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Abstract: This publication aims to describe a simple

methodology for predicting caving and cave propaga-

tion, for mining purposes, using numerical simulations.

The methodology is designed to be user-friendly and easy

to set up and analyse, making it practical for real-world ap-

plications. The algorithm is performed in FLAC3D, version

7.0, and is based on an elastic model due to its simplicity

and low running times. The methodology uses a series of

routines to describe and quantify the rock failure process

during caving. The emphasis is on simplicity, achieved by

implementing reasonable assumptions about the caving

situation and rock mass behaviour. The caving propaga-

tion is driven by plastic behaviour which the algorithm

represents by a simplified softening behaviour to make it

more practical.

The degradation processes occurring in the rock mass dur-

ing caving are accounted for by reducing the mechanical

properties of the rockmass and the stress state in degraded

zones in a controlled and systematic manner. Sensitivity

tests are performed to analyse the weight of the mechan-

ical parameters involved in the caving processes and to

optimize the reduction rate of the mechanical properties of

the rock mass.

The current stage of development for the Simplified Caving

Predicting tool, SCPT, is the performance of an extensive

sensitivity test of the caving algorithm. In parallel, the out-

come is being assessed for verification purposes. This is

done by analysing the results obtained in the numerical

models and the outcome of the semi-empirical methods

available in the literature as well as an analytical compar-

ison of results. The latter analysis aims to determine the

weight of the different parameters involved in the simula-

tions.

The caving tool is being developed for its application on

the novel Raise Caving (RC) mining method. The tool will
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provide understanding regarding the caving initiation and

propagation for the novel Raise Caving method.
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Einführung in das Simplified Caving Predicting Tool SCPT

Zusammenfassung: Dieser Beitrag zielt darauf ab, mit Hilfe

numerischer Simulation eine einfache Methodik zur Vor-

hersage der Bruchvorgänge und deren Ausbreitung im

Hangenden von Bruchbauabbauverfahren zu entwickeln.

Die Benutzerfreundlichkeit steht bei dieser Methodik im

Fokus. Dies wird durch die Eingabe von wenigen Para-

metern realisiert und soll die Analyse von praktischen

Anwendungen im Bergbau ermöglichen. Das Analyse-

verfahren ist FLAC3D, Version 7.0, und basiert auf einem

elastischen Modell. Dieses Modell wurde aufgrund seiner

Einfachheit und geringen Simulationslaufzeiten gewählt.

DieMethodik verwendet eine Reihe von Simulationsdurch-

gängen, um den Prozess des Gesteinsversagens während

der Hohlraumbildung schrittweise zu beschreiben und

zu quantifizieren. Die gewählte Vorgehensweise gestal-

tet sich durch Implementierung vereinfachten Annahmen

über sowie das Verhalten des Gebirges und der Bruch-

zone im Hangenden des Abbaus sehr übersichtlich. Der

Bruchvorgang wird durch plastisches Materialverhalten

vorangetrieben, aber der Algorithmus basiert auf einem

elastischen Verhalten und spezifischen Funktionen, die

plastisches Verhalten imitieren. Die während des Bruchvor-

gangs auftretende Reduzierung der Festigkeitsparameter

des Gebirges wird durch eine kontrollierte und systema-

tische Reduzierung der mechanischen Eigenschaften des

Gesteins und des Spannungszustandes in beanspruchten

Zonen berücksichtigt. Sensitivitätstests werden durchge-

führt, umdieGewichtung dermechanischen Parameter, die

an den Hohlraumausbildungsprozessen beteiligt sind, zu

analysieren und die Degradationsrate der mechanischen

Eigenschaften des Gesteins zu optimieren.

Aktuell werden für das sogenannte SCPT (Simplified Ca-

ving Predicting Tool) umfangreiche Sensitivitätstests für

denAlgorithmusdurchgeführt. GleichzeitigwirddasErgeb-

nis zuVerifizierungszweckenevaluiert. Diesgeschieht durch
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dieAnalyse der Ergebnisse vonnumerischenModellen und

verschiedener semi-empirischerMethoden sowiedurchdie

Analyse der in der Literatur verfügbaren Ergebnisse. Der

Algorithmus wird für die Anwendung bei der neuartigen

Raise Caving (RC) Bergbaumethode entwickelt. Das SCPT

soll ein besseres Verständnis für die Vorgänge bei der Ent-

stehung der Bruchzone insbesondere bei der neuartigen

Raise Caving-Methode liefern.

