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Chapter 7 - Development of the Finite Element Model

7. Development of the Finite Element Model

The finite element modelling package ABAQUS was used to model the effect of blasting on

adjacent paste fill in an underground mine. This chapter describes the modelling package used,

the problem definition and the input data for the numerical models created for this project.

7.1. Finite Element Analysis

This section outlines the finite element analysis process used for this project.

7.1.1. General

Finite element analysis is a computer technique which is commonly used in engmeenng

analysis to study complex systems where it is difficult or expensive to use field experiments and

where the solution to a problem cannot be solved using closed-form analytical solutions. In

finite element analysis, a numerical technique known as the finite element method is used to

solve a system of simultaneous equations. The system being modelled is represented by a

geometrically similar model which consists of finite elements. The solution of a finite element

model is approximate and the accuracy of a model depends on the quality of the finite element

mesh. The system of simultaneous equations are produced by applying physical characteristics

to the model such as constitutive models, equations of equilibrium and loads.

The modelling process generally includes three steps: pre-processing, analysis and visualisation.

The pre-processing step is the step in which the finite element model is created. Most

modelling packages provide built-in codes to create the finite element model. The analysis step

is where a solution is computed, and the visualisation step is where the results are analysed.

Finite element packages generally provide visualisation tools for the display ofthe model results

in different formats.

A number of finite element software packages are available for different applications.

ABAQUS/Explicit was determined to be the finite element modelling package that was most

suitable for modelling blasting out of those available at the James Cook University School of

Engineering. The other alternatives include ANSYS, PLAXIS and FLAC.

7.1.2. ABAQUS

ABAQUS is a finite element modelling package where the entire suite includes the following

components:

• ABAQUS/Standard: A general-purpose finite element program;
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• ABAQUSlExplicit: An explicit dynamics finite element program;

• ABAQUS/CAE: An interactive environment used to create models, submit and monitor

jobs and evaluate model results; and

• ABAQUSNiewer: A subset ofABAQUS/CAE (the Visualization module) used to evaluate

model results.

The modelling process usmg ABAQUS is shown schematically in Figure 7.1. A brief

description of each component is given in the following sections.

Preprocessing Analysis Visualisation
ABAQUS/CAE ~ ABAQUS/Standard ~ ABAQUSNiewer

ABAQUS/Explicit

Figure 7.1 - ABAQUS Modelling Process

7.1.2.1. ABAQUS/Standard

ABAQUS/Standard is a general-purpose solver. It uses traditional implicit integration scheme

to solve a system of equations implicitly at each solution "increment". ABAQUS/Standard can

be used for a number of different analysis procedures including:

• Static analysis;

• Eigenvalue buckling analysis;

• Unstable collapse and postbuckling analysis;

• Quasi-static analysis;

• Direct cyclic analysis;

• Implicit dynamic analysis; and

• Complex eigenvalue extraction.

The transmission of blast waves through rock and backfill material is a dynamic analysis. Since

ABAQUSlExplicit provides a more economical solution to this style of analysis than the

solution methods used in ABAQUS/Standard, ABAQUSlExplicit was used for this project.

ABAQUS/Standard was only used for the natural frequency extraction described in section

7.5.1.6.
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7.1.2.2. ABAQUSIExplicit

ABAQUS/Explicit is a finite element program designed for solving highly nonlinear transient

dynamic problems. The explicit dynamic procedure performs a large number of small time

increments using a central-difference time integration rule. The solution for a set of

simultaneous equations is not computed at each increment, making each increment relatively

inexpensive. The explicit central-difference operator satisfies the dynamic equilibrium

equations at the beginning of the increment, t, and the accelerations calculated at time t are used

to advance the velocity solution to time t + ~t/2 and the displacement solution to t + ~t.

Therefore, the explicit method is efficient for the analysis of large models with a relative short

dynamic response time (ABAQUS version 6.4 Documentation, 2003).

In the explicit dynamic analysis procedure, the equations of motion for the body are integrated

using the explicit central-difference integration rule as follows (ABAQUS version 6.4

Documentation, 2003):

.N _. N ~t(i+1) + ~t(i) ··N
U(. 1)-U(. 1)+ U(i)

1+- [-- 2
2 2

where UN is a degree of freedom (displacement or rotation component)

U is velocity

U is acceleration

i refers to the increment number in an explicit dynamic step.

The accelerations at the beginning ofthe increment are computed by:

"N (MN.J \-1(0./ 1./)
U(i) = J F(i) - (i)

where MNJ is the mass matrix

pJ is the applied load vector

IJ is the internal force vector

(7.1)

(7.2)

(7.3)
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A lumped mass matrix is used in this calculation. This is because the inverse of the matrix is

simple to calculate and the vector multiplication of the mass inverse by the inertial force

requires a limited number of operations (the number of degrees of freedom in the system)

(ABAQUS version 6.4 Documentation, 2003).

An analysis in ABAQUS/Explicit may require an extremely large number of increments.

However, as the increments are relatively expensive ABAQUS/Explicit often results in an

economical solution. ABAQUS/Explicit has been used in the past to model blast induced

damage in rock (Liu and Katsabanis 1997; Yang and Turcotte 1994), and has been shown to be

capable of generating acceptable results. Therefore, ABAQUS/Explicit was chosen as the most

suitable program in which to conduct the modelling for this project.

