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Abstract: The economics of today’s mining industry requires more efficient 
usage of truck-shovel systems. In this paper, a discrete-event simulation model 
is developed, implemented, and verified to analyse the behaviour of a 
stochastic truck-shovel materials-handling and haulage system in open-pit 
mining. A mixed integer linear programming model (MILP) is also developed 
to deal with the allocation problem in which trucks and shovels are assigned  
to mining faces. The simulation model is linked to the optimal short-term mine 
production schedule generated by mathematical programming using exact 
solution methodology. The simulation model imitates the complex truck-shovel 
system, and considers the uncertainties associated with the operations of trucks 
and shovels. The simulation model provides a tool to improve the system’s 
efficiency, and guarantees that the operational plans will honour the optimum 
net present value obtained in the production-scheduling phase. 

Keywords: truck-shovel system; short-term mine planning; stochastic  
discrete-event simulation; MILP. 
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1 Introduction 

The fundamental objective of any mining project is to maximise mine profit by extracting 
ore at the lowest possible cost over the mine life. Especially in open-pit mines, acquiring 
the optimal production at minimum cost is an essential issue, because open-pit mine 
operations are highly capital intensive. Operating costs are one of the major expenditures 
in open-pit mines. A significant portion of operating costs is related to operations of 
equipment involved in materials-handling and haulage systems. Trucks and shovels 
constitute 50–60% of an open-pit mine’s overall operating costs (Ercelebi and Bascetin, 
2009). An efficient truck-shovel system creates savings by reducing hauling, operating, 
and maintenance costs. Nowadays, with increasing equipment capacity and haul 
distances, deepening pits, and a more competitive mineral market, the problem of 
improving the utilisation of available fleet becomes even more important and 
challenging. The problem is challenging because truck-shovel systems are complicated 
due to the uncertainties associated with their operations and the vast number of 
parameters and resulting interactions involved in the problem. 

Resource allocation problems are central to many real-world planning problems, 
including load distribution, production planning, computer scheduling, portfolio 
selection, etc. In this paper, resource allocation refers to the allocation of trucks and 
shovels to mining faces. The scope of this research is concerned with improving  
truck-shovel systems’ efficiency using simulation and mathematical programming.  
The objective is to build a linkage between the optimal short-term mine schedule and  
the truck-shovel material-handling-and-haulage system considering the uncertainties 
associated with the operations in order to improve the utilisation of these resources while 
meeting optimal short-term production targets. 

We present two main modelling components as the means to achieve the research 
objective:  

• a MILP model to allocate trucks and shovels to mining faces over a shift-by-shift 
basis so that the operating costs are minimised and resource utilisations are 
maximised through the planning horizon 

• a discrete-event simulation model to analyse the behaviour of a truck-shovel haulage 
system considering the associated uncertainties within mining operations. 

Ultimately, the goal is to develop an integrated model of the truck-shovel allocation 
MILP and the discrete-event simulation, where the two components interact with each 
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other. The current paper includes the MILP model formulation and the complete verified 
simulation model which is linked to the optimal short-term mine production schedule. 

The main contribution of this research so far, is the development, implementation, 
and verification of a simulation model with a link to optimal short-term mine schedule 
and extraction sequence of mining faces, which assists in achieving high-level of mine 
plan compliance across short-term planning and operational planning time horizons.  
The generated production schedule by the simulation model is derived from the overall 
mine plan requirements according to the economic and operational objectives, not only 
the shovels’ requirements, which is the common approach in the literature and industry. 

The tasks that were completed to achieve the objective are as follows:  

• carry out a thorough literature survey on modelling truck-shovel systems 

• develop MILP model to deal with allocation problem 

• analyse a real world truck-shovel system to obtain insight into the activities and 
prevalent factors involved in truck-shovel systems 

• conceptualise the simulation model 

• perform data analysis on historical dispatching data to fit suitable probability density 
functions 

• develop the actual model using Arena simulation software 

• verify the model 

• test the model on a real world open-pit mine 

• run multiple scenarios and document results. 

The output of the optimal short-term mine production schedule generated by Eivazy and 
Askari-Nasab (2012a, 2012b) using MILP is the input into the simulation model in this 
study. The simulation model imitates the complex truck-shovel system, and considers  
the uncertainties associated with the operations of trucks and shovels. This approach 
guarantees that the operational plans will honour the objectives of the production 
scheduling phases. Two main sub-problems are considered in this research. First is the 
equipment selection problem, in which the number of trucks and shovels are determined. 
The second is the behaviour of the designed system with the selected number of 
equipment. Using defined key performance indicators (KPIs), the efficiency of the 
system is measured under different operational scenarios. 

Different methods for modelling truck-shovel systems are reported in the literature. 
These methods can be classified into three main categories:  

• mathematical programming 

• simulation 

• other stochastic methods such as queuing theory. 

Among current methods, simulation is widely accepted as a way to assess the 
performance of mining operations, because it makes it possible to incorporate the 
system’s inherent variability and complexity. The other commonly used approaches  
like mathematical programming and stochastic methods require significant computational 
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effort. Due to complexity and high uncertainty of the truck-shovel operations, none of 
these methods can comprehensively capture all aspects of truck-shovel systems.  
Most approaches usually ignore the stochastic nature of the truck-shovel operations and 
use deterministic solutions. 

