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List of symbols

kl Geometric scale factor

kt Time scale factor

kv Velocity scale factor

�xj Productivity of the material j in grams per cycle

(laboratory data)

�x0j Scaled productivity (laboratory to mine scale) in

t/cycle

�x00j Scaled productivity (laboratory to mine scale) in

m3/cycle

qaj Apparent density of the material j

CAEjn Cumulative average extraction of the material

j calculated for the total number of cycles n

Vij Scaled volume of the material j in the cycle i

xlabij The amount of mass extracted from the material j

in grams per cycle in the cycle i

Tnj Cumulative time of each material j calculated for

the total number of cycles n

tij The time to complete the full loading–discharging

cycle i of the material j

t50% The time at which 50 % of the steady-state

production rate xss is reached

xss Steady-state production rate

a Conversion factor from grams to tons

b Conversion factor from seconds to minutes

1 Introduction

Block caving mining is one of the most cost-effective

underground mining methods. The method has particular

relevance in the Chilean mining industry, where approxi-

mately 40 % of the Chilean national copper production

comes from block caving mines (El Teniente, Andina, and

El Salvador, and in the near future, Chuquicamata). As a

consequence of the industry needing to increase produc-

tivity, Caterpillar (CAT) and Codelco (the National Copper

Corporation of Chile) developed the Rock Flow Continu-

ous Mining System (CAT 2015).

The new system aims to raise productivity from 0.4 to

1 t/day m2, by using continuous haulage technology

instead of the conventional use of LHD—Load, Haul,

Dump machine—(Encina et al. 2008; CAT 2015). The first

prototype trial took place in 2005 at the El Salvador mine,

Chile, reaching a mean production rate of 200 t/h (Encina

et al. 2008; Orellana 2012).

The RFCMS chains a group of feeders, a heavy-

weight conveyor, and a primary crusher. Early crushing

of the mineral was introduced to avoid grizzlies on ore

passes and to allow proper operation on conveyors

belts. Each feeder extracts ore from the draw points,

which feeds the conveyor equipped with a primary

crusher. Concerning a large cave operation (i.e., hun-

dreds of draw points operating at the same time), the

RFMCS operates through production modules working

in coordination, to secure the production capacity of the

mine.
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Through physical modeling (Kvapil 1965; Laubscher

1994; Power 2004; Castro et al. 2007; Trueman et al. 2008;

Alejano et al. 2011; Castro et al. 2014), the current project

examines the production capacity of the dozer feeder sys-

tem for different material types.

The objective of this technical procedure is to explore

the suitability of different rock-type materials for physical

modeling and to derive adjustment factors to upscale the

productivity (t/h) of the system. The comparison between

laboratory production rates and real field data showed good

agreement for some of the materials under evaluation. In

this note, we introduced a new model of productivity and

steady-state production rates for the current material han-

dling system.

2 Experimental Setup

Six experiments were carried out using materials with dif-

ferent rock properties. An axisymmetric 2D physical model

was built aiming to mimic the continuous rock extraction

system in one draw point. It represented a 50-m fragmented

column of ore mineral. Intermittent flow under low stress

conditions was chosen as the most representative cave

mining environment (Castro et al. 2014). Materials with

various shapes and strength characteristics, yet same particle

size distributions, were considered, and productivity and

velocity of the dozer feeder were measured. This experi-

mental setup resembles the mobilized zone, where the ore is

already fragmented. The current model does not intend to

model the caving process on an intact rock. However, it does

intend to represent the production process of the RFCMS.

The geometrical scale was defined as kl ¼ 1
50
. This sat-

isfies the construction of all parts of the model and ensures

representation of the phenomena. According to scaling

laws, time and velocity scales are equal to the square of the

geometrical scale, kt ¼ kv ¼ k1=2l . The weight scale factor

is k3l . The total height of the draw column in the physical

model is 1 m. The main dimensions of the scaled dozer

(Fig. 1) and the physical model (Fig. 2) are presented in

Table 1.

