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The cavability assessment of rock mass cavability and indicating the damage profile
ahead of a caveack is of great importance in the evaluation of a caviiige
operation, which can influence all aspects of the mine operation. Due to the lack of
access to the caved zones, our current knowledge about the damage profile in caved
zones is very limited. Among the different approaches available, physical modelling
can provide a useful tool for assessment of the cave propagation and understanding the
caveback mechanism. Despite the general belief of the continuous damage profile
ahead of a cave, the recent studies have shown a different mechanism of banding
fracture. In order to investigate the caving mechanism ahead of a cave, a base friction
apparatus is designed in this work. The base friction powder is used as the modelling
material for physical testing, where its strength properties is significantly dependent
on its unit weight. The effects of the material’s unit weight and the undercutting
process on the cavability and céack height are studied. The experimental results
undertaken in this research work clearly confirm the banding fracture mechanism in
the caed zone, rather than continuous yielding. The effect of the undercutting
sequence on the caback height is investigated through three different scenarios of
symmetric undercutting with a gradual increase in span, symmetric undercutting with
a sudden inease in span, and asymmetric undercutting. The results obtained show
that the ground deformation is significantly dependent on the undercutting sequence,
where choosing a greater undercutting span results in a faster cave propagation and
smaller accessiblundercut spans.

1. Introduction

A significant increase in the human need for
minerals due to the progress of societies and
industrializationhas propellethe mining industry
to extract deep, low gradeand massive ore
depositsThere has beeia considerablencrease in
the ore productiondemands especially inthe
recent years(seeFigurel), which hasresultedin
the special interest dhe mining investing sector
for thecaving andupercave mining method3.he
block caving method, as one of the main mass
mining methods, haattracted special attention in
therecent decades duette high production rate
low operating costs, high safety, and high
mechaniseability [1, 2].

B Corresponding authormh.khosravi@ut.ac.i{M.H. Khosrav).

In the block caving method, the undercut is
created by extracting tunnels underneath the
orebody followed by drilling and blasting of rock
slices. By removing the broken materials from the
production level, void is created. Gravity and
tectonic stressesdd to the collapse of roof and
propagation of the cave. The cave is required to
propagate upward till reaching the ground surface
or a previously caved level.

One of the limiting issues in understanding the
block caving mechanismiis the lack of accesh¢o
orebody. Our access is only limited to the undercut
and extraction levels, and there is no way to
visually inspect the caved zone, which restricts our
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knowledge regarding the rock mass state in the
caved column and the caved back location.
Therefore, he implementation of risk mitigation
measurements and imminent risk identifications
are limited, which may result in uncontrolled large
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scale dynamic events. Hanging up of the eave
back, poor fragmentation, and undesirable cave
propagation outward of oreblyp that leads to ore
dilution are other consequences of the lack of
accesg$4-6].

Figure 1. Production capacity in different mining methodg 3]

Cavability is the most importantparameter
involved in the design ofa caving mingwhich
determineghata deposit can be mined or not. The
damage ahead of theaveback is another
important parameterinvolved in the design of a
caving mine Thesetwo factors have significant
influences on the other aspects of a caving mine
such as designing undercut, extiaic level, draw
points, supportsanddraw strategy7]. The design
of supercavesard extraction oflarge amoury of
ore depositgrom theseunderground structurds
not feasibleunlessa precisecavability assessment
is carried ouandthe damage profile ahead of the
cavebackis bang determined The inappropriate
estimaton of these factors caifead to several
problemswhere in the worsttase, ittan lead to the
failure of the project[3]. Most of the previous
studies have been carried outthaassessment of
cavability[8-12]. As the access to the cave is not
feasible, the design, instrumentation, modelling
program and our interpretatioare relied on the
conceptual model of caveropagation The
Duplancicmodel[13, 14] is the most widely used
and accepted conceptual model in the industry.
Duplancic and Brady[13] have presented a
conceptual moddbr the cave damageones. This
model is a combiation of analytical, empirical
and numerical methods. The modebased on a
case stug in Northparkes E26 liftl, NSW
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Australia in combination witha numerical model
andaseismicity analysisBased on this model, the
caveback can becharacterizednto five regions;
namely,the elasti¢ seismogenic, yieldedir gap
and mobilized zones, as showachematicallyin
Figure 2 An important aspect of thiswodelis the
boundaries between thegionswhere thedamage
profile ahead of thecaveback is assumed
continuous.This meansthat with an increase in
distance from the caved materijalse rock mass
damage is continuously decreasl For
interpretation of this model, Brow|iY] hasstated
that the boundaries between these regions are
diffuse rather than being shagnd the rock mass
undergoes a gradual reduction in strength from the
in situ state to the caved state

