn kk /  is set to be the same as the contact parameter sn kk / .   

The numerical models with a size of 38 mm × 76 mm × 32 mm containing around 20,000 

particles were generated following the standard PFC dynamic particle generation 

procedure (Itasca 2008). The particle size follows a uniform size distribution with diameter 

from 1.34 mm to 2.22 mm, resulting in a minimum specimen length (L) to average particle 

diameter (d) ratio of 18. After the numerical model was generated, numerical uniaxial 

compression and direct tension tests were carried out to determine the UCS, Young’s 

modulus, Poisson’s ratio and tensile strength (T). The average results based on five 

realizations using the base parameter values are shown in Table 2.  

After the numerical experiments using the base parameter values, the selected parameters 

are changed to the low or high values listed in Table 1 and new simulations were performed 

to determine the macroscale properties including the UCS/T ratio. In this way, the 

controlling parameters that affect the UCS/T ratio can be determined. The results are 

presented and discussed in detail below. 
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4.1. Effect of parameters on UCS/T 

As shown in equation (4),  controls the moment contribution to the maximum normal 

(tensile) stress while  controls the moment contribution to the maximum shear stress. 

The parameters can be selected any value between 0 and 1. Since the two parameters 

control the maximum normal and shear stresses, they are expected to significantly affect 

the behavior of the simulated material and the UCS/T ratio.  

Fig. 4 shows the variation of UCS/T with at different  values. The UCS/T ratio 

decreases as  increases and the decreasing rate becomes lower at higher  values. The 

UCS/T ratio also slightly decreases with larger  values when is smaller than 0.5.  

essentially has no effect on the UCS/T ratio when is greater than 0.5. So has much 

larger effect on the UCS/T ratio than .  

Fig. 5 shows the variation of UCS/T with at different cohesion C, tensile strength t , 

maximum shear strength cap ratio  and friction angle i values. When is smaller than 

0.5, the UCS/T ratio decreases substantially with larger  values at large shear strength 

parameter (C,  and i) values or small tensile strength ( t ) values. After is over 0.5, 

the UCS/T ratio only slightly decreases or does not change with larger  values at different 

strength parameter values.  

Fig. 6 shows the variation of UCS/T with at different sn kk /  ratios. When is smaller 

than 0.5 and sn kk /  takes large values, the UCS/T ratio decreases substantially with larger 

 values. After  is over 0.5, the UCS/T ratio only slightly changes with larger  values 

at different  sn kk /  ratios.  

In summary, the UCS/T ratio decreases significantly as increases, especially when is 

smaller than 0.5. When both and  are set to 0, the moment contribution to the bond 
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stresses is completely eliminated and the highest UCS/T, even much greater than the 

typical measured UCS/T values, is obtained. However, the moment stresses do exist 

between interlocked particles when rotation between particles happens.  So a reasonable 

way could be to set and between 0 and 0.5 so that the moment stresses are properly 

counted and correct UCS/T ratios are achieved.  

4.2. Effect of strength parameter on UCS/T ratio 

As shown in Fig. 5, when is smaller than 0.5, the four strength parameters, C, , i and 

t , especially C and t , have great effect on the UCS/T ratio. Increase of C, , i or 

decrease of t leads to greater UCS/T ratio. After  is over 0.5, the variation of the four 

strength parameters causes only small or no change of the UCS/T ratio. 

Fig. 7 shows the variation of UCS/T with friction angle i at different cohesion C, 

maximum shear strength cap ratio  and tensile strength t values, using = 0 and = 0. 

The UCS/T ratio increases with higher i values except when  is equal to 1. When  equals 

1, the maximum shear strength is set to be equal to the cohesion and thus the friction angle 

has no effect on the UCS/T ratio. Both the cohesion C and tensile strength t have great 

effect on the UCS/T ratio, larger C or smaller t leading to higher UCS/T ratio. 

4.3. Effect of kn/ks or /n sk k ratio on UCS/T ratio 

sn kk / and /n sk k are the ratio of normal to shear stiffness of the particle and the contact 

bond, respectively. As in the standard PFC model, sn kk / was set to equal /n sk k  in the 

simulations. As shown in Fig. 5, the UCS/T ratio increases with higher sn kk / values, 

especially when is smaller than 0.5.  
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Fig. 8 shows the variation of UCS/T ratio with sn kk /  at different cohesion C, maximum 

shear strength cap ratio  and tensile strength t values, using = 0, = 0 and i = 45°. 

The UCS/T ratio increases with higher sn kk / values, but the increasing rate is significantly 

reduced after sn kk /  is greater than 3. The increase of UCS/T with higher sn kk /  can be 

explained from the shear strength model shown in Fig. 3. Higher sn kk /  means larger 

normal stiffness and/or smaller shear stiffness, leading to larger normal stress and/or 

smaller shear stress if the related displacements are the same. In this case, the shear failure 

process is postponed and higher UCS is resulted, leading to higher UCS/T ratio.  

4.4. Summary 

The UCS/T ratio can reach very high values (for example, 400) when the  parameters are 

smaller than 0.5 and appropriate C, , i, t and sn kk /  values are selected. So the new 

contact model can be used to simulate different types of rocks and obtain the required 

UCS/T to match the experimental value. However, it is important to properly select the 

different parameters so that the other mechanical properties are also correctly simulated. 