Although mathematical programming-based models have been developed for  
truck-shovel systems, most have shortcomings. These models do not take into account  
the stochastic nature of the truck-shovel systems, the economic parameters, and the multi-
time-period nature of the mining operations (Gurgur et al., 2011), so they are usually 
combined with simulation models or other stochastic approaches, as seen in studies by 
Temeng et al. (1997), Fioroni et al. (2008), and Yuriy and Vayenas (2008). Some other 
studies have developed models based on mathematical programming approaches to 
optimise production scheduling and truck dispatching problems in the same framework, 
such as works by Yan and Lai (2007), Yan et al. (2008), and Gurgur et al. (2011). 

Simulation studies about truck-shovel systems are mostly implemented for specific 
cases. Each of these studies tries to apply the simulation modelling for a real mine such 
as models developed by Sturgul and Eharrison (1987) for a surface mine in Australia,  
Peng et al. (1988) for an iron ore mine in northeast China, Forsman et al. (1993) for a 
copper ore mine in northern Sweden, and Awuah-Offei et al. (2003) for a typical hard 
rock auriferous mine in Ghana. The majority of these simulation studies, such as those by 
Wang et al. (2006), and Burt and Caccetta (2007), are only evaluating truck dispatching 
rules, while others, such as Karami et al. (1996) and Awuah-Offei et al. (2003), try to 
also consider the operations involved in the truck-shovel systems. 

Some studies have applied the queuing theory to analyse truck-shovel haulage 
systems in open-pit mining. The first application of queuing theory in mining context was 
done by Koenigsberg (1958). His work was followed by Carmichael (1987, 1986), 
Kappas and Yegulalp (1991), Muduli and Yegulalp (1996), Czaplicki (1999), Trivedi  
et al. (1999), Alkass et al. (2003), Krause and Musingwini (2007), Ercelebi and Bascetin 
(2009), and Ta et al. (2010). There is limited literature on stochastic programming 
applied in the field of mining. It seems that only Ta et al. (2005) have used the stochastic 
programming directly in evaluating a truck-shovel system. The major limitations in the 
current research on truck-shovel systems in open-pit mining are: 

1 The stochastic nature of the truck-shovel systems is usually treated as deterministic. 
This drawback is mostly seen in mathematical programming techniques. 

2 The system is modelled based on the shovel production requirement, which is stated 
as the shovel’s hourly production rate. With this approach, the shovels are assumed 
to work continuously and the focus is on the operations of trucks only. 

3 The source of material is defined as a mining-zone or a mining face. This approach 
treats each zone as a single complete unit that has single grade and tonnage 
characteristics. This imposes the assumption that all blocks in a mining-zone are 
identical. However, in the real world, trucks and shovels extract mining faces which 
comprising of blocks, which have distinct ore and waste percentages and grades. 

4 A considerable amount of research focuses on the truck-shovel system as a closed 
system, the interactions with other systems in the mine such as the processing 
systems is ignored. 
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The simulation model developed in this study addresses the four problems mentioned 
above. The next section of the paper covers the MILP formulation for truck-shovel 
allocation to mining faces. Sections 3 and 4 present problem definition and simulation 
model development, while Section 5 presents an application of the simulation model to an 
iron-ore open pit mine. Finally, the last section presents the conclusions and future work. 

2 MILP formulation 

This section presents the MILP formulation for truck-and-shovel allocation to the mining 
faces. It should be noted that the implementation, verification, and integration with the 
discrete-event simulation model is part of the future work and is not presented in this 
paper. 

The following assumptions are the basis of the mathematical programming model 
developed for the truck-shovel allocation problem. An open-pit mine consisting of 
different mining faces is taken into account. These mining faces are located on several 
benches. There are two fixed destinations for the trucks: a crusher and a waste dump.  
It is assumed that shovels and trucks of different types with different sizes are available. 
Due to failures and scheduled maintenance, the number of available trucks of each type 
and available shovels may vary from one period to another. At the beginning of each 
period, a decision is made about assigning trucks and shovels to the mining faces, which 
are ready to be extracted. The model considers grades of materials in the mining faces. 
Shovels and trucks are allocated to the mining faces to meet the blending constraints at 
the crusher. Any deviation from the target production at the crusher results in a penalty, 
which translates to extra costs. In addition, there are costs associated with the trips that 
trucks take from a mining face to different destinations. The cost of a shovel travelling 
from its location to a new mining face location is also considered. Other assumptions 
considered in building the MILP model are: 

• Each mining face is available to be extracted at specific periods 

• There is a maximum and minimum limit on the crusher’s production capacity 

• Specific types of trucks can work with specific types of shovels 

• The number of available trucks of each type is known at the beginning of the period 

• The number of available shovels is known at the beginning of the period 

• Maximum and minimum production capacity of shovels and load capacity of trucks 
are known 

• A truck’s capacity, in terms of tonnes, depends on the type of material it is hauling 

• Only one shovel operates at each mining face at a time 

• Each shovel can operate at only one mining face at a time. 

Sets 

{1, , } :I I= …  Set of mining faces 
{1, , }:J J= …  Set of shovels 
{1, , } :K K= …  Set of types of trucks. 
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Indices 

:i I∈  Index for mining faces 
:j J∈  Index for shovels 
:k K∈  Index for types of trucks. 