After the development of this model, it has been
widely accepted in the mining industry. However,
this model has several shortcomings. A simple
linear elastic model has been used to develop the
numerical model, and no seismic instrumentation
was utilized to record the seismic data behind the
caveback, due to He inaccessibility of the
investigated area. Thus the calibration of the
numerical model has just been carried out using a
simple seismicity analysid.3, 14].

Despite the lack of observations and the limited
number of seismic monitoring for development of
the Duplancic model, a few examples are available
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from the failure process in caving mines. Heslop
[16], by conducting visual observations in the
previously cut and fill stopes above the undercut
level in Shabanie Mine, has observed horizontal
tensile fractures above the cadvack. He also
observed shear displacement and dilation on
discontinuties in the periphery of the cave. Panek
[17 bhas observed parallel tensile fractures
tangential to the cave boundary through an
extensive monitoring at the San Manual mine.
Szwedicki et al [18 used time domain
reflectometry (TDR) at the Freeport cave to track
the cave propagation and found a cyclic cave
failure that showed a disntinuous damage
profile. Carlson and Golddt9] also used the TDR
monitoring system in the Henderson’s 7210 cave
and identified multiple tensile cracks parallel to the
cave face. Furthermore, there are some
observations in open stopes where parallel tensile
fractures ahead of calmdk have been identified
[20, 21].

Figure 2. Conceptual model of caving zonefl5).

In a number of studiethe S:P wave energy ratio
of the micro-seismicity datdnas beeemployed to
identify the dominant failure mechanism in the
caveback [22-32]. Some of these studidsave
found the predominant shear mechanism atbeg
preexisting discontinuitieswhile the othershave
foundthetensile mechanism.

Some efforts have been undertaken
numerically investigatéhefailure mecharsm and
stress regime around the cave. However, the
observed failure mechanism dahe numerical
models is directly dependent on the type of
numerical code (continuum or discontinum) and
the employed constitutive model, and they must be
validated through o#r means [33-36].
Vyazmenskyet al. [37], using a2D combined
continuum/discontinum code ELFEN have

to
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simulated a generic block caving madaeid a clear
discontinuity in the damage ahead of the daa®
been observed.ReyesMontes et al [29] have
simulated the Northparkes E26 mine using
synthetic rock mass (SRM) in PFC3Bnd have
observed tensile crackiraf bonds at the onset of
fracturing. Lisjak et al [38 by using Y-Geo, a
hybrid FEM/DEM codehaveobserved a series of
fractures parallel to the cave zone.et al [39
have used a finite element code, RFPA2D, to
observethe surface subsidence in block caving.
They observeda series of pressar balancing
arches and stress released zones in difféegats

of the cave baclkGarza Cruz and Pier¢d(] have
employed 3DEC to simulatbe caving condition
finding that vertical stresseat the cave back
decreasewhile the sub-parallel tensile fractures
are generated, and progressive spalliisgshed
upward.

Physical modelling can provide a very useful tool
to understand the complicated mechanism of
excavation in geanaterial under bbtthe 1g[41]
and centrifugal loading conditiofg?2, 43]. The
physical modelling can be divided ind® and2D
models.The 3D physical models are usually very
expensive, timeonsumingand very hard to run.
However,the3D models can be simplified into 2D
models with some assumptiotisat make them
mucheasierto run. The useof physical modelling
in thecaving researctvorkshas been very limited
and most of these experiments are concentrated on
the study of gavity flow and draw control. A few
physical models can be found in the literature
where the caving process and failure mechanism
have been discussddcNearny and Abej44] by
using a 2D modetonsistingof bricks havestudied
the draw point strategyore recentlyCumming
Potvinet al [45, 46] havecarried out a series of
centrifuge test® explain the discontinuous profile
damage of thecaveback Based on their
experimentsthe banding fracture modédlas been
introduced which demonstrasa series of jumped
fractures parallel to theaveback which is in
contrast with the conceptual model of Duplancic
The differencesin the profile damageof the
continuous andbanding fracture model are
schematicallyllustrated inFigure 3