For example, whether the rock fails in tension or shear depends not only on the shear 

strength parameters (C,  and i) and tensile strength ( t ) but also on the normal to shear 

stiffness ratio ( sn kk / ). In general, a PFC material with a small normal (tensile) strength to 

shear strength ratio tends to fail in a brittle fashion (predominantly in tension, whereby the 

bond normal strength is exceeded), while a material with a large normal (tensile) strength 

to shear strength ratio tends to fail in a ductile fashion (predominantly in shear, whereby 

the bond shear strength is exceeded). When adjusting the strength parameters to achieve 

the correct UCS/T ratio, it is also important to ensure the correct failure mode is simulated. 

Since sn kk /  also affects the elastic behavior of the simulated material, it needs to be 

properly selected. For example, if a  smaller than 1 is used, a negative Poisson’s 

ratio value may be obtained.  

sn kk /
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5. Applications of new contact model 

The new contact model was successfully used to analyze two widely studied rocks: LDB 

granite and Carrara marble. 

5.1. Simulation of LDB granite 

The LDB granite was used as the base rock of a nuclear waste disposal site and its 

mechanical properties have been tested in laboratory by different researchers (Martin 1993; 

Martin and Chandler 1994; Potyondy and Cundall 2004; Wang and Tonon 2009; Yan and 

Ji 2010). Table 3 lists the macro mechanical properties of LDB granite based on the 

laboratory tests by Martin (1993). The PFC method has been widely used to simulate the 

behavior of LDB granite in 2D (Kulatilake et al. 2001; Potyondy and Cundall 2004; Wang 

and Tonon 2009) and 3D (Potyondy and Cundall 2004; Schöpfer et al. 2009; Wang and 

Tonon 2009). Most of the simulations predicted the compressive behavior very well, but 

were not able to properly predict the tensile behavior, leading to a UCS/T value much 

smaller than the experimental one.  

A numerical model was built to simulate the LDB granite using the proposed contact model. 

The micro parameters were first back calculated based on the experimental data listed in 

Table 3. The calibrated micro parameters are listed in Table 4. Then numerical unconfined 

compression and tension tests were carried using the calibrated micro parameters. The test 

results are listed in Table 5. For comparison, the simulation results using the default PFC3D 

model by Potyondy and Cundall (2004) are also shown in this table. The UCS/T ratio from 

the new contact model is in very good agreement with the experimental UCS/T ratio listed 

in Table 3.  

5.2. Simulation of Carrara Marble 

Carrara marble is named from a quarry in Carrara, Italy. The physical and chemical 

properties of the Carrara marble have been studied by many researchers (Cardani and Meda 

1999; Molli et al. 2000; Rapp 2002; Schmid et al. 1987; Siegesmund et al. 2000). A large 



142 

 

142 

 

amount of experimental data about its mechanical behavior under various loading and 

deformation conditions has been reported by researchers (Alber and Hauptfleisch 1999; 

Molli et al. 2000; Wong 2008; Wong and Einstein 2007).  Table 3 summarizes the 

mechanical properties of the Carrara marble.  

Similarly, a numerical model was built to simulate the Carrara marble using the proposed 

contact model. The calibrated micro parameters for the Carrara marble specimen are listed 

in Table 4. Table 5 shows the numerical unconfined compression and tension test results 

based on the calibrated micro parameters. For comparison, the simulation results using the 

default PFC3D model are also listed in this table. Again, the UCS/T ratio from the new 

contact model is in very good agreement with experimental UCS/T ratio listed in Table 3.  

6. Summary and Conclusions  

A new contact model is proposed and implemented in PFC3D. The new contact model can 

properly consider the contribution of moment to the normal and shear contact bond stresses 

and the condition at which the contact bond fails, and successfully addresses the limitation 

of classical DEM formulations which significantly underestimate the UCS/T ratio. The 

new contact model does not impose additional calculation burden and thus maintains the 

calculation efficiency of the original PFC3D.  

The parametric study evaluated the effect of controlling parameters on the UCS/T ratio and 

figured out why the default PFC3D contact model has difficulty in reaching the correct 

UCS/T ratio. The moment contribution parameters, and , control the contribution of 

moment to the contact normal and shear stresses and thus have great effect on the failure 

mode and UCS/T ratio. As increases, the UCS/T ratio decreases significantly, especially 

when is smaller than 0.5. The UCS/T ratio also slightly decreases with larger  values 

when is smaller than 0.5.  essentially has no effect on the UCS/T ratio when is 

greater than 0.5. So has much greater effect on the UCS/T ratio than .  When is 

smaller than 0.5, the four strength parameters, C, , i and t , especially C and t , have 



143 

 

143 

 

great effect on the UCS/T ratio. Increase of C, , i or decrease of t leads to greater UCS/T 

ratio. After  is over 0.5, the variation of the four strength parameters causes small or no 

change of the UCS/T ratio. The normal to shear stiffness ratio sn kk /  may also affect the 

UCS/T ratio because it controls the relative magnitude of contact normal and shear stresses. 

Higher sn kk /  means larger normal (tensile) stress than shear stress at the same 

displacements and thus leads to higher UCS/T ratio.  

The new contact model can be used to simulate different types of rocks and obtain the 

required UCS/T to match the experimental value. However, it is important to properly 

select the different parameters so the other mechanical properties, such as tensile or shear 

failure mode and brittle or ductile behavior, are also correctly simulated. 

The new contact model was used to simulate two widely studies rocks, LDB granite and 

Carrara marble, and the obtained UCS/T ratios were in very good agreement with the 

measured values from laboratory experiments.  
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Table 1: Microscopic parameters used in parametric study.  