7.1.2.3. ABAQUS/CAE

ABAQUS/CAE is an interactive environment from which models can be created, run and the

results analysed. It is broken up into modules, each of which is used to define a step in the

modelling process. ABAQUS/CAE contains the following modules:

• The Part module: used to create parts which are used as building blocks to build a model;

• The Property module: used to define material properties and assign sections to parts;

• The Assembly module: used to create an assembly using the parts defined in the part

module;

• The Step module: used to create analysis steps, specify output requests and specify solution

controls;

• The Interaction module: used to define interactions between regions in the model. These

reactions include mechanical and thermal interactions, analysis constraints and connections

between two points;

• The Load module: used to define loads, boundary conditions and fields;

• The Mesh module: used to define node spacing, element types and create a mesh of the

assembly;

• The Job module: used to create input files and to submit and monitor jobs; and

• The Visualisation module: used to analyse the results ofthe model.
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ABAQUS/CAE was used to create and mesh basic input files for this project. The input files

created by ABAQUS/CAE were then edited to use infinite elements which are not available in

ABAQUS/CAE, but are available in ABAQUS/Explicit.

7.1.2.4. ABAQUS/Viewer

The Visualization module from ABAQUS/CAE is also licenced separately as

ABAQUSlViewer. This module allows the results of a model to be displayed in several formats

including the ability to plot x-y data, view the deformed shape of a model and to plot contours

of components for which field data was calculated. ABAQUS/Viewer was not used for this

project as ABAQUS/CAE was used to view model results.

7.2. The ABAQUS inputfile

Both ABAQUS/Standard and ABAQUS/Explicit are run as batch applications. The main input

to these modules is an input file which contains the model definition and the steps to be

processed. The input file is usually created by a preprocessor such as ABAQUS/CAE, although

it can be written manually using the keywords given in the ABAQUS manuals. For this project,

ABAQUS/CAE was used to create a basic input file for each model type which was then edited

manually to include elements not available in ABAQUS/CAE and to run the analysis for

different scenarios.

ABAQUS Input files contain the following two types of data defined in two separate sections:

• Model data

• History data

7.2.1. Model Data

The first section of the input file contains the model data which are used to define the model.

The model data includes the following required data:

• Geometry of model defined as nodes and elements; and

• Material definitions.

In addition to the required data, the following optional model data can be defined:

• Parts and an Assembly;

• Initial Conditions;
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• Boundary Conditions;

• Kinematic Constraints;

• Interactions;

• Amplitude Definitions;

• Output Control options for controlling the model definition data to be written to the output

file;

• Environmental Properties; and

• Analysis Continuation information if the analysis is being continued from a previous model

run.

The model data used in this project are defined in section 7.5.

7.2.2. History Data

The second section of the input file contains the history data which are used to define the steps

to be applied to the model. The history data are broken up into steps, which are individual

components of an analysis. A new step can be used to define changes such as a different type of

analysis, a change in the magnitude of a load or a change in output requests. Multiple steps can

be used and there is no limit on the number of steps in a model. The required history data for a

step includes the analysis type. The optional history data for a step depends on the type of step

and can include the following:

• Loading;

• Boundary Conditions;

• Output Requests including components to be output and the time steps at which the output

data are written;

• Contact; and

• Auxiliary Controls.

The history data used in each different analysis for this project are discussed in section 7.5.
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Data Definitions

All data definitions in ABAQUS, whether model data or history data are written as option

blocks, which are sets of data which describe part of the problem definition. Only the options

that are relevant to the particular application are used. The options blocks are defined using

three types of input lines in an ABAQUS input file, namely keyword lines, data lines and

comment lines. Keyword lines are used to introduce options and have an asterisk preceding

them. Keyword lines often have parameters, which are words or phrases which appear on the

keyword line. Some parameters are required for a given keyword while others are optional.

Parameters may also be assigned a value. An example of a keyword line is as follows:

*ELEMENT, type=CPE4, elset=Paste

Data lines follow most keyword lines and are used to provide information that cannot

adequately be defined using parameters. Comment lines are used to provide comments for users

reading the input file and are ignored by ABAQUS. These lines must start with two asterisks

(**) and can be placed anywhere in the input file. An example of a keyword line, data line and

comment line is as follows:

Comment line

Keyword line

Data line

** Surface Load. Name: Blast side2 Type: Pressure

*Dsload, amplitude=JIANG

BlastS_surf2, P, 4.Se+07

Where applicable, the keywords and parameters used for each option for the models created for

this project are given in section 7.5.

7.3. Problem Definition

The problem definition for each model developed for this dissertation is described in the

following section.

7.3.1. General

The finite element model for this dissertation was developed through a three stage modelling

process. A set of models was developed for each stage as follows:

• Stage 1: A single column of explosive in paste fill;

• Stage 2: A single column of explosive in rock; and
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• Stage 3: Columns of explosive in rock adjacent to paste fill.

The stage 1 models were used to validate the model results of the transmission of blast waves

through paste fill against the data obtained in the field instrumentation tests discussed in chapter

4. Once validated, these models were then used to compare the transmission of blast waves

through different mixes of paste fill. Similarly, the stage 2 models were used to validate the

model results of the transmission of blast waves through rock. The stage 3 models were then

used to model blasts in rock adjacent to paste fill. The problem definition and geometry of each

model are given in the following sections.

7.3.2. Stage 1 Model: Single Column of Explosive in Paste Fill

The stage 1 model was based on the scenario encountered in the field tests discussed in chapter

4. The purpose of this model was to validate the numerical model against the field

instrumentation tests and to predict the effect of cement and solids content of the paste fill on

the propagation of the blast wave. Once the model for stage 1 was validated, the material model

developed for this stage was used for the stage 3 model.