In this work, we aimed to study the cave
mechanism and profile damage ahead of the-cave
back using physical modelling. To this end, a new
base friction apparatus was designed, and the
effects of the material’'s unit weight and the
undercutting process on the cave propagation
mechanism were investigated
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a) Continuous yielding mod:
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b) Banding fracture mode

Figure 3. lllustration of damage profile conceptual model§46].

2. Material sand methods

One of the main challenges in physical
modeling, especially forthe rock engineering
problems,is to reproduceéhereal filed conditions
in the laboratoryln order toachievethe prospect
behaviour of rock masses and forthe
demonstration purposes, simplificatfomay be
applied [47]. In order to simulate the caving
process in thisvork, abase friction apparatus was
designedand constructed.

2.1. Modelling material

In the previous studiesdifferent mixture of
materials have been used for physical modelling.
Goodmarj48] hasused a mixture of flour, cooking
oil, and sand in his experimenidishidaet al. [49]
havemadetheir physical model using a mixture of
BaSo4, ZnO, and valne oil (mass ratio of
70:21:9, respectively)alling it the base friction
powder This powder has gained a global
acceptance for physical modelling so [fa-54].
Therefore, the base friction powder veatected as
a modelling material in thiwork. The base friction
powder can be compacted to form solid blodkse
compressive pressur@oplied on the powderto
creak solid blockscontrok the final unit weight
and the corresponding strengththe blocks.The
relation between the applied compressive pressure
and theunit weight of the compacted base friction
powderis shown inFigure4.

In order to study thenfluence of the strength
properties of materials on their cavability, a series
of physical models at different unit weights of 16,
19, and 21 kN/rh (the corresponding applied

Fig. 4) were conducted, anché cavabilities of
these models were compared. The details are
presented andiscussedn the following section.
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Figure 4. Relation betweenthe applied compressive
pressure and the unit weight of compacted
base friction powder.

2.2.Mechanism of base friction table

The principlesof the base friction tablewas
initially developedby Goodman[4§], wherethe
earth gravity was simulated by frictional force
acting between a moving frictional base and the
model. This machine has beenidely used for
physical modelling of progressive slope failures.
Nishidaet al [49] havedevelopeda base friction
apparatusto study the sinkhole propagation in
Japan.The similarityof mechanismbetweenthe
sinkhole propagation anthe cave propagation
zoneswas a great motivatiom this studyfor
application otthebase frictiortable forsimulating
the caving process and damage praffiead of the

pressure to generate these models are indicated in ¢ayveback
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The developedbase friction apparatusf this
studyis schematicallyllustrated inFigure 5. The
apparatus has an endldszsebelt, moving on a
stiff metal base plateThe movement of thbase
belt, along the Y axisis controlledby rotation of
drive shaft that areconnected to an electric motor.

The principle is to convert the vertical profile of
the underground mine into a planar modehe
ground modelwith a thickness of30 mm was
prepared on thieasebelthaving adesiredstrength
and an undercut spamas excavatedln order to

achieve a plane strain condition, the strain of the

model perpendicular to the table surfqZeaxis
shown inFigure5) must be restricted; therefore,
the surface of the model was confirlgdmeans of
a Plexiglas plate.

In the base friction table, the displacement of the
ground model is restrictednd by the movement
of the base belta frictional force F is appeared
between the base belt and the ground mtaieh
unit contact areaThis frictional force can be
calculatedas

) mtH 1)
where
F is the frictional force between the base belt
and the ground mod#&r a unit contact area

m is the unit weight of the model material
t is the thickness of the moglel
M is the friction coefficient between the

model and the base plate

Journal of Mining & EnvironmenVol. 11, No. 4, 20z

According toHe et al. [55], in simulation ofthe
gravitational stress ithe modelusing the applied
force F, thethickness of groundhodelshould be
limited asthe gravity would act at theentreof the
model while the applied forc& acts on all points
of the model.