Property Description Base 

value 

Low 

value 

High 

value 

dmin (mm) Minimum ball diameter 1.34   

dmax/dmin Ratio of maximum to minimum ball 

diameter 

1.66   

Ec (GPa) Grain modulus 60   

sn kk /  Ratio of grain normal to shear 

stiffness 

3   

cE (GPa) Cement modulus 60   

sn kk /  Ratio of cement normal to shear 

stiffness  

3 0.1 10 

C (MPa) Average shear bond strength  77  5 200 

t  (MPa) Average normal bond strength  9  1 40 

λ Bond width multiplier 1   

1  Moment contribution factor 0 0.5 1.0 

2  Moment contribution factor 0 0.5 1.0 

  Maximum shear strength multiplier 2 1 8 

i  (°) Friction angle  45 25 85 

r  (°) Residual friction angle 25   
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Table 2: Numerical simulation results using base set parameter 

values. 

Property  Base set model 

UCS (σc) (MPa) 273  

Young’s modulus (E) (GPa) 40.0  

Poisson’s ratio () 0.4  

Tensile strength (T) (MPa) 8.35 
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Table 3. Macro mechanical properties of LDB granite and Carrara marble from 

laboratory tests. 

Property  LDB granite 

(Martin 1993) 

Carrara marble (Alber 

and Hauptfleisch 1999) 

UCS (c) (MPa) 200  84.6 

Young’s modulus (E) (GPa) 69  49 

Poisson’s ratio () 0.26  0.19 

Tensile strength (t) (MPa) 9.3  6.9 

UCS/T ratio 21.5 12.3 

Sample size (diameter/height) (mm) 63/157.5 50/100 
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Table 4: Calibrated microscopic parameters of LDB granite and Carrara marble.  

Property Description LDB 

granite 

Carrara 

marble 

dmin (mm) Minimum ball diameter 3.28 1.34 

dmax/dmin Ratio of maximum to minimum ball 

diameter 

1.66 1.66 

Ec (GPa) Grain modulus 65 49 

sn kk /  Ratio of grain normal to shear 

stiffness 

3.06 3.05 

cE (GPa) Cement modulus 65 49 

sn kk /  Ratio of cement normal to shear 

stiffness  

3.06 3.05 

C (MPa) Average shear bond strength  50 22  

t  (MPa) Average normal bond strength  15.5  7.5  

λ Bond width multiplier 1 1 

1  Moment contribution factor 0.1 0.1 

2  Moment contribution factor 0.1 0.1 

  Maximum shear strength multiplier 2 2 

i  (°) Friction angle  45 55 

r  (°) Residual friction angle 35 45 
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Table 5. Numerical test results of LDB granite and Carrara marble specimens. 

 LDB granite Carrara marble 

Property  New 

contact 

model 

Potyondy 

and 

Cundall 

(2004) 

New 

contact 

model 

Default 

PFC 

model 

UCS c (MPa) 200.2 198.8 85.6 87.1 

Young’s modulus E (GPa) 69.5 69.2 50.0 50.0 

Poisson’s ratio,  0.237 0.256 0.189 0.192 

Tensile strength t (MPa) 9.08 27.8 6.87 13.3 

UCS/T ratio 22.0 7.15 12.5 6.5 

Sample size (length/height) (mm) 87.5/175 87.5/175 38/76 38/76 
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Fig. 1. Contact bond model: (a) bond between two particles, and (b) Forces and moments 

acting on the bond.  
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Fig. 2. Moment contribution to normal and shear contact stresses. 
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Fig. 3. Shear strength criterion in the new contact model. 
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Fig. 4. Variation of UCS/T withat different  values. 
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Fig. 5. Variation UCS/T with 1 at different (a) cohesion, (b) tension strength, (c) 

shear strength ratio, and (d) friction angle values. 
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Fig. 6. Variation of UCS/T with 1 at different  values. 
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Fig. 7. UCS/T versus friction angle at different (a) cohesion, (b) shear strength ratio, and 

(c) tensile strength values. 
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Fig. 8. UCS/T versus sn kk /  ratio at different (a) cohesion, (b) shear strength ratio, and 

(c) tensile strength values. 
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Abstract 

The discrete element method (DEM) has great advantage to simulate the failure process of 

cemented frictional material like rocks. Many researchers have used the Particle Flow Code 

(PFC) to simulate the cracking process of rocks; but these simulations are mainly two-

dimensional although the cracking process is three dimensional. In this paper, the three 

dimensional PFC (PFC3D) with a newly developed contact model which can properly 

consider the contribution of moment to contact normal and shear stresses and the condition 

at which the contact bond fails was used to investigate the cracking process of rocks 

containing single flaws and under uniaxial compression loading. The new contact model 

implemented in the PFC3D was validated by using it to simulate the experimental cracking 

process of gypsum and Carrara marble containing pre-existing single flaws at different 

inclination angles. Then the influence of the flaw shape (length and thickness) on the 

cracking process was systematically studied and the key features were identified based on 

the simulations. The results indicate that the first cracks (usually called primary cracks) 

initiate from the boundary of the pre-existing flaw and are always caused by tensile failure, 

and the secondary cracks first emanate from the tips of the pre-existing flaw due to shear 

failure and then develop to a mixed shear and tensile cracking zone. The generation of 

secondary cracks has great effect on the strength of the rock specimen because the large 

number of cracks tend to propagate and coalesce with each other.  