This scenario consisted of a blast hole in a mass of paste fill containing a single cartridge of

emulsion explosive, as shown in Figure 7.2. The blast hole was 3 m deep and 44 mm in

diameter. The cartridge of explosive was 200 mm long and had a diameter of 32 mm. For the

purpose of this modelling, it was assumed that the rock/paste fill interface was at a sufficient

distance from the explosive column to not affect the model results. In this situation, a line of

symmetry exists down the centre line of the blast hole. Therefore, only the region outlined in

Figure 7.2 had to be included in the model. Due to the symmetry of the geometry, an

axisymmetric model was used.

Figure 7.2 - Scenario Represented in Stage 1 Models (Not to Scale)
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The 15 m wide and 9 m high finite element model mesh is shown in Figure 7.3. The blast load

was applied to the walls of an "equivalent cavity" with a radius of 66 mm, which is three times
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the blast hole radius. The concept of an "equivalent cavity" was used in order to model the

transmission of blast waves through the fill without modelling the cracking immediately

surrounding the blast hole. This method allows the propagation of the blast wave within the

material to be modelled without the need to use complex material models and cracking models.

For large scale models such as those used in this work, the use of an "equivalent cavity"

dramatically reduces the time required to solve the model. This concept is discussed further in

section 6.6. Infinite elements were placed along the side and base of the model in order to

provide a non-reflecting boundary. The blast load applied to this model is discussed in chapter

6, and the remainder of the model parameters are discussed later in this chapter.

load

Figure 7.3- Finite Element Mesh/or the Stage 1 Model

This model was initially solved for a paste fill mIX of 76 % solids and 4 % cement,

representative of the 76 % solids and 3.8 % paste fill mix of the stope used for the field tests.

The model results were compared against the prediction of the ppv using the parameters

obtained from the field tests in order to validate the model. The validation of this model is

discussed in Chapter 8.

This model was then run for the different mixes of paste fill given in Table 7.1 in order to assess

the wave propagation in different mixes of paste fill. The material properties for these mixes of

paste fill are given in Table 7.2. The results of this assessment are discussed in Chapter 8.
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Table 7.1 Paste Fill Mixes used in the Stage 1 Model

Solids Content (%)

Cement Content (%)

76

2

76

4

76

6

78

2

78

4

78

6

80

2

80

4

80

6

Table 7.2 Material Properties used for Paste Fill

Paste Fill Mix Elastic Parameters Drucker-Prager Model Parameters Damping

p E v tan f3 K \jf O'c kPa E a

(kg/nr') MPa (deg)

74% S2%C 2056 4 0.2 1.066 0.778 0 81.2 0 0.000567

74% S4%C 2021 23.0 0.2 1.001 0.778 0 396.3 0 0.000567

74% S 6%C 2021 81.0 0.2 0.9185 0.778 0 621.6 0 0.000567

76% S2%C 2130 23.0 0.2 0.9963 0.778 0 204.6 0 0.000567

76% S4%C 2003 56.0 0.2 0.9614 0.778 0 692.5 0 0.000567

76% S 6% C 2003 98.0 0.2 0.9225 0.778 0 1176 0 0.000567

78% S2%C 2182 17.0 0.2 0.9054 0.778 0 252.1 0 0.000567

78% S4%C 2008 74.0 0.2 0.9160 0.778 0 959.4 0 0.000567

78% S 6%C 2088 140.0 0.2 0.9264 0.778 0 1747 0 0.000567

80% S 2% C 2057 25.0 0.2 0.9054 0.778 0 358.6 0 0.000567

80% S 4% C 2057 121.0 0.2 0.9160 0.778 0 1272 0 0.000567

80% S 6% C 2057 233 0.2 0.9224 0.778 0 2290 0 0.000567

S = solid content; C = cement content
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Stage 2 Model: Single Column of Explosive in Rock

The stage 2 model was based on the scenario of a single column of emulsion explosive in a rock

mass, as shown in Figure 7.4. The blast hole was 89 mm in diameter, with the diameter of the

explosive based on the diameter of blast holes used in the productions blasts monitored and

discussed in Chapter 3. The blast hole was 3 m deep in this model, out of which a 2 m length is

explosive material and aIm length is stemming material. The stemming material is used to

ensure that the gases provide a load to the walls of the blast hole rather than escaping from the

blast hole, and does not provide any strength to the system. Therefore, the stemming material

was not modelled. For the purpose of this modelling, it was assumed that there was no paste fill

in the vicinity of the explosive column. In this situation, a line of symmetry exists down the

centre line of the blast hole. Therefore, only the region outlined in Figure 7.4 had to be included

in the model. Due to the symmetry of the geometry, an axisymmetric model was used.

Ii

6m[
1:( -----------------------------;1

15 m

1m

2m

,,
Ii :
f-'

Legend

D Rock

~ Explosive Material

D Stemming Material

Boundary of
modelled region

Figure 7.4 - Scenario Represented in Stage 2 Model (Not to Scale)

This model was similar to the stage 1 model and consisted of a 15 m wide and 9 m high finite

element mesh, as shown in Figure 7.5. As for the stage 1 model, infinite elements ware placed

along the side and base of the model to provide a non-reflecting boundary and the blast load was

applied to the walls of an "equivalent cavity". A radius of 134 mm, which is three times the

blast hole radius used in the production blasts, was used for the "equivalent cavity". The blast

load applied to this model is discussed in chapter 6, and the remainder of the model parameters

are discussed later in this chapter.