Figure 5. A schematicview of the base friction
apparatus.

Rigid blocks were placed in front of the modsl
pillars (see Figure 6), where the process of
undercutting was simulated by removal of the
blocks. For each step of undercutting, the base belt
was moved under a steady speed until the cave
back reached stable heightas illustrated irfrigure
6 (b).

Figure 6. Typical model characteristics and parameter definitiona) Prepared model with a
single undercut spanp) Failure occurring due to base belt movement
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3. Results and discussion
3.1. Materials and cavability

As noted earlierthe physical modelshaving
threedifferentunit weightsof 16, 19 and 21 kN/m
werepreparedo study the effect of unit weight and
strength of material othe caving mechanismnin

a) B=40mm

b) B=80mm

Journal of Mining & EnvironmenVol. 11, No. 4, 20z

each model, the undercut sp@) was varied at
several stepswhere the base belt was moved
continuously until a stable areasreachedt each
undercutting spanThe height of this arch was
recorded as @&aveback height idc). The failure
mechanisms fathesemodelsat differentundercut
spans are illustrated Figures7-9.

c)B=250mm

Figure 7. Symmetric undercutting with a gradual increase in span §= 16 kN/n¥).

a)B=125mm b) B = 258mm c) B=365mm

Figure 8. Symmetric undercutting with a gradual increase in span §= 19 kN/n¥).

a)B=130mm b) B =290mm c) B=450mm
Figure 9. Symmetric undercutting with a gradual increase in span §= 21 kN/n¥).
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The caveback height Klc) as a function of
undercut spar(B) is illustrated inFigure 10. It
couldbe seerhatfor theunit weighs of 16 kN/n?
and 19 kN/m, the maximum possible undercut
spans with stableavebacks were 200 mm and 330
mm, respectively. For the undercut spans beyond
these values, the calack reached the ground
surface (top of the model). Fdre unit weight of
21 kN/n¥, a stable cavebackwas formedandthe
caveal zonedid not reachthe ground surface.

In order tanvestigate the effect of unitefght on
the size oftaveback, thecaveback heighd were
normalizedby their correspondingndercut spans
(HJ/B) and plotted as a function of material unit

400

Limit of maximum
- stablecavefor
J=19kN/n#

< X AidN/m3
O XA idN/m3
A X AKN/m3

1

1

1

350 !
W/

1
300 Limit of maximum /
stablecavefor _~
J=16kN/n#

y = 14.58880091x

250
y = 19.5380048¢
R? = 0.9637
200
y = 30.3228010

150

Cave Back HeighH (mm)

100

50

0

0 50 100 150 200 250 300 350 400 450 500

Undercut SpanB(mm)
Figure 10. Caveback height as a function of
undercut span.

3.2.Undercutting process andcave propagation

The resultof the previous sectiorshow that at
the unit weightof 19 kN/n¥, a stablecaveback is
formed fora small undercutting spamwhile the
caveback reachesthe ground surface a wide
undercutting span. Therefotbge unit weight of 19
kN/m*® was chosento study the effect of the
undercutting process on the cave propagation
mechanismTo this endthree differentprocesses
wereinvestigated

Process 1: symmetric undercut with a gradual
increase in span. In this process, the undercutting
was started with a narrow span in the ceaofrihe
model| and the base belt was moved uatdtable
cavebackwas formedThen the undercut span was
increased symmetrically This process was
continueduntil the caveback reached the ground
surface. It is noteworthy thatthe modelresuls
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weight inFigurell. It was observed that #ge unit
weight of the modelincreased the normalized
caveback heightdecreasedThe observed trend
indicates thaatveryhigh values otheunit weight,
the caveback heightreacheszero. This may
happen in underground caverns inside very strong
rock masses, where the roof of the cavsistable
without formation of any plastic zone around the
cavern. On the other haratlow values otheunit
weight, the caveback height increases
dramatically. This means that fora very loose
material, no stableaveback can be expecteaind
the material will flow into the excavated area, even
at small undercut span

Figure 11. Caveback height as a function of unit
weight.

presentedn the previous section were conducted
under this undercuttingstrategy The cave
propagation under this process is illustrated in
Figure8.