Schlüsselwörter: Caving, Bruchzone, Bruchvorhersage,

Algorithmus

1. State of the Art

Caving mass mining methods are safe, highly productive,

and efficient extraction methods, especially when automa-

tion implementation is possible. Thesemethods allow low-

grade deposits to be safely and profitably exploited. The

constant research and development in this field has been

reducing the risks related to caving operations, and this

trend is expected to continue, thus reducing the risks and

hazards further [1–4]. The prediction of the nature of the

caving process is a critical issue for all cave mining sys-

tems. Therefore, over the past decades, different methods

to determine the cavability of the rock mass and predict the

caving progression have been developed. Two points are

critical, namely the initiationof caving and the propagation.

These determine whether hangingwall caving method is

feasible provided the rockmass conditions (structure, qual-

ity, depth, stress environment amongst other factors that

determine the behaviour of the rock mass) are suitable [4].

Empirical methods, commonly known as “stability chart

methods” are popular in this field. Mathews [5] defined

a simple approach for determining the caving conditions

provided a series of case studies. In this graph, two entry

values are required: the rock mass quality, as the N’ sta-

bility number, and the hydraulic radius (known as well as

shape factor). Similarly, Laubscher [6] proposed in 1976

a new rock mass quality method (MRMR) and reported in

1994 a stability graph as well, in order to predict caving

situations, based on the MRMR [7].

Other authors focused on the analysis of the caving and

developed analytical methods for this topic. Panek [8] and

Rice [9] developed their own analytical methods to predict

caving propagation. Rice focused on the block caving min-

ing method. Panek’s focus was on the propagation of the

caving in a 2D sequence with a special objective on the

subsidence on the surface. The issues with the analytical

methods were found to be critical for certain aspects of the

caving process. The initial assumptions for these methods

were that the caving initiationwould always take place and

the caving propagation was limited to the vertical direc-

tion. Additionally, the analytical methods determined that

the caving rate was kept constant.

Numerical simulations require high computational ef-

fort, long running times, and a comprehensive list of pa-

rameters, which might not be available in many instances.

The caving predicting tool proposed here is based on sim-

ple assumptions and aims to provide a prognosis of caving

and cave propagation. The numerical simulations are per-

formed in finite difference type of software, more specif-

ically FLAC3D version 7.00 [10], which benefit from less

complex situations based on these assumptions and sim-

plifications. Due to its simplicity, fewer input parameters

are required, and the computational times are drastically

reduced compared to those reported in the literature, espe-

cially those based on discrete element models.

In the last decades, the development of the technology

has been enormous, making these advances more accessi-

ble in the scientific field. Therefore, more complexmethod-

ologies were developed based on the numerical methods.

There is a vast list of software for conducting numerical

simulations, which aredivided indifferent categoriesbased

on their modelling techniques or codes. Among the most

common methods used, there are the FEM and FDM (finite

elements and finite difference methods) and the DEM (dis-

tinct element methods). The current state of the art are hy-

bridmethods, which include two of the latter (e.g. FEM and

DEM coupled). However, the more sophisticated software

and/or modelling techniques require high profile hardware

(GPU, for instance), numerous input values, which are not

always tested or measured in-situ, and long computing

times (weeks or even months, based on the dimensions

of the model).

2. SCPT—Simplified Caving Predicting Tool

The main objective of the SCPT is to determine whether

caving occurs for a specific mining layout, rock mass char-

acteristics and stress environment [4]. In order to achieve

this objective, Duplancic and Brady [11] developed a con-

ceptual caving model (Fig. 1) to describe the problem to

be solved. The main focus is on the loosening and seis-

mogenic zones defined by Duplancic and Brady [11], where

the rock mass starts to degrade (opening fractures due to

stress redistributions around the excavation).

Fig. 1: DuplancicandBrady’s caving conceptualmodel afterDuplancic
andBrady[11] including thesocalled“damaged”areawhichoutlines the
limitsof theseismogenic zoneon theuppermostpart and theyieldedor
loosening zoneas the lowermost limitof thedamagedarea
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Fig. 2: Schemeof theSCPTsteps [4]

These two areas are determined in the SCPT as one, so

called “damaged” area, where the softening process oc-

curs. The softening is produced by reducing the initial GSI

value of the rock mass, as the rock mass exceeds he Hoek

andBrown failure criterion [12]. Everyelementof themodel

(zones) is assessed for failure, if zone fails under the failure

criterion, then its GSI value is reduced by the GSI reduction

factor. As the GSI is reduced, so are other properties such

as the elasticitymodulus of the rockmass. Alongwith these

modifications, the stress environment of the element is re-

duced consequently. The complete sequence of the SCPT,

shown in Fig. 2, is described in the following:

1. The model is solved to equilibrium after defining the

geometry and applying the initial rock mass properties

and stresses. The constitutive model used is the elas-

Fig. 3: Schemeofprincipal stress reduction [4]

tic model, which is simple and fast, allowing for easy

understanding of material behaviour under stress.