This model was solved for the rock types listed in Table 7.3 in order to assess the effect of rock

type on wave propagation. The material properties for these rock types are given in Table 7.4.

The results of this assessment are discussed in Chapter 8. The model results when Broadlands

rock type was used were compared against the prediction of the ppv using the parameters
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obtained from the Sartor's (1999) work in order to validate the model. The validation of this

model is discussed in section 6.9.

Figure 7.5 - Finite Element Mesh/or Stage 2 Model

Table 7.3 Rock Types Used in the Stage 2 Model

Symbol

BL

BM

GH

HDMT

PXAM

QZGAlIT

QZHD

Rock Type

Broadlands

Burnham

Glenholme

Magnetite bearing hedenbergite rock

Pyrobole Rock

QZGA: garnetiferous quartzite/arkose

QZIT: meta quartzite/arkose

Hedenbergite quartzite rock
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Table 7.4 Material Properties used for Rock

Rock Elastic Parameters Drucker-Prager Model Parameters Damping

Type

p EGPa v tan f3 K \jf O'c a

(kg/m') (deg) MPa

BL 3950 19.3 0.2 0.876 0.778 0 216.8 0 9.6102

BM 4440 20.9 0.2 0.876 0.778 0 220.0 0 9.4326

GH 3480 10.3 0.2 0.876 0.778 0 44.3 0 6.7008

HDMT 4060 11.7 0.2 0.876 0.778 0 142.7 0 7.3806

PXAM 3670 12.1 0.2 0.876 0.778 0 162.0 0 7.8942

QZGA 2930 16.0 0.2 0.876 0.778 0 189.3 0 10.1598

QZHD 2870 18.9 0.2 0.876 0.778 0 222.1 0 11.1570

7.3.4. Stage 3 Model: Columns of Explosive in Rock Adjacent to
Paste Fill

The stage 3 model was based on the scenario of columns of emulsion explosive in a rock mass

adjacent to a stope which has been previously mined and filled with paste fill, as shown in

Figure 7.6. Two different stage 3 models were created, one using a blast hole diameter of

89 mm and the other using a blast hole diameter of 76 mm. These diameters were based on the

diameter of blast holes used in the productions blasts monitored and discussed in Chapter 3.

The paste fill stope in this model was 25 m by 25 m in plan view, representative of the average

dimensions of a stope. Several models were run with the column of explosive at 2.5,5, 7.5 and

10 metres from the paste fill.

Figure 7.6 shows the geometry of this model. Many attempts were made to create and run a

three-dimensional model of this scenario in ABAQUS/Explicit, however these attempts were

unsuccessful due to the large numbers of elements required. Therefore, this system was

modelled using plane strain elements to model the system in plan view. This scenario was

approximated using a two-dimensional, plane strain model. Plane strain elements are used
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Figure 7.6 - Scenario Represented in the Stage 3 Model

when it can be assumed that the normal and shear strain in the z-direction are zero. This

generally applies in cases when the body is very thick in comparison to the dimensions in the x

and y-directions. The rock and paste stopes and the blast hole may be represented with plane

strain elements as they are thick in the z-direction compared to the x- and y-directions. The
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representation of the blast hole with plane strain models provides realistic results in the region

surrounding the middle of the blast hole.

There are some limitations to representing a blast hole with a plane strain model. In the region

surrounding the ends of the blast hole column there is no symmetry to enable the system to be

modelled with a two dimensional model when the blast hole is located in rock adjacent to paste

fill and a three-dimensional model would be required to provide accurate results. As discussed

in section 2.5.2, the peak particle velocity experienced from the detonation of a column of a

given diameter with a given type of explosive does not increase as the length of the column

increases, as the charge weight in the blast hole is proportional to the charge length. Therefore,

the peak particle velocities experienced at the ends of the blast hole are not expected to be

greater than those in the centre of the blast hole column. As a result, the results obtained in a

plane strain model are expected to be representative of the maximum peak particle velocities

which would be experienced from a given blast hole.

In addition to the scenario shown in Figure 7.5, a version of the stage 3 model was set up with

loading applied to by a line of blast holes with a geometry shown in Figure 7.6. This model was

run for several detonation patterns including the simultaneous detonation of the blast holes and

detonation delays between each blast. Production blasts in mines generally consist of many

blast holes, and the arrangement shown in Figure 7.7 is not uncommon. This arrangement was

used for the vertical blast holes referred to as COS blast holes in the production blasts discussed

in Chapter 3. In a production blast, these blast holes are generally detonated with a delay time

of several milliseconds between blast holes.

The finite element model mesh of the plane strain model is shown in Figure 7.8. The model

was run for a variety of loading patterns. The location of all blast hole locations modelled is

shown in the figure. These blast holes were not all applied in one model run. The stage 3

modelling was run for three different loading scenarios which are described as follows:

• Scenario 1: A single blast hole was detonated adjacent to the centreline of the paste fill

stope. This scenario was run for blast holes located at 2.5,5.0, 7.5 and 10.0 m from the

rock/paste fill interface.