Process 2: symmetric undercut with a sudden
increase in sparfhis scenario was similar to the
first scenario with the difference that the
undercuttingwas carried out using greater span
size. The undercutting wascontinued until the
caved pne reached the ground surface.

Process 3: asymmetric undercut with a gradual
increase in span. In this process, the ucuténg
started with a narrow spdrom one side of the
model| and the base belt was moved until a stable
caveback was reachedThen the undercut span
was increased asymmetrically, and the process was
repeated until theaveback reached the ground
surfa@. The cave propagation under this process is
illustrated inFigurel2.
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a)B=85mm b) B =247mm c)B=34Cmm
Figure 12. Asymmetric undercutting ( J= 19 kN/n?).

The resultsof this work clearly show that the in the other twoscenariosThese results confirm
profile damage ahead of the cehack, in all ofthe thatthemodel deformation is mostlyependent on
threescenariosis not continuous buthe damage theundercuttingspan rather tharthe undercutting
zones inthe bands parallel to the cadmck are location. When the ground is undercut suddenly
observed. Thereforethese results confirmthe with a wide span, rather than increasing the span
banding fracture theory @umming-Potvin [23]. gradually, thein situ stresses have less time to

The caveback height as a function of undercut  redistribute in a supportive pattern, resulting in a
span forthe different scenarios oftindercutting is smaller stable undercut span.
illustratedin Figure 13. It can beclearly seerthat A comparison between the undercuttng
for a specific undercut span, therens abrupt processes 1 andshiowthat the model behaviour is
difference betweerhe caveback heightsunder independenfrom the location of undercutting. It

different undercutting processes. However, in means thain a caving process, the undercut span
undercutting process 2, where the total undercut can be increased symmetrically or asymmetrically,

span was created at one step, riteximum sable depending on the technical and economic
caveback was generated at the undercut span of conditions ad safety, without having influences on
200 mm. This stable undercut spanis the cave propagation.

approximaely half of the maximum undercut span

350 |
Limit of maximum P
300 OUndercut Process 1 stablecave backin / !
OUndercut Process 2 processes 1 & 3 P
250 A Undercut Process 3

200 y = 20.743@0076x
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Figure 13. Effect of undercutting processes on the cavieack height
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4. Conclusions

Our current knowledge regarding the cave
propagation and the damage profile ahead of caves
is very limited due tothe lack of access to the
caving zones. The most widely accepted model of
the cave propagation zone is the Duplancic model
which assumes cadnuous yielding ofthe caved
zones. In this work, the mechanism of caving
propagation and the damage profile ahead of the
cavebackwerestudied using physical modelling.
To this end, &ase friction table was designaahd
ground material was simulateding the base
friction powder. Through an extensive series of
experimentsa suitable unit weighof base friction
powderwasselected to createstable cave at small
undercutting spans as well as unstable model at
large spans The effect of the undercutting
strategies on the canmack heightvas investigated
through three different scenarios of symmetric
undercutting, systematic undercutting  with
increased undercutting sparand asymmetric
undercutting.The resultsobtainedshow thatthe
model déormation is mainly controlled bythe
undercutting span rather thanthe undercutting
location. When the ground is undercut suddenly
with a wide span, thia situstresses have less time
to redistribute in a supportive pattern, resulting in
a smaller stablandercut sparit was found that the
systematic and asymmetric undercuttidig not
significantly alter thecaveback height and the
chosen undercut spacould change the stress
distribution and stable cave heighthe results
obtainedfrom this work clearly showved that the
banding fracture mechanismvas the dominant
caving mechanispwhile there was a debatetime
previous studies regarding the continuous or
discontinuous nature tifiecaving zones.

Funding: This researchvork did not receive any
specific grant fromthe funding agencies in the
public, commercial or nefor-profit sectors.
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