Parameters 

{ }0,1 :iMAT ∈  Current material type of mining face i. It is equal to 1 if current 
material type of mining face i is ore; otherwise it is equal 0 

:iORE  Remaining ore tonnage at mining face i (tonnes) 
:iWASTE  Remaining waste tonnage at mining face i (tonnes) 

{ }0,1 :face
iAVL ∈  Availability of mining face i. It is equal to 1 if mining face i is 

available; otherwise it is equal to 0 

{ }0,1 :shovel
jAVL ∈  Availability of shovel j. It is equal to 1 if shovel j is available; 

otherwise it is equal to 0. 
max :jSHCAP  Maximum production capacity of shovel j (tonnes per hour) 
min :jSHCAP  Minimum production capacity of shovel j (tonnes per hour) 
:kNUM  Number of available trucks of type k 

{ }0,1 :jkCOMP ∈  Compatibility of truck k with shovel j. It is equal to 1 if truck k is 
compatible with shovel j; otherwise it is equal to 0 

:ore
ikCT  Cycle time of truck type k transferring ore from mining face i to the 

crusher (seconds) 
:waste

ikCT  Cycle time of truck type k transferring waste from mining face i to the 
waste dump (seconds) 

:ore
kCAP  Capacity of truck type k when transferring ore (tonnes) 

:waste
kCAP  Capacity of truck type k when transferring waste (tonnes) 
:ilGR  Grade of element l at mining face i (%) 
:lUB  Upper bound of grade blending for element l 
:lLB  Lower bound of grade blending for element l 

:PMAX  Maximum processing capacity of the crusher (tonnes) 
:PMIN  Minimum processing capacity of the crusher (tonnes) 

:ijMC  Trip cost of shovel j travelling from its current location to mining  
face i ($) 

:ore
ikTRC  Trip cost of truck type k travelling from mining face i to the  

crusher ($) 
:waste

ikTRC  Trip cost of truck type k travelling from mining face i to the waste 
dump ($) 

:DC  Cost of deviation from target production ($ per ton) 
:T  Planning time duration (hours). 
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Decision variables 

{ }0,1 :ija ∈  Binary integer decision variable representing assigning of shovel j to mining 
face i. It is equal to 1 if shovel j is assigned to mining face i; otherwise it is 
equal to 0 

:ore
ikn  Continuous decision variable representing number of trips of truck type k 

from mining face i to the crusher 
:waste

ikn  Continuous decision variable representing number of trips of truck type k 
from mining face i to the waste dump 

:ix  Extracted material tonnage from mining face i (tonnes). 

Objective function 

Minimize 
                    

                ( )

                 ( )

ij ij
i I j J

ore ore waste waste
ik ik ik ik

i I k K

i i
i I

Z
MC a

TRC n TRC n

DC PMAX MAT x

∈ ∈

∈ ∈

∈

=

⋅

+ ⋅ + ⋅

+ ⋅ − ⋅

∑∑

∑∑

∑

 (1) 

Subject to 
face

ij i
j J

a AVL i I
∈

≤ ∀ ∈∑  (2) 

shovel
ij j

i I

a AVL j J
∈

≤ ∀ ∈∑  (3) 

3600 ,ore ore
ik ik k iCT n T NUM MAT i I k K⋅ ≤ ⋅ ⋅ ⋅ ∀ ∈ ∈  (4) 

3600 (1 ) ,waste waste
ik ik k iCT n T NUM MAT i I k K⋅ ≤ ⋅ ⋅ ⋅ − ∀ ∈ ∈  (5) 

,ore
ik ij jk

j J

n a COMP i I k K
∈

≤ ⋅ ∀ ∈ ∈∑  (6) 

,waste
ik ij jk

j J

n a COMP i I k K
∈

≤ ⋅ ∀ ∈ ∈∑  (7) 

3600ore ore waste waste
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i I i I

n CT n CT T NUM k K
∈ ∈

⋅ + ⋅ ≤ ⋅ ⋅ ∀ ∈∑ ∑  (8) 

max .i j ij
j J

x T SHCAP a i I
∈

≤ ⋅ ∀ ∈∑  (9) 

min .i j ij
j J

x T SHCAP a i I
∈
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i i ix MAT ORE i I⋅ ≤ ∀ ∈  (13) 

( )1i i ix MAT WASTE i I⋅ − ≤ ∀ ∈  (14) 

ore ore waste waste
i ik ik ik ik

k K k K

x CAP n CAP n i I
∈ ∈
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il i l i
i I i I

GR x UB x l L
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il i l i
i I i I

GR x LB x l L
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{ }0,1 ,ija i I j J∈ ∀ ∈ ∈  (18) 

, ,ore waste
ik ikn n Z i I k K∈ ∀ ∈ ∈  (19) 

0ix i I≥ ∀ ∈  (20) 

In the developed MILP formulation, the objective function tries to minimise the costs 
associated with truck-shovel operations. The first term in equation (1) is the total cost of 
shovels travelling to new mining faces. The second term is the total transportation cost of 
trucks travelling to the waste dump or to the crusher. The last term in equation (1) is the 
cost of negative deviation from the production target at the crusher. 

Equation (2) indicates that at each available mining face only one shovel can operate, 
and if a mining face is not available, no shovel should be assigned to that mining face. 
Equation (3) assures that each available shovel can operate at only one mining face. 
Equation (4) limits the number of trips for a fleet of trucks travelling from each mining 
face to the crusher. Equation (5) restricts the number of trips for a fleet of trucks 
travelling from each mining face to the waste dump. Equations (6) and (7) guarantee that 
a truck could travel to a mining face only if a shovel is assigned to that mining face and 
the shovel is compatible with that type of truck. Equation (8) denotes that the total 
number of trips that each truck type makes to the crusher or to the waste dump is less 
than the maximum possible trips of that truck type. Equations (9) and (10) ensure that the 
production of each mining face is between the minimum and maximum possible 
production of the shovel assigned to that mining face. Equations (11) and (12) aim to 
meet the crusher’s limits of processing capacity. Equations (13) and (14) force each 
mining face to produce less than the maximum amount of available material. Equation 
(15) defines the production of each mining face based on the number of trips made by 
each fleet of trucks. Equations (16) and (17) ensure that the grade blending at the crusher 
is between specified upper and lower limits. Equations (18)–(20) define types of different 
decision variables. Solving the MILP model with an optimisation tool and integrating it 
with a simulation model is recommended for future research. 