 

 

 

Keywords: contact model; discrete element method; PFC3D; tensile cracks; shear cracks; 

flaw cracking process. 
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1. Introduction 

The intrinsic micro fractures play important role in the mechanical behavior of rock. 

Extensive experimental and theoretical research has been conducted on the initiation, 

propagation, and coalescence of fractures in rock. Important experiments include uniaxial 

testing by Ingraffea and Heuze (1980), Petit and Barquins (1988), Huang et al. (1990), 

Chen et al. (1992), Bobet and Einstein (1998b), Sagong and Bobet (2002), Li et al. (2005), 

Wong and Einstein (2009a; 2007), multiaxial testing by Chen et al. (1992) and Bobet 

(1997), and hydraulic fracturing testing by Daneshy (1975) and Moriya et al. (2006). The 

initiation, propagation, and coalescence of internal micro fractures dominate the 

deformability and strength of rock. New cracks tends to grow at or near the tips of pre-

existing fractures and propagate approximately parallel to the direction of major principal 

stress or coalesce with adjacent cracks. The cracking process of pre-cracked samples under 

compressive loading provides insightful understanding of the cracking process of natural 

rock mass and thus has been studied extensively by many researchers using rocks (Chen et 

al. 1992; Huang et al. 1990; Ingraffea and Heuze 1980; Li et al. 2005; Martinez 1999; 

Meglis et al. 1995; Miller and Einstein 2008; Petit and Barquins 1988; Wong and Einstein 

2009a; Wong and Einstein 2008a; Wong and Einstein 2007; Wong et al. 2001) and 

manmade materials (Bobet and Einstein 1998a; Hoek and Bieniawski 1965; Lajtai 1974; 

Lee and Jeon 2011; Nemat-Nasser and Horii 1982; Sagong and Bobet 2002; Shen and 

Stephansson 1994; Wong and Einstein 2008a; Wong and Einstein 2007).  The main 

objective of these experimental studies is to investigate and characterize the cracks initiated 

from the pre-existing cracks or holes, with consideration of different inclination angles of 

single pre-existing cracks, and the coalescence of several cracks. The term flaw is often 

used to describe these manmade pre-existing cracks or holes.  

Based on the experiments using Plaster of Paris blocks containing a single flaw oriented at 

different angles, Lajtai (1974) summarized a general crack development pattern under 

uniaxial loading that he claimed was representative of a wide range of inclination angles. 

The cracking sequence is shown in Fig. 1 and includes (a) tensile fractures, (b) first normal 
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shear fractures, (c) development of a shear zone through subsequent normal shear and 

tensile fractures, and (d) inclined shear fractures. Later, Ingraffea and Heuze (1980) 

conducted their own experimental study to observe the crack initiation and propagation 

from a single pre-existing flaw (10.2 mm long and 0.2 mm wide) in limestone, Petit and 

Barquins (1988) tested low porosity and high porosity sandstone specimens (50 mm x 50 

mm x 5 mm) both containing 20 mm long and less than 1 mm wide single flaws, Chen et 

al. (1992) conducted uniaxial compression loading tests on marble specimens (110 mm x 

80 mm x 10 mm) containing 0.1 mm wide single flaws,  Li et al. (2005) tested Huangshi 

Marble specimens (110 mm x 62 mm x 25 mm) containing single flaws (0.5 - 1 mm wide 

with a 6 mm diameter center hole), and Wong and Einstein (2009a) studied the single flaw 

(12.7 mm x 1.3 mm) crack propagation using gypsum and marble specimens (152 mm x 

76 mm x 32 mm) under uniaxial compression test, among others. Although different 

terminologies were used by researchers to describe the crack types, similar crack pattern 

was observed from the different experimental studies using various types of materials. 

Tensile wing cracks were always found to be the first cracks to initiate from the flaw 

boundary. Continued loading led to initiation of a secondary group of cracks that may be a 

combination of tensile and shear cracks. Even with the aids of high speed video recording, 

microscopic imaging such as SEM pictures and petrographical thin sections, and AE and 

CT scan techniques, the types and mechanisms of the new cracks that developed after the 

tensile wing cracks are often hard to be categorized, and the stress field inside the specimen 

is never fully revealed (Zhang and Wong 2012). Most researchers simply describe them as 

secondary cracks without implying the mode of crack initiation. In this way the first cracks 

are commonly referred as primary cracks. The word “primary” and “secondary” simply 

implies a temporal relationship. The general location of primary and secondary cracks is 

recovered in Fig. 2.  

With the development of computing technology, numerical modeling has been widely used 

to analyze the flaw cracking process. In the past decades, different numerical methods have 

been developed to simulate crack initiation and propagation. These numerical methods can 

be divided into three categories (Jing 2003): continuum methods including Finite 
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Difference Method (FDM), Finite Element Method (FEM) and Boundary Element Method 

(BEM), discontinuum methods including Discrete Element Method (DEM) and Discrete 

Fracture Network (DFN), and hybrid methods including hybrid FEM/BEM and FEM/DEM. 

Before the development of the discontinuum methods, various criteria were proposed to 

address the limitation of the continuum method when dealing with the crack initiation and 

propagation at the flaw tips. The major criteria (Bobet and Einstein 1998a; Li et al. 2005; 

Tang and Kou 1998; Tang et al. 2001; Vásárhelyi and Bobet 2000) that have been widely 

used include the maximum tangential stress theory (Erdogan and Sih 1963), the maximum 

energy release rate theory (Hussian et al. 1974), the minimum energy density theory (Sih 

1974), the damage model (Reyes and Einstein 1991) and the F-criterion (Shen and 

Stephansson 1994).  