• Scenario 2: A single blast hole was detonated at a location offset from the centreline of

the paste fill stope. This scenario was run for blast holes located at an offset of 2.5, 5.0,

7.5 and 10.0 m from the centreline of the paste fill stope. All blast holes modelled in

this scenario were located 2.5 m from the rock/paste fill interface.
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Figure 7.7- Scenario Represented by Stage 3 Model (Plan View)

• Scenario 3: A row of blast holes located parallel to the face of the paste fill stope was

detonated. These blast holes were located 2.5 m from the rock/paste fill interface and

were spaced 2.5 m apart. The following three detonation patterns were modelled:

o The detonation of all blast holes simultaneously;

o The detonation of the blast holes one at a time starting from one end and

working towards the other end; and
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o The detonation of the centre blast hole followed by the blast holes to each side

systematically until all blast holes have been detonated.

The models for scenario 3 were modelled with delays between the detonation of each

blast hole of 100 ms, 200 ms and 400 ms.

The loading scenarios and the detonation patterns for the stage 3 modelling are discussed further

in section 8.3.

Similar to the stage I and stage 2 models, the blast load was applied to the walls of an

"equivalent cavity" with a radius of three times the blast hole radius and infinite elements were

placed along the sides of the model in order to provide a non-reflecting boundary. The blast

load applied to this model is discussed in chapter 6, and the remainder of the model parameters

are discussed later in this chapter. This model was solved for the Broadlands rock type, and a

paste fill mix of 76 % solids and 4 % cement. The results of this assessment are discussed in

Chapter 8.
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Figure 7.8 - Finite Element Mesh/or Stage 3 Model
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7.4. Simplifications and Assumptions

The numerical models for this project were created based on the following assumptions and

simplifications:

• Velocity of detonation will have negligible impact on the peak particle velocity and

therefore can be ignored. The pressure from the detonation is applied over the entire

length ofthe blast hole instantaneously.

• The rock material is homogeneous and does not contain any joints or faults. This is

considered to be a conservative assumption, as it is likely that joints and faults in the

rock do exist within the ore body. The presence of a joint or fault between the location

of a blast hole in rock and the paste fill would result in the reflection ofpart of the stress

wave from the explosive, reducing the impact of the stress wave on the paste fill.

Therefore, the absence ofjoints and faults in this model is representative of the greatest

load that would be expected to occur on the paste fill material as a result of nearby

blasting in rock.

7.5. Model Parameters

The model parameters for all modelling undertaken for this dissertation are discussed in the

following section.

7.5.1. Material Properties

The material properties for both paste fill and rock are discussed in this section.

7.5.1.1. Constitutive Models

The output of the finite element model is highly dependent on the material behaviour applied to

the model. Soils consist of an accumulation of mineral particles, with the voids between the

particles filled with water and/or air. The behaviour of such particulate materials is complex

due to the various interactions between the particles. However, when considered at the

macroscale, the behaviour of soils may be idealised as behaving like continua (Prevost and

Popescu, 1996). Constitutive models are used to describe such soil behaviour, and many

models exist. Previous research on the material behaviour of both paste fill and ore from

Cannington Mine indicate that both materials can be adequately described using the Mohr

Coulomb material model (Rankine, 2004).
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7.5.1.2. Mohr Coulomb Material Model

The Mohr-Coulomb failure criterion is widely used for materials such as soils and rock. The

shear strength of a soil at a point is expressed as a function of the effective normal stress at the

same point by the following equation:

T f = d' + a', tan¢

where 'rf = shear strength

d' = cohesion intercept in terms of effective stress

a', = effective normal stress

¢ = angle of shearing resistance in terms of effective stress

(7.4)

The shear strength of a soil can also be expressed by Mohr's circle, which is defined by the

effective major and minor principal stresses a; and a; at failure. At failure, the line

represented by equation 7.4 will be tangential to the Mohr Circle as shown in Figure 7.9. From

Figure 7.9, the Mohr-Coulomb failure criterion given below can be obtained. This failure

criterion is independent ofthe effective intermediate principal stress.

Laboratory tests of both paste fill and rock from Cannington Mine indicated that both materials

can be described by the Morh-Coulomb failure criterion (Rankine, 2004).

o {

T

Failure envelope

<,

a '3

Figure 7.9 - Mohr Coulomb Stress Conditions at Failure (Craig 1997)
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7.5.1.3. Material Models to apply in ABAQUSIExplicit

Both paste fill and ore are best described using the Mohr-Coulomb Material Model. However,

this material model is not available in ABAQUS/Explicit. Out of the material models available

in ABAQUS/Explicit, the modified Drucker-Prager models were found to be the closest model

to the Mohr-Coulomb material model. Therefore, the paste fill and rock were both modelled

using the Drucker-Prager material model.

7.5.1.4. Drucker Prager Plasticity Model

The Drucker-Prager plasticity models (Drucker & Prager, 1952) are used to model materials

which exhibit pressure-dependent yield (ABAQUS, 2003). Drucker-Prager materials are

typically granular, like soils and rock. The Drucker-Prager plasticity models available in

ABAQUS/Explicit can be used in conjunction with the elastic material model.

The yield criteria is described by equation 7.5 and the yield surface for the Drucker-Prager

material model is given in Figure 7.10. The yield surface is shown in the meridional plane.

G=g-mtanlJ-d=O

where G = yield criteria

g ~ a deviatoric stress measure ~ ~++ ~+-~Hn
j = the third invariant of deviatoric stress

q = the Mises equivalent stress

(7.5)

K = is the ratio of the yield stress in triaxial tension to the yield stress in

triaxial compression

p = the equivalent pressure stress

11 = the slope of the linear yield surface in the p-t stress plane

commonly referred to as the friction angle ofthe material

d = the cohesion ofthe material
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g

hardening

m

Figure 7.10 -Drucker-Prager Yield Surface in the Meridional Plane

The Drucker Prager plasticity model is specified using the *DRUCKER PRAGER and the

*DRUCKER PRAGER HARDENING keywords.