3 Truck-shovel system description 

The iron ore open-pit mine studied in this paper consists of a pit-exit point and three 
possible destinations for the mined material:  
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• waste dumps 

• stockpiles 

• processing plants (crushers). 

A reclamation strategy from stockpiles to appropriate crushers based on the short-term 
plan is not available. The main element of interest in the deposit is iron, phosphor and 
sulphur are considered as contaminants. 

The employed truck-shovel system operates with a link to the optimal short-term 
production schedule. Short-term production schedule and mining-cut extraction 
sequences provided by Eivazy and Askari-Nasab (2012a, 2012b) are the inputs into the 
simulation. The short-term production schedule provides information about the number 
and IDs of mining-cuts that should be extracted in each month. Also, the following 
information is available in the short-term production schedule for each mining-cut: 

• mining-cuts that should be extracted prior to mining any particular mining-cut 

• coordinates of the mining-cuts’ location 

• material content of the mining-cut which is defined as ore tonnage and waste tonnage 

• grades of different elements, which include phosphor, sulphur, and magnetic iron ore 

• periods during which the mining-cut is supposed to be extracted 

• destinations where the mining-cut’s material should be delivered to 

• the portion of the mining-cut that should be extracted in each period and delivered to 
a specific destination 

• the number and length of the ramp through which the material is hauled to the pit-
exit point. 

In this paper, a typical truck-shovel system is studied, Classification of material as ore, 
stockpile, and waste material, as well as the material’s respective destination, is based on 
the optimal short-term schedule, which is an input into the simulation model. At each  
of the destinations, there is limited space available for trucks to dump. No more than  
a specific number of trucks can dump simultaneously at a destination. Regarding the 
rehandling process, a loader and a truck are used to reclaim material from stockpiles. 

The proposed model includes the uncertainties associated with the operations of 
trucks and shovels. The stochastic variables are represented by probability density 
functions, which are estimated, based on the historical data and goodness of fit tests.  
The uncertainty is captured by using the following random variables in the discrete-
event-simulation model: 

• the tonnage that a shovel can extract at each load-pass 

• the time that it takes to complete one load-pass 

• the time that it takes to dump a load at a destination 

• moving velocity of a shovel, which account for the time that it takes the shovel to 
travel from one mining face to another based on their distance 
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• velocity of a truck when it is loaded and when it is unloaded during day and  
night shifts 

• mean time between failures (MTBF) and mean time to repair (MTTR) for shovels 

• MTBF and MTTR for truck minor and major failures 

• MTBF and MTTR for crushers. 

4 Model development 

Due to the complexity of truck-shovel systems, simulation is used to study the system.  
In the model, trucks, shovels, waste dumps, stockpiles, and crushers are modelled as 
resources of the truck-shovel operations. The flowchart of the model’s logic is 
represented in Figure 1. The modelling and analysing the truck-shovel system in an open-
pit mine is divided into two sub-problems. 

In the first sub-problem, the equipment selection problem is considered. In this study,  
it is assumed that all trucks and shovels are identical. To determine the required number 
of resources, different scenarios with different number of trucks and shovels are 
generated. For this purpose, Arena Process Analyser (Arena Simulation Software, Ver. 
13.9, 2010) is used. The dominant criterion used to evaluate each scenario is the 
production target of ore and waste, which is determined by the optimal short-term 
production schedule. With this approach, scenarios in which the production target is met 
are considered feasible. To choose the best scenario among feasible ones, other criteria 
that include average shovel utilisation and average truck utilisation are used. 

The chosen number of trucks and shovels are used as a resource in the simulation 
model, and further analysis on the system’s KPIs is done in the second sub-problem. 
Most of the KPIs are evaluated for a time span of a month or a shift. As the outcome, a 
95% confidence level at 50 replications is used to generate tight half-widths around the 
mean of the major KPIs. This study considers the following KPIs: total delivered material 
tonnage; average truck utilisation and average shovel utilisation; average grades of 
elements such as phosphor, sulphur, and magnetic iron; average truck waiting time; 
average truck queue lengths; and average truck cycle time. 

Among these KPIs, this study aims to reduce the truck waiting time, where possible. 
Any improvement in truck waiting time would affect the truck queue length and truck 
cycle time and, thus, improve the system’s total efficiency. A truck waits for a resource 
because the resource is either busy or has failed. The largest contributor to the truck 
waiting time is the crusher failures. It is recommended that if a crusher has failed,  
the optimal short-term production schedule would not be followed and instead, trucks be 
redirected to the stockpiles. Following the new strategy, the content of stockpile at each 
period is sourced from two different flows of material. One is a planned flow of material 
that is based on the short-term production schedule and the other is the material flow, 
which was supposed to go to the processing plant, but is delivered to the stockpile, 
because of the crusher’s failure. The latter material flow is referred as unplanned flow of 
material. The proposed simulation model is developed and tested in Arena simulation 
environment (Arena Simulation Software, Ver. 13.9, 2010). 
 