The modeling of discontinuities within the continuum framework is laborious and requires 

different approximation assumptions. Moreover, the micro mechanisms for cracking in 

rock are complex and cannot be fully understood using the continuum method. Therefore, 

the discontinuum method has become more popular in analyzing the cracking behavior of 

rock. The DEM introduced by Cundall and Strack (1979) has evolved into an important 

method for modeling and understanding granular materials like rock. The Bonded Particle 

Model (BPM) is an example of the DEM approach in which particles and bonds are related 

to similar microscopic object and cement in rock (Bagherzadeh et al. 2010; Donzé and 

Magnier 1995; Potyondy and Cundall 2004; Wang and Tonon 2009). The basic idea of 

BPM is to treat rock as an assembly of bonded particles that follow the law of motion and 

consider the model behavior dominated by the formation and interaction of micro cracks 

developed within the particle-particle cement (bond). In the meantime the fracture 

initiation and its evolution, the acoustic emission event and the complex non-linear 

behavior of simulated material can be monitored spontaneously. So the BPM method may 

provide insightful prediction of the fundamental cracking process of rocks. Potyondy and 

Cundall (2004) used two dimensional Particle Flow Code (PFC2D) to simulate the rock 

cracking process in an underground tunnel excavation and obtained results in good 

agreement with the experimental data. Lee and Jeon (2011) studied the crack initiation and 



166 

 

coalescence in PMMA (Poly Methyl MethAcrylate), gypsum and granite with different 

flaw geometry using PFC2D and the simulation results successfully captured the cracking 

behavior in the granite specimen. Zhang and Wong (2012) used PFC2D to simulate the 

cracking process of pre-existing single flaws in gypsum specimens and obtained failure 

patterns that fit well with the experimental and analytical results. So far, only PFC2D have 

been used to simulate the microscopic cracking process of rocks although the cracking 

process is three dimensional. In this paper, the three dimensional Particle Flow Code 

(PFC3D) with the new contact model developed by Ding and Zhang (2013) is used to study 

the cracking process of rocks containing single flaws at different inclination angles.  

2. Methodology 

2.1. Procedure to simulate cracking using PFC3D  

The BPM model in PFC3D represents rock as an assembly of rigid sphere balls with 

cohesive and frictional bonds and finite stiffness at contact. The mechanical behavior of 

this system is described by the constitutive contact model which defines the movement of 

each particle and the force and moment acting at each contact. The principle of BPM has 

been well described by (Cundall 1987; Potyondy and Cundall 2004), and Cho et al. (2007).  

To do PFC3D simulations, first a PFC model consisting of densely packed spheres 

(particles) bonded together needs to be generated and the microscopic properties of both 

the particles and the bonds assigned.  The model genesis and simulation process is 

presented in Fig.3 and includes (Potyondy and Cundall 2004):  

(i) Particles with diameter within a specified range are randomly generated within a 

vessel bounded by frictionless walls;  

(ii) The system is adjusted by allowing particles to move under zero friction and then 

a low isotropic stress is installed by modifying the diameters of all particles 

simultaneously; and  
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(iii) The specimen with well-adjusted contact stress is removed from the vessel and 

loading is applied by moving the top and bottom walls toward each other to 

simulate compression test, or a thin layer of sample apart from each other to 

simulate direct tension test. The walls are frictionless to exclude the end effect.  

 In PFC3D, the formation of a crack is simulated by the breakage of a contact bond between 

two adjacent particles. Each crack is represented by an 8-sided polygon with an equivalent 

diameter equal to the average of the diameters of the two adjacent particles. The centroid 

of the crack lies on the line between the centers of the two adjacent particles and bisects 

the gap between the two particles. The cracking due to different failure types can be 

indicated by different colors, say black for normal failure and red for shear failure. The 

propagation of an initial fracture during loading can be monitored by using the internal 

macro language (FISH) to record the bond breakages, from which the crack trajectory at 

different loading stage can be obtained. An enhanced FISH function was developed by 

authors to backtrack and display cracks location at different stress condition. 

To control the total number of particles which is closely related to the calculation time, a 

numerical specimen size of 76 mm by 38 mm by 16 mm was selected. The average particle 

size was selected based on the computer capacity and the stability of model simulation. 

Based on the study by Ding et al. (2013), the ratio of minimum specimen size (L) to average 

particle diameter (D) has to be greater than 15 to ensure low variation of simulation results 

from different realizations. So the particle size used in this study followed a uniform 

distribution ranging from Dmin = 0.68 mm to Dmax = 1.13 mm, which gave an L/D ratio of 

18. Simulations indicated that further decrease of the particle size had essentially no effect 

on the results. In total, the numerical specimen contained approximately 78,000 particles.  

Unless stated specifically, an initial flaw size of 25 mm by 2.5 mm was used in all 

simulations (Fig. 4). This flaw size was selected based on the following considerations:  

(i) Use the same flaw length to aperture ratio of about 10 as was used in the different 

experimental studies to be simulated in this paper; and  
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(ii) Keep the flaw aperture size three times larger than the average particle size to 

ensure that the flaw stays open during loading process. 

The effect of flaw shape on the cracking process will be discussed in detail later. The open 

straight flaw was created by deleting particles after a prismatic specimen was generated. 

The two tips of the flaw were half circles with a diameter equal to the flaw aperture in order 

to simulate the tip smoothness of experimental specimens.  