The dozer or feeder system is installed below the

material column inside the draw point. A pneumatic system

has been designed to facilitate the two movements of the

dozer: inside and outside of the ore column (Fig. 3). The

productivity and pushing pressure were measured in terms

of mass per cycle and bar, respectively. Manometers allow

for the measurement of the minimal pressure required by

the system to ensure full movement.

The procedure consisted of applying a constant pressure

to the dozer during the cycle until a quantity of material

was extracted from the draw point. The cycle begins when

the dozer remains stationary below the material column

(Fig. 3a). The dozer then pushes the fragments into the

empty space (Fig. 3b), allowing them to be weighed by an

electronic load cell. Finally, the dozer returns to its initial

position (Fig. 3c) and is ready to start a new cycle. The

experiment is completed once the first colored marker,

which originated from the top of the model at the beginning

of the test, is recovered.

2.1 Material Characterization

For each type of material, classes of fragments were sieved

andmixed to achieve the same size distribution for all rounds.

The particle size distribution used in the experiments repli-

cates the size distribution encountered at the drawpoints in the

El Salvador in situ test. Fragments with equivalent diameter

below 0.64 cm were discarded for operational reasons, but

they were later considered for productivity calculations. The

physical model design followed a ratio of draw point/width to

particle size (dw/d50) equal to 5.2, ensuring an intermittent

flow environment (Castro et al. 2014).

Crushed copper ore, gravel, mortar, brick, gypsum, and

charcoal were used in the experiments. Copper ore rocks

were obtained from the El Salvador mine. Gravel, brick, and

charcoal were acquired from a construction materials store.

Mortar and gypsum fragments were prepared in the labora-

tory. The properties measured are presented in Table 2.

The strength index of each material was measured by

using the ASTM D5731-08 point load test procedure. The

materials were classified based on their particle shape

Fig. 1 Dozer feeder system at reduced scale. a Isometric view at the draw point, b plan view, and c lateral view
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(Santamarina and Cho 2004). Thirty d50 size fragments of

each material were analyzed. As a result, copper ore and

gravel were classified as angular and sub-round, respec-

tively, while the other materials were classified as sub-

angular.

Specific density was measured in the laboratory using

water pycnometry at room temperature. Apparent (bulk)

density was calculated using the ratio between mass and

given volume. Both the weight of a representative sample

of the material (obtained using a rotary sampler) and the

dimensions of the recipient were known.

3 Results

Six trials were carried out during this research as presented

in Table 3. The variables measured during the experiments

included: production per cycle (g/cycle) and cycle time (s).

(a) (b) (c) 

Fig. 2 Physical model for studying the rock continuous system a schematic view of the model (not at scale), b model filled with gypsum

fragments, and c model filled with mineral fragments during extraction of material

Table 1 Physical model

dimensions
Item Symbol Scaled model Actual (mine) size

Unit Value Unit Value

Fragmented column height hc mm 1000 m 50

Draw-bell angle B � 90 � 90

Draw-bell height hz mm 150 m 7.5

Draw-bell width wz mm 94 m 4.7

Gallery area A mm2 6400 m2 16

Gallery height hg mm 80 m 4

Distance to road wg mm 62 m 3.1

Dozer length mm 11 m 5.5

Dozer width mm 4 m 2
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4 Discussion

Particle shape can be the reason for the highest observed

value of productivity of the gravel material as it has been

pointed out that rounded particles flow easily (Santamarina

and Cho 2004). Table 4 presents the laboratory values

scaled up to data from the El Salvador test.