The *DRUCKER PRAGER keyword is used to define the yield surface and flow potential

parameters for elastic-plastic material models that use one of the Drucker-Prager plasticity

models. The data lines for the *DRUCKER PRAGER keyword are as follows:

1. The material angle of friction, 11, in the p-t plane, given in degrees.

2. The ratio of the yield stress in triaxial tension to the yield stress in triaxial compression,

K. K must be between 0.778 and 1.0 to ensure that the yield surface remains convex

(ABAQUS, 2003).

3. The dilation angle, \1', in the p-t plane, given in degrees.

The *DRUCKER PRAGER HARDENING keyword is used to define the hardening data for

elastic-plastic material models that use one of the Drucker-Prager plasticity models. The data

lines for the *DRUCKER PRAGER HARDENING keyword are as follows:

1. Yield Stress, cre
D

• The yield stress is the stress which must be exceeded in the material

to cause plastic deformation to the material. Prior to reaching the yield stress, elastic

deformation will occur. The yield stress is shown on the typical stress-strain curve for a

ductile material shown in Figure 7.11.

2. Absolute value of the corresponding plastic strain, c.
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Stress, a

Strain, s

Figure 7.11- Typical Stress-Strain Curvefor a Ductile Material

7.5.1.5. Matching Mohr-Coulomb Parameters to the Drucker
Prager Model

The Mohr-Coulomb theory assumes a linear relationship between the deviatoric and pressure

stress, and can therefore be matched by the linear Drucker-Prager model (ABAQUS 2003).

Unlike the Mohr-Coulomb model, the Drucker-Prager model does not assume that failure is

independent of the value of intermediate principal stress. The Mohr-Coulomb is generally

considered to be accurate for most geotechnical applications, although the failure of typical

geotechnical materials generally includes a small dependence on the intermediate principal

stress. A comparison between the Drucker-Prager material model and the Mohr-Coulomb

material model is given in Figure 7.12. In this figure, the Drucker-Prager and the Mohr

Coulomb yield surfaces are shown on the deviatoric plane where S1, S2 and S3 are the principal

stresses. The Mohr-Coulomb model has vertices, while the Drucker-Prager model doesn't.

s.

,;
s,

/ Mohr-Coulomb

,

Drockor-pragc-r (Misosl

Figure 7.12 - Comparison ofMohr-Coulomb and Drucker-Prager Models in the
Deviatoric Plane (ABAQUS 2003)
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The Drucker-Prager parameters were obtained from the Mohr-Coulomb model by matching the

triaxial test response. Using this method, the Drucker-Prager material properties can be

obtained from the following equations:

f3
6sin¢tan =---'-----

3-sin¢

a" = 2c cos¢
c 1- sin¢

K = 3-sin¢
3+sin¢

7.5.1.6. Damping

(7.6)

(7.7)

(7.8)

Damping was applied to the numerical model in two formats: bulk viscosity and Rayleigh

damping.

Bulk Viscosity

Bulk viscosity is used to introduce damping associated with volumetric straining to the model,

and improve the modelling of high speed dynamic events. There are two forms of bulk

viscosity that can be applied in ABAQUS:

1. Damping of the "ringing" in the highest element frequency. This form of bulk viscosity

generates a bulk viscosity pressure which has the following linear relationship with

volumetric strain:

(7.9)

where pbvl = bulk viscosity pressure

bl = damping coefficient

p = density

Cd = wave velocity

I, = an element characteristic length

i:vol = volumetric strain
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The default value of b l =0.06 was used in this analysis.

2. Damping in solid continuum elements which has the following quadratic relationship

with volumetric strain rate:

(7.10)

where pbv2 = bulk viscosity pressure

b2= damping coefficient

This form of damping smears a shock front across several elements, and is introduced to

prevent elements from collapsing under extremely high velocity gradients. The default

value of b, =1.2 was used in this analysis.

Rayleigh Damping

Rayleigh damping is damping which is proportional to the stiffness and mass of the material. It

can be expressed in terms ofthe fraction of critical damping by the following relationship:

(7.11)

where ~ = fraction of critical damping

XR = factor for mass proportional damping

DR = factor for stiffness proportional damping

(OJ = natural frequency at this mode

The mass proportional damping factor introduces damping forces caused by the absolute

velocities of the model, which the stiffness proportional damping introduces damping forces

caused by the elastic material stiffness. Rayleigh damping is applied to ABAQUS models by

specifying the XR, and DR factors. Mass proportional damping was applied to the models

produced for this project.

The mass proportional damping factor, XR, was calculated using the following method:

1. Calculation of the fraction of critical damping
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The fraction of critical damping in paste fill was calculated from velocity versus times

curves obtained during the field tests described in Chapter 4. Such data was not

available to calculate the fraction critical damping in rock, so a search of literature was

conducted. According to (ABAQUS, 2003), rock generally has a fraction of critical

damping of 2 to 5 % and 3 % fraction of critical damping (i.e. ~ = 0.03) is suitable for

analysis. This value was used for rock in the absence of suitable waveforms from

which to calculate the fraction.

2. Natural Frequency extraction

A natural frequency extraction analysis was conducted to extract the natural frequencies

for different nodes. This extraction was run on a version of model 1 to obtain the

frequencies for paste fill and on a version of model 2 to obtain the frequencies for rock.