To simulate experimental cracking tests, the specimens were loaded by moving the top and 

bottom frictionless platens slowly toward each other. The loading process was continued 

until the post-peak axial stress came down to 50% of the peak strength. Finally, the data of 

crack initiation, crack propagation, and the type of cracking (tensile or shear) were 

extracted from the output for analysis. 

2.2. New contact model 

Since the default contact model in PFC3D has the limitation of underestimating the 

unconfined compressive strength to the tensile strength (UCS/T) ratio, Ding and Zhang 

(2013) developed a new contact model and implemented it in the PFC3D. With the new 

contact model, the PFC3D simulations can correctly reproduce the UCS/T ratio observed 

in rock testing. In this paper, the new contact model implemented in the PFC3D is used to 

study the cracking process of rocks. Detailed parameter study on the new contact model 

can refer Ding and Zhang (2013). For convenience, the new contact model is briefly 

described below. 

The new contact model can properly consider the contribution of moment to the contact 

stresses and the condition at which the contact bond fails (see Fig. 5 for the illustration of 

forces and moments acting on the bond). Specifically, the contribution of moment to the 

normal and shear contact stresses is controlled respectively by parameters 1and 2, as 

expressed by the following equations (Fig. 6): 
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where 
max and 

max  are the maximum contact stress respectively in the normal and shear 

directions; nF , sF , nM and sM are the contact forces and moments at the center of the 

contact zone respectively in the normal and shear directions; and A, I and J are respectively 

the area, moment of inertia and polar moment of inertia of the bond cross-section.   

The new contact model assumes that the shear strength follows Coulomb criterion with a 

tension cut-off and has an upper bound (Fig. 7). The shear strength s is determined by: 
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where n is the normal contact stress, C is the cohesion, i is the friction angle, r is the 

residual friction angle, and  is the controlling parameter that determines the ratio of the 

maximum shear strength over the cohesion strength. t is the tension cut-off or maximum 

tensile strength of the contact bond.  

When 
max > s, shear rupture occurs and the interaction between the initially bonded 

particles becomes purely frictional, and the shear strength is then determined by 

rns  tan        (3) 

where r is the residual friction angle. 

3. Simulation of single flaw cracking process in gypsum and Carrara marble 

Wong and Einstein (2008a, b) and Wong (2008) conducted systematic experimental study 

on the flaw cracking process in gypsum and Carrara marble. The specimens were in a 

prismatic shape and had a dimension of 152mm (height) x 76mm (width) x 32 mm 
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(thickness). The open flaw was a through rectangular hole with rounded tips with a length 

of 12.7 mm and an aperture of 1.3 mm (Fig. 4). The tests were carried out using a Baldwin 

200 Kips loading machine which was controlled to apply the load continuously until the 

specimen failed. The two ends of the specimen were supported with steel brushed platens 

to minimize the non-uniform stress and the friction between the faces of the specimen and 

the loading platens. The cracking process was captured using a high speed camera which 

clearly shows the location and pattern of the primary and secondary cracks.   

In order to demonstrate the capability of the new contact model to simulate the cracking 

process of pre-existing flaws, the test specimens of Wong and Einstein (2008a, b, 2009b) 

and Wong (2008) were simulated. The initiation of primary and secondary cracks were 

recorded and compared with the experimental test results. Before simulating the cracking 

process of pre-existing flaws, the unconfined compression and tension test properties 

(Table 1) were simulated to determine the microscopic parameters (Table 2).  

3.1. Single flaw in gypsum 

Using the microscopic parameters in Table 2, the cracking processes of pre-existing flaws 

at an  inclination angle of respectively  = 0°, 30°, 45° and 60° were simulated. The results 

are compared with the experimental snapshots in Figs. 8 to 11. 

3.1.1.  = 0° 

The experimental snapshots (Figs. 8a and b) show that the first cracks initiated from the 

middle portion of the pre-existing flaw and were macroscopic tensile wing cracks. On the 

other hand, the macroscopic cracks initiated from the flaw tips, which were the secondary 

cracks, consisted of wider micro cracking zones that contained micro-tensile cracks and 

micro-shear cracks. The macroscopic cracks, which had the mixed shear-tensile 

characteristics, could thus be classified as mixed tensile–shear crack.  

The PCF3D simulation (Figs. 8c and d) captured the features of the experimental results 

very well. The first cracks contained major tensile cracks initiated from the middle portion 

of the pre-existing flaw and propagated to the top and bottom surface of the specimen. The 
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secondary cracks first initiated from the pre-existing flaw tips with solely shear cracks first 

and then developed to coalesce with neighboring tensile cracks.  

3.1.2.  = 30° 

The experiment results (Figs. 9a and b) show that the two macroscopic tensile wing cracks 

initiated from the tip regions of the pre-existing flaw as the first cracks. Both of them were 

expressed as narrow micro cracking zones consisting entirely of microscopic tensile cracks. 

Three secondary macroscopic cracks initiated from the two flaw tip regions. For the anti-

wing crack initiated around the left tip and the mixed tensile–shear crack initiated around 

the right tip, both propagating upwards. The anti-wing crack consisted not only of micro-

tensile cracks, but also multiple micro-shear cracks close to the flaw tip. The third 

secondary crack initiated from the left flaw tip and propagated downwards. It belonged to 

the mixed tensile–shear crack. 