 



   

 

   

   
 

   

   

 

   

    A linkage of truck-and-shovel operations to short-term mine plans 107    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 1 Flow chart of the main simulation model 
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5 Case study 

The proposed simulation model is applied to the data of an open-pit mine, Gol-E-Gohar, 
in the south of Iran. There are six different destinations in the mine: two waste dumps, 
two stockpiles, and two processing plants. It is assumed that stockpile one feeds only 
crusher one and stockpile two only feeds crusher two. The information about the  
tonnage and grade of material reclaimed from each stockpile in each period is determined 
by the optimal short-term production schedule with the objective of cost minimisation. 
The optimal short-term production plan for this mine is developed by Eivazy and  
Askari-Nasab (2012a, 2012b) for a time horizon of one year, with a monthly resolution. 
The mine production bar-chart in terms of tonnage of material sent to the processing 
plants, stockpiles, and waste dumps is shown in Figure 2. Figure 3 shows the  
schematic view of the mine and the distances between the pit-exit point and different 
destinations, as well as the distances between the processing plants and the corresponding 
stockpiles. 

Figure 2 Optimal short-term schedule developed by Eivazy and Askari-Nasab (2012a, 2012b) 
(see online version for colours) 

 

The total number of mining-cuts that should be extracted during the year is 330. Total 
rock tonnage and ore tonnage of these mining-cuts are 25 and 8 million tonnes, 
respectively. The mine employs CAT 785D mining trucks and CAT 7295 HD electric 
rope shovels. The truck’s nominal payload capacity is 120 tonnes and the shovel’s 
nominal dipper payload capacity is 40 tonnes. A truck is fully loaded by three  
load-passes. The equipment works 24 hours a day: one day shift and one night shift. It is 
assumed that only one truck can dump at each of the processing plants or each of the 
stockpiles at the same time. There is room for three trucks at each of the waste dumps. 
Each stochastic variable of the truck-shovel system is represented with a probability 
density function, which are presented in Table 1. 
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Figure 3 Schematic view of the mine (see online version for colours) 

 

The proposed simulation model is developed using Arena simulation software (Arena 
Simulation Software, Ver. 13.9, 2010). The model reads all input data from an Excel.csv 
format file for easier input data entry and modifications. The model also exports all 
statistics to an Excel.csv format file. The simulation model is verified by:  

• running the simulation model with no failures and also all random variables are 
replaced with their mean values; the results of the model are compared against 
manual calculation for 20 sample mining-cuts in terms of the cycle times of the 
trucks and tonnage of delivered material 

• comparison of the mine production chart and weighted average head-grade output 
resulted from the simulation to the input production chart resulted from the MILP 
production scheduling model (Eivazy and Askari-Nasab, 2012a; 2012b). 

5.1 Determination of number of trucks and shovels 

To determine the required number of trucks and shovels, different scenarios are 
examined. The optimum scenario is the one that meets the production target in terms of 
ore and waste movement and has the highest truck and shovel utilisations. As shown in 
Figure 4, in scenario 18, with 3 shovels and 11 trucks, the production target is met.  
The average shovel utilisation is about 93% and the average truck utilisation is about 
67% in this scenario. Accordingly, this scenario is chosen as the best scenario. Further 
increasing the number of shovels or trucks produces more feasible scenarios but 
decreases the utilisations. 

The average truck and shovel utilisations during each month are monitored.  
As presented in Figure 5, the average utilisations in the odd months (1, 3, 5, 7, 9 and 11) 
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are less than those in the even months (2, 4, 6, 8, 10 and 12). The monthly difference in 
utilisation is due to the stockpiling and reclaiming strategy developed in the optimal 
short-term schedule. During the odd months less material has been delivered directly 
from the mine to the processing plants. Instead, some material is reclaimed from 
stockpiles during these months (see Figure 2). 

Table 1 Stochastic variables and their representative probability density functions 

Stochastic variable Probability density function 
Loaded truck velocity during day shift (km/h) Normal (18, 3) 
Loaded truck velocity during night shift (km/h) Triangular (15, 15, 18) 
Empty truck velocity during day shift (km/h) Normal (36, 3) 
Empty Truck Velocity During Night Shift (km/h) Triangular (30, 30, 33) 
Shovel velocity during day shift (km/h) Normal (6, 0.6) 
Shovel velocity during night shift (km/h) Triangular (5.1, 5.1, 5.7) 
Load time (s) Triangular (12, 15, 18) 
Dump time (s) Triangular (10.2, 12, 15) 
Load-pass tonnage (tonnes) Triangular (30, 35, 40) 
MTBF for truck  minor failure (h) Weibull (27, 200) 
MTTR for truck  minor failure (h) Gamma (1.4, 1.5) 
MTBF for Truck Major Failure (h) Weibull (65, 200) 
MTTR for truck major failure (h) Gamma (0.25, 24) 
MTBF for shovel  failure (h) Weibull (32, 216) 
MTTR for shovel  failure (h) Gamma (1.4, 1.5) 
MTBF for  crusher failure (h) Weibull (90, 200) 
MTTR for crusher failure (h) Gamma (0.25, 24) 

Figure 4 Delivered material tonnage in a year and resource utilisations (see online version  
for colours) 
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Figure 5 Average utilisation of resources with 3 shovels and 11 trucks (see online version for 
colours) 

 

In order to make sure that the equipment on-site is used efficiently during odd  
months, the mine may run with less number of trucks during those months. To study  
the feasibility of such an alternative, another scenario analysis is implemented with  
the focus on odd months. Scheduled maintenance is introduced for trucks during  
the odd months. As shown in Figure 6, scenario 15, with 3 shovels and 10 trucks,  
is the best scenario that meets the 25 million tonne production target and generates the 
highest utilisations. The resulting average truck and shovel utilisations are shown in 
Figure 7. Compared to the previous scenario, which uses fixed number of trucks and 
shovels throughout the year, the new scenario results in steadier equipment utilisation  
and increases the average shovel utilisation to 94%, and increases the average truck 
utilisation to 71%.  