2. The stress situation of every cell is checked, and the

script compares the stress applied on it with the Hoek

and Brown criterion ([12]; Fig. 3). If the stresses in the

cell exceed theHoek andBrownenvelope, then the cell is

marked as “damaged”. This calculation is carried out for

every cell of the model that belongs to the “near zone”

area, the target zone for this study.

3. If a cell ismarked as “damaged”, itsGSI value is reduced.

The user defines the reduction of the GSI (1 or 5 units).

The GSI reduction is applied to the cell that has been

marked as “damaged”.

4. After a cell is marked as “damaged” and its GSI value

is reduced, the cell will undergo a different stress situa-

tion in the following solving-cycle. Therefore, the new

stresses acting on it must be recalculated and stored.

For instance, if a cell in a compressive environment has

a maximum principal stress that exceeds the Hoek and

Brown envelop, it will get a new maximum principal

stress equal to the projection of it on the envelop. Once

the new principal stress values are assigned, the normal

stresses are calculated, stored, and applied for the next

cycle.

5. The model is screened again to assess if any cell is de-

taching from the rock mass. The detachment criterion

defines two main conditions that must be satisfied to

mark that cell as detached. Firstly, the cell must have

a free-face, which is an open surface where the cell can

fall through on its way to the muck pile.

This criterion has been refined to properly define the free

face, especially in complex situations such as sub-vertical

walls. The second condition determines the stress situation

under which the unconfinement is sufficient to let the cell

move, leading to free fall from the rockmass. The tangential

stresses that lay on the free surface of the cell are the critical

factor in this case.

3. Critical Overview of the SCPT

3.1 Advantages of the SCPT

There are some requirements that have to be fulfilled in

order for the SCPT to perform as it should. The SCPT re-

quires a bricked-type of mesh in principle, which means

hexahedrons as the primary geometrical figure for creat-

ing the model. The creation of such a geometry can be

done by different tools. In FLAC3D, the following tools

could be employed: coding the geometry, whichmainly re-

quires FISH language, or building blocks, a new feature of

FLAC3D version 7.00 [10]. Building blocks allow the user to

create geometries based on bricks, which can be deformed

bymodifying the coordinates of the gridpoints of thebricks.

Therefore, it allows the user to create a model as complex

as one could code with the only exception that bricks are

the primary mesh shape. While coding the geometry can

be time-consuming for a new user, it is a sure method to

construct models, even large ones with several groups.
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Other software can provide hexahedral type of meshes

that can be imported into FLAC3D, but it is out of the scope

of the present report. The material properties are set up in

the model by FISH commands, which is an embedded cod-

ing language for FLAC3D, in a common manner, such as

density, elastic modulus, and Poisson’s ratio. Other param-

eters, such as the ones employed directly in the Hoek and

Brown failure criterion (e.g., UCS, GSI among others ) and

theGSI ReductionFactor, are input as “extra”parameters in

the model. The latter can be accessed as “extra” variables

and employed in calculations as well as to be updated and

later plotted, for analysis purposes.

The properties of the damaged zones are modified ac-

cording to the GSI Reduction Factor. The parameters are

recalculated as presented in the previous sections, as is

the stress tensor for every damaged cell. The modifica-

tion occurs through a series of routines, which consist of

a loop (“for” loop type) that checks for the damaged cells,

identifies them, and modifies the properties targeting only

the damaged cells. The routines are indispensable for the

functioning of the SCPT.

As mentioned in previous sections, the minimum num-

ber of input parameters required for the model’s elastic

functioning (embedded in FLAC3D) and the Hoek and

Brown failure criterion is eight values. These values in-

clude UCS, GSI, GSI Reduction Factor, mi, D (which is set

to 0), Poisson’s ratio, density, and Elastic modulus for each

rock mass unit. Additionally, the initial stress state (tensor)

must be given to initialize the model as it begins to be

solved. The elastic model requires density, Poisson’s ratio,

elasticitymodulus, and stress environment, while the Hoek

and Brown failure criterion requires UCS, GSI, mi, and

D (set to 0).

The model elastic behaviour is the constitutive model

to be solved before any modifications or checks are done

by the SCPT. Compared to other models, the model elas-

tic is the fastest constitutive model to be solved. The GSI-

softening process is a simplification of the rock mass soft-

ening that occurs when the stresses around an excavation

are redistributed, forming fractures along it. This softening

procedure only relies on the stress state of the “damaged”

zone and the rockmechanical properties initially set related

to the GSI value. The GSI value determines the speed at

which the rockmassdegrades, whether it is a slowor abrupt

reduction when the cell is found as damaged.