The numerical simulation (Figs. 9c and d) captured the first tensile wing cracks and the 

mixed tensile-shear type secondary cracks. The first cracks contained two cracks initiated 

from the top of right flaw tip and the bottom of left flaw tip. Both originated from tensile 

cracks and had spotting of shear cracks during the macroscopic fracture growth. The 

secondary cracks zone started from the bottom right flaw tip and the top left flaw tip, 

containing a mixture of shear and tensile cracks.  

3.1.3. = 45° 

The experimental snapshots (Figs. 10a and b) show that two macroscopic tensile wing 

cracks initiated from the tip regions of the pre-existing flaw as the first cracks. Both of 

them were expressed as narrow micro cracking zones consisting entirely of microscopic 

tensile cracks. Two secondary macroscopic cracks developed—one initiated from the right 

flaw tip region and one initiated at a distance away from the pre-existing flaw. The micro 

cracking zones of these secondary cracks were wider than those of the first cracks. 

The numerical simulation (Figs. 10c and d) was able to partially capture some key features 

of the physical test. The numerical simulation predicted the first tensile wing cracks very 

well. The initiation of secondary cracks from the left bottom corner and the top right corner 
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of the pre-existing flaw also fitted the experimental results very well. The initiation of 

secondary cracks was a mixture of shear and tensile failures in nature. The final stage of 

the secondary cracks was two mixed shear and tensile cracking zones propagating toward 

to the top and bottom surface. 

3.1.4.  = 60° 

The experiment results (Figs 11a and b) show that the two macroscopic tensile wing cracks 

initiated from the tip regions of the pre-existing flaw as the first cracks. Both of them were 

expressed as narrow micro cracking zones consisting entirely of microscopic tensile cracks 

and associated with the tensile micro cracking zone. Further loading led to the development 

of two secondary cracks. The first one initiated from the right flaw tip, next to the tensile 

wing crack previously initiated. The micro cracking zone, which was underlain by a 

relatively higher proportion of micro-shear cracks close to the flaw tip, was wider than that 

underlain by pure micro-tensile cracks far away from the flaw tip. The other secondary 

crack, which initiated at a distance away from the pre-existing flaw, next to the first crack 

initiated from the left flaw tip, was a tensile crack consisting of purely micro-tensile cracks.  

A pair of symmetrical tensile wing cracks, which were the first cracks, initiated from the 

two tips of the pre-existing flaw in the numerical simulation (Figs. 11a and b), with the 

propagation orientation fitting the experimental one very well. The two secondary cracks, 

one initiated from the right bottom of the flaw tip and the other one from the left top of the 

flaw tip, consisted of multiple micro-tensile and shear cracks adjacent to the flaw tips. The 

isolated tensile cracking zones located near the shear zone finally coalesced with each other, 

which resembled the secondary cracks initiated from the right tip in the experiment. 

3.2. Single flaw in Carrara marble 

The fracturing behavior of Carrara marble specimens containing flaws oriented at different 

inclinations was also studied by Wong (2008) and Wong and Einstein (2008a, b). 

Considering the similarity of the testing results using gypsum and marble, only the 

experimental and simulation results at a flaw inclination angle of 45° is presented and 

discussed here.  
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The experimental results (Figs. 12a and b) show that two curvilinear white patches (CWP) 

initiated from the pre-existing flaw tips first. Both of them were expressed as narrow 

cracking zones consisting entirely of microscopic tensile cracks and the tensile trajectory 

length was also limited while no macroscopic splitting happened. Two secondary 

macroscopic cracks developed — one initiated from the right flaw tip region and the other 

from the left flaw tip region. The micro cracking zones of these secondary cracks were 

mixed of tensile and shear cracks. 

The numerical simulation was able to catch the short and tensile nature of the white patches 

as the first cracks developed from the flaw tip (Figs. 12c and d). Shortly after the first 

cracks were the mixed tensile and shear cracks from the flaw tips. The secondary cracks 

developed in a coplanar direction with the pre-existing flaw.  

3.3. Comparison with default PFC3D simulations 

As a comparison, the cracking process of gypsum containing a pre-existing flaw orientated 

at 30° and 60° was also simulated using the default PFC3D. Again, the microscopic 

parameters were first determined based on calibration (Tables 1 and 2). The simulation 

results are shown in Fig. 13. The default PFC3D simulations showed that the first cracks 

were a mixed tensile and shear cracks initiated from the flaw tip and did not propagate to 

the up and bottom surfaces. The whole specimen tended to fail in an inclined shear zone 

orientated at the same angle as the flaw. So the default PFC3D was not able to simulate the 

right cracking process of gypsum containing a pre-existing flaw. 

4. Effect of flaw shape on cracking process 

The effect of the flaw inclination angle on the cracking process can be clearly seen in the 

previous section. In this section, the effect of flaw shape on the cracking process was 

investigated by analyzing specimens containing different shapes of pre-existing flaws (Fig. 

14).  Specimen (a) has a flaw shape of 20 mm by 3.5 mm, specimen (b) has a reduced 

length by half, and specimen (c) has a reduced thickness by half. The crack propagation 
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patterns of these three types of specimens are compared in Fig. 15 by showing the recorded 

primary and secondary cracks. The following can be observed:  

 The tensile cracks first imitated from the up and bottom flaw tips tend to decrease 

in propagation length as the flaw length to thickness ratio decreases; 

 The secondary cracks initiated earlier as the flaw length to thickness ratio decreases;  

 The percentage of shear cracks tends to increase as the length to thickness ratio 

decreases.  