In Table 4, �xj is equal to the laboratory production

average of the material j in grams per cycle, qaj is the

apparent density (Table 2) of the material j, a ¼ 106 is the

unity conversion value from grams to tons, and k3l repre-

sents the scaled factor for weight. In order to compare the

laboratory results with the prototype, we defined the

cumulative average extraction (CAE) of the material j as:

CAEjn ¼
Xn

i¼1

Vij

n
: ð1Þ

In Eq. 1, i. . .n represents a cycle, where n is the last one,
Vij corresponds to the scaled volume of the material j and

was calculated from the production rate measured in the

laboratory:

Vij

m3

cycle

� �
¼

xlabij

a � qaj � k3l
: ð2Þ

where xlabij is the amount of mass extracted from the

material j in grams per cycle in the cycle i. The cumulative

time Tnj of each material j was defined as the addition of all

cycle times:

Tnj minð Þ ¼ 1

b � k2l

 !
�
Xn

i¼1

tijðsÞ ð3Þ

The value tij corresponds to the time to complete the full

loading–discharging cycle i of the material j, b ¼ 1
60

is the

unity conversion value from seconds to minutes, and k2l
represents the scaled factor for time. The time Tnj also

represents the duration needed to finish an experiment.

Fig. 3 Schematic representation of a production cycle a dozer feeder

remains stationary, b dozer goes forward pushing fragments, and

c after the equipment moves along the gallery, it returns to its initial

position

Table 2 Material properties
Material property Unit Copper ore Gravel Mortar Brick Gypsum Charcoal

Particle size

d80 cm 2.44

d50 cm 1.81

Uniformity index (d60/d10) – 2.17

Particle shape Sphericity 0.64 0.65 0.57 0.57 0.55 0.51

Roundness 0.11 0.44 0.27 0.25 0.24 0.23

Regularity 0.37 0.54 0.42 0.41 0.39 0.37

Specific density g/cm3 2.71 2.69 2.59 2.68 2.84 0.83

Apparent density g/cm3 1.57 1.61 0.92 1.02 0.97 0.42
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The data are fitted by the equation y ¼ xss�t
t50%þt

. The

parameters for each material are presented in Table 5. The

parameter t50% represents the time at which 50 % of the

steady-state production rate xss is reached. Figure 4 shows

the evolution of parameter CAEnj with respect to Tnj.

The data from Fig. 4 show that the copper ore and

gravel showed similar behaviors. The rest of the materials

are far below the productivity average and the steady-state

values as compared to the copper ore results. As was pre-

viously indicated, the measured in situ test productivity

was 200 t/h. From the laboratory test, 45 cycles/h (scaled

time by k1=2l Þ on average were recorded. On combining

both results, a production rate of 2.8 m3/cycle was obtained

for the El Salvador test, using an apparent density of 1.57 t/

m3 (Table 2). The two main reasons for the observed dif-

ferences are as follows:

1. Size distribution The size distribution used in the

experiments has a lower limit of 0.635 cm. This

fraction represents 8.23 % of the particle size distri-

bution observed at the mine. This constraint is

necessary for the smooth operation of the physical

model. Fragment sizes below 0.635 cm caused a large

number of operational interruptions in the physical

model unrelated to the mine conditions. Laubscher

(1994) indicated that on average, for a very coarse

material, approximately 22 % of the material makes up

less than 0.12 m3. Thus, a correction factor of

1.08–1.25 can be applied to account for material less

than 0.12 m3 in the physical model.

2. Zero production cycles During the physical modeling,

null productive cycles were observed, sometimes accom-

panied by hang-ups. For this study, those cycles were

recorded and considered part of the production system.

Encina et al. (2008) have not provided any additional

information concerning this issue. Notably, during the

extraction of copper ore fragments, 18.2 % of the cycles

were recorded as ‘‘zero production cycles.’’ A correction

factor of 1.18 (Table 6) was applied to account for the

zero production cycles in the physical model.

In conclusion, the average �x00j and the steady-state xss

productivity rate values should be corrected by applying a

factor of cf1 ¼ 1:15 and cf2ðcopper oreÞ ¼ 1:18 (if zero

production cycles are not considered).