Figure 6 Delivered material tonnage in a year and resource utilisations reassessing scenarios  
(see online version for colours) 

 
 
 
 



   

 

   

   
 

   

   

 

   

   112 E. Torkamani and H. Askari-Nasab    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 7 Average utilisations of resources considering maintenance schedule (see online version 
for colours) 

 

5.2 KPI evaluation 

Using 3 shovels and 10 trucks in odd months, and 3 shovels and 11 trucks in even 
months, the simulation model is run for 50 replications to generate tight half-widths on 
the major KPIs. To show the results clearly, box plots are used in this study. Each box 
plot is a short graphical representation of a set of data resulting from a set of replications. 
The box plots of the average utilisation of shovels and trucks are shown in Figures 8  
and 9, respectively. 

Figure 10 illustrates the production bar-chart as the simulation output. The  
simulation output regenerates the input production schedule presented in Figure 2. 
Although there are stochastic variables associated with truck-shovel operations,  
the total delivered material tonnage to the destinations is consistent in different 
replications, because the number of trucks and shovels has been determined in  
such a way as to meet the production target set by the deterministic production schedule. 
As the main element of interest, the weighted average grade of magnetic iron (MWT) is 
shown in Figure 11. Following the short-term production schedule the same material  
is mined in every replication, therefore the head-grade does not vary in different 
replications. 

Figure 8 Box plot of average monthly shovel utilisation 
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The waiting time at different destinations is one of the main KPIs that shows how 
effectively the trucks are used. The destination facility may be unavailable due to two 
reasons:  

• other trucks are dumping at the destination and there is no room for the truck 

• the destination facility has failed. 

As shown in Figure 12, most of the truck waiting times occur at processing plants 
(around 2.25 minutes). Trucks do not wait at the other destinations, because there are no 
failures at waste dumps and stockpiles. 

Figure 9 Box plot of average monthly truck utilisation 

 

Figure 10 Material tonnage delivered to different destinations (see online version for colours) 
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Figure 11 Average MWT grade of material delivered to processing plants 1 (PR1) and 2 (PR2) 
with corresponding upper bounds (UB) and lower bounds (LB) (see online version  
for colours) 

 

Figure 12 Average truck waiting time at each destination 

 

Truck cycle time is another critical KPI that is addressed in this research. The main 
stochastic variable that affects the truck cycle time is the velocity of trucks. Because the 
velocity of trucks differs during day and night shifts, the average truck cycle times during 
day and night shifts are assessed in detail. Truck cycle time during day shifts is less than 
that during night shifts because trucks travel faster during day shifts (see Figure 13). 

Figure 13 Average truck cycle time during each shift 
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5.3 Improving the system efficiency 

The largest contributor to truck waiting time is crusher failures. To improve the current 
truck-shovel system by reducing the truck waiting times at the processing plants, it is 
recommended that if a crusher has failed, we will deviate from the optimal production 
schedule and redirect truck to the stockpiles. In the new scenario, because the truck 
waiting time is decreased, the expectation is that there will be lower truck cycle times. 
The resulting average waiting times and cycle times are presented in Figures 14 and 15, 
respectively. Comparing these with those in the previous scenario, the average waiting 
times and cycle times at processing plants 1 and 2 are reduced significantly (see Tables 2 
and 3). 

Figure 14 Average truck waiting time in new scenario 

 

Figure 15 Average truck cycle time in new scenario 

 

Table 2 Improvement percentages in waiting times at processing plants 

Destination 
Average waiting time (min) 

Improvement (%) Base scenario New scenario 
PR1 2.25 0.004 99.81 
PR2 2.32 0.005 99.80 

Table 3 Improvement percentages in cycle times at processing plants 

Destination 
Average cycle time (min) 

Improvement (%) Base scenario New scenario 
PR1 16.0 15.3 4.50 
PR2 17.7 16.8 4.59 



   

 

   

   
 

   

   

 

   

   116 E. Torkamani and H. Askari-Nasab    
 

    
 
 

   

   
 

   

   

 

   

       
 

In the new scenario, the material that was scheduled for the processing plants is delivered 
to stockpiles because of the crusher failure. Because a crusher failure is a stochastic 
variable, the material delivered to the processing plants and stockpiles varies in different 
replications. To see these variations, monthly delivered material tonnages to each 
destination are studied in detail. The total ore tonnage delivered to processing plants,  
both directly delivered and reclaimed, deviates from the optimal target (from –8% to 
6%). Figure 16 illustrates these deviations in terms of percentages of the optimal ore 
production target. These deviations occur because the deterministic optimal production 
schedule generated using mathematical programming assumes that the crusher is 
available all the time. 