5. Conclusions 

This paper used the PFC3D with a newly developed contact model to simulate the cracking 

processes of rocks containing single pre-existing flaws. Based on the results, the following 

conclusions can be drawn: 

1) The new contact implemented in PFC3D can successfully simulate the 

experimental cracking process of gypsum and Carrara marble containing single pre-

existing flaws. The primary cracks initiate from the tensile stress concentration 

regions first. The secondary cracks initiated from the flaw tip are shear cracks first 

and quickly develops to mixed tensile and shear cracking zone.  

2) Both the inclination angle and the shape of the pre-existing flaw affect the cracking 

process. The tensile stress concentration zone and thus the first tensile (primary) 

cracks shift from the middle of the flaw towards the flaw tip regions as the 

inclination angle increases. As the flaw length to thickness ratio decreases, the 

primary tensile crack trajectory length decreases, the secondary cracks initiate 

earlier and the percentage of shear cracks increases. 

3) The PCF3D with the implemented new contact model can not only capture the 

cracking process observed in the experiment, but also show some advantages in 

investigating the crack trajectory and nature, such as studying the incremental 

development of micro cracks which eventually lead to the development of micro 

cracking zones and macroscopic cracks, and the failure types of these micro cracks 

can be identified clearly. 
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Table 1: Comparison of experimental and simulated macro mechanical properties of gypsum 

and Carrara marble 

 Gypsum  Carrara Marble 

Property Experimental 

PFC3D 

(new 

model) 

PFC3D 

(default 

model) 

Experim

ental 
PFC3D 

Young’s modulus, E (GPa) 5.96 5.97 6.0 49 49.9 

Poisson’s ratio,  0.15 0.08 0.155 0.19 0.15 

UCS,c (MPa) 33.8 33.7 34.3 84.6 85.5 

Tensile strength, t (MPa) 3.2 3.18 8.72 6.9 6.68 
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Table 2: Calibrated microscopic parameters of gypsum and Carrara marble  

Property Description Gypsum 

 

Carrara 

marble 

New 

model 

Default 

model 

dmin (mm) Minimum ball diameter 0.68 0.5 0.68 

dmax/dmin Ratio of maximum to minimum ball 

diameter 

1.66 1.66 1.66 

Ec (GPa) Grain modulus 4.4 4.5 44 

cE (GPa) Cement modulus 4.4 4.5 44 

sn kk /  Ratio of cement normal to shear 

stiffness  

1.5 0.95 2.5 

C (MPa) Average shear bond strength  7.3 25 22 

t  (MPa) Average normal bond strength  2.8 35 7.1 

λ Bond width multiplier 1 1 1 

1  Moment contribution factor 0.1  0.1 

2  Moment contribution factor 0.1  0.1 

  Maximum shear strength multiplier 2  2 

i (degree) Friction angle  45  45 

r (degree) Residual friction angle 35  35 
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Fig. 1. The evolution of fracture from a single flaw of general orientation (after Lajtai 

1974). 
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Fig. 2. Schematic diagram showing the cracking process from a pre-existing flaw under 

uniaxial compression 
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Fig. 3. Model genesis and simulation process 
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Fig. 4. Flaw size configuration of (a) experiment test from Wong and Einstein (2008a, b) 

and (b) PFC3D simulations (detailed flaw size showed in (c)) 
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Fig. 5. Contact bond model: (a) bond between two particles, and (b) Forces and moments 

acting on the bond.  
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Fig. 6. Moment contribution to normal and shear contact stresses. 
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Fig. 7. Shear strength criterion in the new contact model. 
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               (c) First cracks                                             (d) Secondary cracks 

Fig. 8. Cracking process of a pre-existing flaw (= 0°): (a) and (b) First and secondary 

cracks from experiment (Zhang and Wong 2011), and (c) and (d) First and secondary 

cracks based on PFC3D simulation 
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               (a) First cracks                                                         (b) Secondary cracks 

Fig. 9. Cracking process of a pre-existing flaw (= 30°):  (a) and (b) First and secondary 

cracks from experiment (Zhang and Wong 2011), and (c) and (d) First and secondary 

cracks based on PFC3D simulation. 
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               (a) First cracks                                                         (b) Secondary cracks 

Fig. 10. Cracking process of a pre-existing flaw (=45°): (a) and (b) First and secondary 

cracks from experiment (Zhang and Wong 2011), and (c) and (d) First and secondary 

cracks based on PFC3D simulation. 
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               (c) First cracks                                          (d) Secondary cracks 

Fig. 11. Cracking process of a pre-existing flaw (=60°): (a) and (b) First and secondary 

cracks from experiment (Zhang and Wong 2011), and (c) and (d) First and secondary 

cracks based on PFC3D simulation. 



195 
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(b) Secondary cracks 
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Secondary cracksDevelopment of CWP

 
(c) CWP as first cracks                              (b) Secondary cracks 

 

Fig. 12. Cracking process in Carrara marble containing a pre-existing flaw (=45°): (a) and 

(b) First and secondary cracks from experiment (Zhang and Wong 2011), and (c) and (d) 

First and secondary cracks based on PFC3D simulation 
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Fig. 13. Cracking process of gypsum containing a pre-existing flaw at 30 and 60 based 

on (a) Experiment; (b) Simulation with new contact model in PFC3D; and (c) Simulation 

with the default contact model in PFC3D. 
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Fig. 14. Pre-existing flaws of different shapes 
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Fig. 15. The primary and secondary cracks of three specimens containing different shapes 

of pre-existing flaw. 
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