The models were run using the *STEP, TYPE=FREQUENCY keyword. The natural

frequency obtained for each material for mode 1 was used in the calculation of the mass

proportional damping factor.

3. Calculation of XR

Once the fraction of critical damping and the natural frequency are known, the mass

proportional damping factor is calculated from Equation 7.11 by setting DR equal to 0.0.

7.5.2. Interface between Paste Fill and Rock

A tunnel was excavated into a paste fill stope at Cannington Mine to conduct the field tests

discussed in Chapter 4. The interface between the rock and the paste fill was visible within the

tunnel wall. Observations of the interface between the paste fill and rock showed that the paste

fill had completely filled the void in the mine, and no gaps between the rock and paste were

visible. The rock face had a rough surface, so that it is likely any failure would occur within the

paste fill adjacent to the interface rather than at the interface.

In order to model the transmission of the stress wave across the interface, the reflection and

refraction of the wave need to be predicted. The amount of energy that is transmitted through

the interface depends on the impedance of the rock and the paste. The impedance is calculated

from the density of the material and the velocity of the wave in the material, both of which can

be calculated from the material properties. Since the wave transmission is dependent on the

material properties of the rock and the paste, contact definitions were not used to define the

interface. Contact definitions would not make any difference to the transmission of the wave
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across the boundary, but will add to the solution time of the problem. The interface was

specified by assigning different material properties to elements on each side ofthe interface.

This method of modelling the interface was applicable as the intent ofthe model is to model the

transmission of a blast wave through the material, and blast damage is measured using ppv. If

the removal of the ore and the stability of the nearby paste fill material were to be modelled,

contact definitions would be necessary to define the interface, as the behaviour ofthe material at

the interface becomes important.

7.5.3. Boundaries

Infinite elements were located at the boundaries of the models to avoid provide a non-reflecting

boundary. The infinite elements were used on the base and side of the axisymmetric models,

and on the all sides of the plane strain model to provide a "quiet" boundary to the model. The

infinite elements introduce additional boundary damping which minimise the reflection of

dilatational and shear wave energy back into the finite element mesh.

7.5.4. Element Definitions

7.5.4.1. Element Types

A wide variety of element types are available in ABAQUS, which enable the modelling package

to be used for a wide variety of analysis types. These element types are broken up into families

based on the different geometry types. The element families which are useful for the analysis of

soil and rock are continuum (solid) elements and infinite elements. Within the continuum

elements and infinite elements families, the elements are further classed within groups based on

the dimensions of the problem. Since axisymmetric models and two-dimensional models were

used for this project, discussion of elements available will be limited to these classes.

Axisymmetric Elements

Axisymmetric elements are used when the system being modelled can be described using polar

coordinates (r, z and 8) and the loading is symmetrical about the axis. A model of a single blast

hole is an example of such a case. If the loading and material properties are independent of 8,

the solution can be described completely in the r-z plane. A typical axisymmetric element is

shown in Figure 7.13.
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Figure 7.13 - Typical Axisymmetric Element (ABAQUS 2003)

Four node, bilinear axisymmetric elements (CAX4) were used in the stage 1 and 2 models

discussed previously in this chapter. The active degrees of freedom for these elements are u,

and u., displacement degrees of freedom in the rand z-directions. The elements are specified

by providing the r-z coordinates of the nodes and defining the nodes that make up the elements.

The nodes are specified in the order shown in Figure 7.14.

Face 3

Face 4 Face 2

1 Face 1 2

Figure 7.14 - Node Numbering on 4 node Axisymmetric Element (ABAQUS 2003)

Two-Dimensional Elements

Two types of two-dimensional elements are available within ABAQUS, plane stress and plane

strain elements. Plane stress elements are used when the thickness of a body is small relative to

its in-plane dimensions. This type of element is typically used for thin, flat bodies. The

elements are defined in the X-V plane, as are all loadings and deformation. Plane strain

elements are used when it can be assumed that the strains in a loaded body are functions of the

planar coordinates and the out-of-plane normal and shear strains are equal to zero. Plane strain

elements are typically used for bodies that are very thick relative to their lateral dimensions.
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The elements are defined in the X-V plane and all loading and deformation also occur in this

plane. Plane strain elements were used for the two-dimensional models created for this project.

Four node, bilinear plane strain elements (CPE4) were used in model 3. The active degrees of

freedom for these elements are Ux and uy, displacement degrees of freedom in the x and y

directions.

The elements are specified by providing the X-V coordinates of the nodes and defining the

nodes that make up the elements. The nodes are specified in the order shown in Figure 7.15.

Face 3

Face 4 Face 2

1 Face 1 2

Figure 7.15 - Node Numbering on 4 node Plane Strain Element (ABAQUS 20031)

Infinite Elements

Infinite elements were used in all three models to provide a non-reflecting boundary. These

elements are often used in cases where the region of interest is small compared to the

surrounding medium and they provide a "quiet" boundary to the finite element model in

dynamic analyses. Infinite elements are designed to be used in conjunction with planar,

axisymmetric or three-dimensional finite elements and are available as plane stress, plane strain,

three-dimensional or axisymmetric infinite elements. The standard finite elements are used to

model the region of interest and the infinite elements are used to model the far field.

The material properties assigned to infinite elements must match the material properties

assigned to the elements adjacent to the infinite elements. Since the solution in the far field is

assumed to be linear, only linear material properties can be applied to infinite elements. The

material response is assumed to be isotropic in infinite elements.