Table 3 Laboratory results
Productivity (g/cycle)

[mean ± variance]

Cycle time

(s) [mean ± variance]

Dozer velocity (mm/s)

[mean ± variance]

Copper ore 28.6 ± 35.5 11.2 ± 1.9 2.4 ± 1.0

Gravel 31.5 ± 36.3 10.9 ± 1.9 2.8 ± 1.6

Mortar 10.3 ± 15.7 11.0 ± 1.7 2.7 ± 0.5

Brick 15.4 ± 18.0 11.1 ± 1.6 2.7 ± 0.6

Gypsum 6.2 ± 9.5 11.0 ± 1.5 2.7 ± 1.1

Charcoal 3.0 ± 4.0 11.0 ± 1.2 2.7 ± 0.5

Table 4 Scaled values of laboratory results

Material Laboratory productivity (g/cycle)

�xj � rj
Scaled productivity (mine) (t/cycle)

�x0j ¼
ð�xj�rjÞ
a�k3l

Scaled productivity (mine) (m3/cycle)

�x00j ¼ ð�xj�rjÞ
a�qaj �k3l

Mean Variance Mean Variance Mean Variance

Copper ore 28.6 35.5 3.6 4.4 2.3 2.8

Gravel 31.5 36.3 4.0 4.5 2.4 2.8

Mortar 10.3 15.7 1.3 2.0 1.4 2.1

Brick 15.4 18.0 1.9 2.3 1.9 2.2

Gypsum 6.2 9.5 0.8 1.2 0.8 1.2

Charcoal 3.0 5.0 0.4 0.6 0.9 1.5

Table 5 Parameters model

Material/parameter xss
m3

cycle

� �
t50% (min)

Copper ore 2.5 37.7

Gravel 2.7 66.7

Mortar 1.4 6.3

Brick 2.0 24.8

Gypsum 0.8 4.4

Charcoal 0.8 18.2
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Table 6 shows the copper ore (3.1 m3/cycle), gravel

(3.2 m3/cycle), and brick (2.6 m3/cycle) productivity rates

as the closest values matching the productivity rates mea-

sured at the mine (2.8 m3/cycle). Moreover, the steady-

state productivity indicates that a higher production can be

expected at the mine. Particle shape can be argued as the

reason for the higher productivity of the gravel material, as

rounded particles tend to flow more easily.

5 Conclusions

The continuous mining system for block caving mines was

modeled under laboratory-scaled conditions. Indeed, there

is a good agreement between the El Salvador mine test

results and the scaled values in terms of productivity,

where copper ore fragments, gravel, and brick were used. A

full characterization of average and steady-state production

is provided. Moreover, a model of productivity is presented

in terms of extraction time and average productivity. This

model can prove helpful for engineers for future modeling

of the continuous extraction rock system for caving mines.

For instance, in a production module of six feeders, the

productivity rates encountered can help to estimate the

production capacity of the module under certain conditions

of operation. If we consider two shifts per day of 8 oper-

ational hours, one feeder will extract around 2450 m3/day.

This rate, of course, will depend on the shift arrangement,

maintenance, mine sequencing, and others operational

factors of the cave mine.

Even though there is a large difference between the

productivity of charcoal, gypsum, and mortar materials (at
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Fig. 4 Cumulative average extraction plotted against the cumulative time for each material

Table 6 Correction factors and corrected productivity rates indexes

Correction factor cf1 = 1.15 �x00j
m3

cycle

� �
xss

m3

cycle

� �

Material Correction factor cf2 cf1 � cf2 � �x00j cf1 � cf2 � xss

Copper ore 1.18 3.1 3.4

Gravel 1.15 3.2 3.5

Mortar 1.10 1.8 1.71

Brick 1.18 2.6 2.7

Gypsum 1.28 1.2 1.2

Charcoal 1.36 1.4 1.3
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a production rate of 200 t/h), the ability to relate produc-

tivity rates to the use of the material is a key finding. The

application of adjustment factors for engineering design

purposes has proved to be very useful.
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