Figure 16 Box plot of the percentage of average delivered ore that has deviated from the ore 
production target 

 

6 Conclusions 

In this study, a stochastic discrete-event simulation model has been developed and 
verified to study truck-shovel systems in open-pit mining. The developed simulation 
model accurately monitors the system’s KPIs that include average truck and shovel 
utilisations; delivered material tonnage to each destination; average grades of magnetic 
iron, phosphor, and sulphur; average truck waiting time and queue length at each 
destination; and average truck cycle time during day and night shifts. The simulation is 
run for 50 replications over a year to generate tight half-widths around the monthly and 
shift-based KPIs. When no failures were considered, the best scenario resulted in 81% 
average shovel utilisation and 84% average truck utilisation, with 2 shovels and 8 trucks. 
When considering failures, the best scenario has created 89% average shovel utilisation 
and 67% average truck utilisation, with 3 shovels and 11 trucks. Considering 
maintenance schedule, the final decision has been to employ 3 shovels, 10 trucks in odd 
months, and 11 trucks in even months. The average shovel and truck utilisations were 
93% and 71% respectively. 

The main contribution of this work is integration of the optimal short-term production 
mine schedule with simulation of truck-shovel operations. This integration allows 
selecting the required number of trucks and shovels based on the optimal short-term mine 
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plan, which is derived from the overall mine plan requirements according to the 
economic and operational objectives, rather than from the shovel’s requirements, which 
is common in the literature and industry practice. 
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Abstract: The universal existing features of long setting time and low early 
strength in zinc cement paste backfill (CPB) make the cycle of mining 
prolonged, the mining cost and safety risk increased. On the basis of the above 
work, sodium sulphide procoagulant experiments are carried out, which 
analyses the settingtime of fill paste, different ages of uniaxial compressive 
strength (UCS) and hydration products change law by adding different quantity 
of sodium sulphide. The test results show that zinc ions have obvious retarding 
function and sodium sulphide has great coagulant function for fill paste which 
is beneficial to improve the early strength of fill paste. Setting time decreased 
from 128 h to18 h and the 7d UCS of fill paste increased from 0.76 MPa to 
1.87 MPa with the content of sodium sulphide changed from 0% to 0.2%. 
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1 Introduction 

Cemented paste backfill (CPB) is one of the most used backfilling techniques in modern 
underground mines (Peyronnard and Benzaazoua, 2012). Fill paste is usually made of 
thickening tailings, gelling agent, coarse aggregate (gravel, slag, etc.), water and other 
additives. It makes working environment more secure as well as more ores are produced, 
eliminates environment pollution and hidden danger which initiated by tailings surface 
discharge and prevents the surface subsidence after fill paste filled into mine. The setting 
and strength properties of fill paste are significant if above-mentioned effects are 
expected to achieve. The setting and strength properties of fill paste are influenced by 
gelling agent adding quantity, mass concentration, tailings physical and chemical 
properties, etc. Different kinds of ore require different chemical additions during mineral 
process. Thus, it makes the amounts of the metal ions contained in tailings are different, 
which have a huge impact on properties of fill paste. Especially zinc tailings often make 
the fill paste’s setting time extend, early strength decreased and have a serious impact on 
the normal mining production (Benkendorff, 2006). 

The setting and strength properties of fill paste are significantly influenced by 
cementing materials and relevant scholars have studied the effects of zinc on the 
properties of ordinary Portland cement. Zinc can delay the hydration process of ordinary 
Portland cement and even can lead it to completely stopped (Arliguie and Grandet, 1985; 
Arliguie and Grandet, 1990a, 1990b). During the slag backfill which contains lead and 
zinc, with the increase of zinc content in tailings and slags, setting times and strength 
growth of fill paste will extend accordingly (Benkendorff, 2006). Zinc ions will reduce 
the early strength of ordinary Portland cement significantly when adding soluble heavy 
metal ions to its slurry (Gineys et al., 2010). ZnO can influence the setting time and early 
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strength of ordinary Portland cement but the influence on the later strength is very weak 
with the extension of time (Fernandez-Olmo et al., 2001). 

Relevant researchers have put forward the corresponding theory to explain the 
phenomenon of zinc ions make ordinary portland cement’s setting time extend and early 
strength decreased. The research suggests that Zn2+ consumes OH  in C3S-H2O system 
during the process of cement hydration and forms amorphous zinc hydroxide, zincates 
and other substances which covered on the surface of C3S after precipitation and this 
process makes the dissolution of Ca2+ and OH  hard and it also inhabits the hydration of 
C3S (Mellado et al., 2013; Thomas et al., 1981; Weeks et al., 2008; Peyronnard et al., 
2009). Coating materials mainly are CaZn2 (OH)6·2H2O (Mellado et al., 2013), 
Ca6Zn3Al4O15 (Gineys et al., 2011) and contain a spot of Zn (OH)2, Zn5(CO3)2(OH)6 and 
ZnCO3 (Mellado et al., 2013). According to the content of Zn2+, these substances will 
break automatically in 1–5 days and C3S continues to hydrate (Hamilton and Sammes, 
1999). The content of C3S in cement clinker reaches about 50% and even more than 60% 
sometimes. In the process of cement hydration, zinc mainly exists in C3S and interstitial 
phase, namely C3A and C4AF, and zinc mainly acting on C3S which makes cement’s 
setting time extend and early strength decreased (Gineys et al., 2011). In addition, when 
zinc nitrate is added to the ordinary Portland cement, 60% of the water in the cement will 
lost directly which is found by observation. Water is not fully participated in the 
hydration of cement which leads to the decrease of hydration products and affects 
condensation and early strength properties (Ortego et al., 1991). 