Four-node, axisymmetric infinite elements (CINAX4) were used in models 1 and 2, while four

node, plane strain infinite elements (CINPE4) were used in model 3.

Infinite elements are specified in a similar manner to the type of elements they are to be used in

conjunction with. However, the node numbers must be specified in such a way that the first

face is the face that is connected to the finite element mesh, as shown in Figure 7.16. The
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location of the nodes located away from the finite element mesh in the infinite direction (nodes

3 and 4 in Figure 7.16) is not meaningful for an explicit dynamic analysis as these nodes are not

used in explicit dynamic analyses.

Face 1
2._----____.1

Face 2

3
Face 3

ace 4

4

Figure 7.16 - Node Numbering on 4 Infinite Element (ABAQUS 2003)

The infinite elements introduce additional normal and shear transactions on the boundary that

are proportional to the normal and shear components of the velocity at the boundary during

dynamic steps. The boundary damping constants are chosen to minimise the reflection of

dilatational and shear energy back into the mesh. While this formulation does not provide

perfect transmission of energy out of the mesh, it usually provides acceptable modelling for

most practical cases (ABAQUS 2003).

7.5.4.2. Element types used in Models

The following element types were used in the numerical models:

• The stage 1 model in paste fill (section 7.3.2) and the stage 2 model in rock (section

7.3.3): 4 node, bilinear elements (CAX4) were used for the body and 4 node linear,

one-way infinite elements (CINAX4) were used for the side and base of the

axisymmetric models.

• The stage 3 Model (section 7.3.4): 4 node, bilinear plane strain elements (CPE4) were

used for the body and 4 node linear, one-way infinite elements (CINPE4) were used for

the sides of the plane strain model.

The blast load was applied as a surface based distributed load using the *DSLOAD keyword.

This type of loading is available to all elements which have displacement degrees of freedom,

and was able to be applied to both the axisymmetric and plane strain elements. In the case of

axisymmetric elements, the distributed load is the load applied per unit area.

146



7.5.5.

Chapter 7 - Development of the Finite Element Model

Loading of Model

The blast load was applied to the models for all three stages as a surface load applied to the

surface of an equivalent cavity of the blast hole. The load is applied using the *DSLOAD

keyword, using the AMPLITUDE parameter to specify the name of the amplitude curve that

specifies the variation of the load with time. The name of the surface and the pressure is

specified in the datalines. The loads applied to the models are calculated by multiplying the

pressure by the amplitude curve. The amplitude curve is specified in the model data using the

*AMPLITUDE keyword. For more information on the loading of the models, refer to Chapter

6.

7.5.6. Outputs

ABAQUS/Explicit creates the following output files during an analysis:

• Data file (job-name.dat): a text file that is generated by the analysis input file processor

and contains printed output of the model definition, the history definition and any error

or warning messages that were detected while processing the input file;

• Output database file (job-name.odb): a binary file used to store results for

postprocessing with the Visualization module ofABAQUS/CAE (ABAQUSlViewer);

• Selected results file (job-name.se!): a file which stores user-selected results which are

converted into the results file;

• Results file (job-name.fiiy: a file containing results which can be red by external

postprocessors;

• Message file (job-name.msg): a text file containing diagnostic messages about the

progress ofthe solution; and

• Status file (job-name.sta): a text file containing information about the status of the

analysis, diagnostic messages and information about the stable time increment.

The results of an analysis were analysed using ABAQUS/CAE to analyse an output database

file in the Visualization module. From ABAQUS/CAE, the deformed mesh can be plotted and

results can be viewed as contour plots on the mesh or as graphs.

Two types of output data are available in ABAQUS, field output and history output, which are

defined as follows:
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• Field output: output data used for infrequent requests for a large portion of the model.

This data is used to generate contour plots, animations, displaced shape plots and x-y

plots. This data is requested as complete sets of basic variables.

• History output: output data used for frequent requests for a small portion of the model.

This data is used to generate x-y plots. This data can be requested as individual sets of

basic variables, such as a particular stress component.

The output data is controlled by the *OUTPUT option. Field output data is requested by using

the FIELD parameter on the *OUTPUT option, in conjunction with the *CONTACT OUTPUT,

*ELEMENT OUTPUT, *NODE OUTPUT, or *RADIATION OUTPUT option, depending on

the type of output required. History output data is requested by using the HISTORY parameter

on the *OUTPUT option, in conjunction with the command for the type of output required. The

number of history output requests is important as more than 1000 requests causes the

performance to degrade. As each component of a variable is considered a separate request,

typically only the components of interest are specified. The output frequency is also specified

with the output request.

The following output requests were specified in the numerical models for all three stages:

• Field Data: The VARIABLE=PRESELECT parameter was specified to indicate that

the default output variables for the procedure type should be written to the output

database.

• History Data: Acceleration, Velocity and Displacement in directions 1 and 2

Field output data was requested for the entire model in all three models. History data was

specified for the following:

• Stage 1 Model (section 7.3.2): Output was specified at nodes level with the explosive

cartridge, at 1.0 m intervals.

• Stage 2 Model (section 7.3.3): Output was specified at nodes at mid height of the

section ofthe blast hole containing explosive, at 1.0 m intervals.

• Stage 3 Model (section 7.3.4): Output was specified at nodes in both paste fill and rock

at mid height ofthe section ofthe blast hole containing explosive, at 1.0 m intervals.

The analysis ofthe numerical models is discussed in Chapter 8.
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