3.2 Disadvantages of the SCPT

As mentioned in the previous section, the geometry

presents some constraints based on the needs of the SCPT,

mainly related to the densifying action in the model. When

the “densify” command is employed to enhance the num-

ber of cells in a specific zone, it might cause some issues

for the SCPT to identify the damaged cell and adapt the

properties if the cell is damaged. The routines employed in

the SCPT rely on the ID of the cells, which is an ID number

given when building the model that cannot be modified

to any extent. If the densify command is employed, the

new cells in this denser area will get new ID numbers, and

the initial IDs in this area will be then deleted. This causes

problems for the identification of the cells by the SCPT and

should be avoided.

Themodification of the properties of the damaged zones

is done by means of routines (“for” loops), which are not

quite fast and are slowed down as the number of cells in-

creases. Additionally, the application of new properties to

themodel is carried out by FISH commands, which are also

not quite fast. This means that, if a specific model requires

a vast number of cells to be modified (since they are cate-

gorized as damaged), the running time increases.

The time required to perform a simulation depends to

a high degree on the number of cells used in total in the

model. The more detailed the model, thus the more cells,

the more time-consuming it is. The employment of sev-

eral “for” loop routines makes it more time-consuming as

the number of cells increases. In close-tight relation with

the previous point, there is a cell size dependency and the

outcome obtained, as well as the time consumption per

simulation. However, the cell dependency is not directly

linked to the SCPT but to the model on its own. This can

be categorized as a disadvantage for all large models, in-

dependently of the model or tool implemented. However,

this is one of the points to raise when it comes to efficiency.

As explained in the advantages section (3.1 Advantages

of theSCPT), theGSI Reduction Factor determines thedam-

age that occurs within the host rock over the redistribution

of stressesaround theexcavation. Itsmajor task is reducing

the mechanical properties of the rock mass over the caving

propagation process. However, it must be studied further

to understand the scientific dimension of this parameter

and the implications it has on the results.

4. Conclusions

The SCPT is a simplified model that allows the user to

understand how the caving mechanisms occur after the

opening of an excavation or a full sequence of excavation

opening, based on the Duplancic and Brady [11] conceptual

model. The model works on the model elastic behaviour,

which is complemented with routines under which the rock

mass is assessed under the Hoek and Brown criterion. The

failed zones under Hoek and Brown [12] are denominated

“damaged”. If a zone falls under the latter category, its prop-

erties aremodified. The initial propertymodified is theGSI,

which is reduced according to the GSI Reduction Factor.

Other parameters are recalculated based on the new GSI

value, as is the stress tensor on those damaged cells exclu-

sively.

The stress environment is checked a second time to ver-

ify if a cell fulfils the detachment criteria: low tangential

stresses (clamping stresses) and a free face. If the cells

are located in an unconfined environment and have a free

face, with a direction favourable to detachment, it will be

detached from the model. The process can be referred to

as a GSI-softening procedure, and the key point of the pro-

cess is the GSI Reduction Factor, which determines ulti-

mately howmuch the rock mass mechanical properties are

degraded every time a cell is damaged.
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TheSCPT isasimplifiedmodel that allows theuser toun-

derstand how the cavingmechanisms occur after the open-

ing of an excavation or a full sequence of excavation open-

ing. The model is simple and rather fast compared to other

constitutive models, and the number of input parameters

is set to a minimum of 8 (density, Young’s modulus, Pois-

son’s ratio, UCS, GSI, GSI Reduction Factor, mi, clamping

stresses limit) and the initial stress environment (the whole

tensor or at least all principal stresses). However, themodel

has some limitations in regards to its construction. The run-

ning times are mainly dependent on the cell size: the more

cells, themore time. Additionally, in a scenario where there

is a large portion of the model that requires modifications

on the properties and stress tensor and/or requires a large

chunk to be detached, the simulation times may lengthen.

Despite these limitations, theother aspectsdetermining the

SCPT turn it into a simple and easy tool that is rather fast.

The implementation of the SCPT is rather simple, and

themodification or adaptation degree of the original tool is

determined by two points: the implementation of the SCPT

withother studiesor coded tools and the implementationof

anextractionsequence inadifferentmanner asproposed in

the SCPT. The SCPT can be determined as a simplified cav-

ing forecasting tool that is rather fast, easy to implement,

use, and also provides straightforward numerical and illus-

trative outcomes that allow a quick analysis.
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