Many solid wastes contain higher content of harmful heavy metals and salts, such as 
Cd, Pb, Zn, and Cr, which are water leaching (Collivignarelli and Sorlini, 2002). 
Sulphide is often used to recycle or curing these harmful heavy metals (Kuchar et al., 
2006; Fukuta et al., 2004). Sulphide has tiny influence on the properties of cement paste, 
but can passivate chemical activity of zinc ion in hardened cement paste effectively when 
it is mixed in cement paste which contains zinc ions (Shi and Shi, 2006). Sodium 
sulphide is a kind of commonly used reagents in mineral processing, it is widely used as 
depressant in flotation when processing non-ferrous metal minerals. Depressant is a kind 
of drug which can destroy or weaken the mineral adsorption of collector and increase 
mineral surface hydrophilic. The following methods can make the mineral depressed: 
eliminate activation ions in the solution (Chandra and Gerson, 2009), eliminate activation 
films on the surface of mineral and format hydrophilic films on the surface of mineral 
(Qiu et al., 2012). 

Huize Lead-Zinc Mine is a large multi-plant enterprise whose business scope covers 
prospecting, mining, mineral processing and metallurgy fields. It is an important lead, 
zinc and germanium base of China, it is also the first metal mine (Figure 1) which uses 
paste filling technology successfully (After thickening by Deep Cone Thickener, the 
underflow concentration of tailing is greater than 70%, then mixed with cement and water 
quenching slag by mixer and pumped to underground filling) and the longest conveying 
distance of filling slurry has reached up to 5.2 km. Proved reserves of lead and zinc in 
Huize Lead-Zinc Mine is more than eight million tons, and the vertical buried depth of 
ore body is 700–1200 m (mining depth has got 1600 m now). Strike length of ore body is 
150–300m, thickness is 5–40 m and the dip angle is 60–70°, average grade of lead and 
zinc is more than 37% and rich in rare metals such as silver, germanium and cadmium. 
The most obvious characteristic of deep ore body is ore rock fragmentation, strong in situ 
rock stress and rock burst possibility. Therefore, upward/downward drift stopping and 
cemented filling is applicative in deep mining. 
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Figure 1 The cemented paste backfill system of Huize Lead-Zinc Mine: (a) deep cone thickener 
and (b) CPB mixer (see online version for colours) 

 (a) (b) 

In addition, the tailings pile amount of stock is up to 600,000 tons in Huize Lead-Zinc 
Mine, water quenching slag pile amount of stocks is up to one million tons and the 
discharge amount of them increases by 250,000–300,000 tons each year. At the same 
time, tailing dam and water quenching slag yard are closing to service life and they 
cannot be expended, being restricted by the mining area terrain. Mine areas belong to the 
water and soil conservation and environmental conservation of upper Yangtze River, and 
industrial waste and stockpiling are strictly restricted. As a result, the backfilling and 
water quenching slag become the preferred filling materials. In the actual production 
process, when unclassified tailings and water quenching slag are used as filling materials, 
it shows that coagulation time is abnormal and the earth strength is low. The 
experimental data shows that the initial setting time of filling paste is 120 h and the final 
setting time is 366 h when the concentration is 80% and the weight ratio of filling 
material is 1 : 1 : 7 (cement:water quenching slag:unclassified tailings). The setting time 
of filling paste will be longer and even no condensation if the concentration of filling 
paste or cement single consumption becomes lower. However, it requires 7 days to get to 
the next cycle of extraction in filling stope generally. So it cannot meet the requirements 
of mining technology obviously. Improving cement–sand ratio and the dosage of cement 
can solve this problem but this will increase the filling cost (20–25 USD/m3) or 
increasing cycle period of mining stope and prolonging fill paste’s maintenance time. 
However, this will reduce the stope production capacity. So it is necessary to find more 
suitable additive to shorten fill paste’s setting time and improve its early strength and 
improve the performance of filling slurry by experiments. Reducing the filling cost and 
meeting the safety production are urgent problems for Huize Lead-Zinc Mine to solve. 

This paper combines the key issues of fill paste’s long setting time and low  
early strength in Huize Lead-Zinc Mine and analyses retarding mechanism by 
experiments. On the basis of above, research on sodium sulphide’s procoagulant effects 
upon zinc tailings and a solution for fill paste’s retarding and low early strength problem 
in Huize Lead-Zinc Mine will be put forward. 
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2 Material and methods 

2.1 Material 

2.1.1 Tailings characteristics 

Tailings used in experiments are unclassified tailings which come from Huize Lead-Zinc 
Mine’s ore dressing workshop after mineral floatation. Its density is 2.75 g/cm3, bulk 
density is 1.75 g/cm3 and porosity is 36.36% (Table 1). Average particle size is 75.59µm, 
the median particle size is 34.95 µm and the less than 20 µm particles content is 37.20% 
(particle size compositions as shown in Figure 2). The chemical composition and mineral 
composition are shown in Tables 2 and 3, respectively. The content of CaO is 31.23% 
and that of zinc is 2.46%. The main mineral components in tailings are calcite (52.47%) 
and dolomite (30.33%) and containing zinc mineral mainly are sphalerite (1.25%), 
cerusite (0.64%), galena (0.53%) and calamine (0.40%). So the main characteristics of 
tailings in Huize Lead-Zinc Mine are: grain sizes are fine and zinc content is high. 

Table 1 Physical properties of the filling material 

Item Special gravity Bulk density (g/cm3) Porosity (%)
Tailings 2.75 1.75 36.36 
Slag 2.59 1.18 54.44 
Cement 3.1 1.3 58.06 

Figure 2 Particle size distribution of the tailings (see online version for colours) 

Table 2 Chemical composition of the tailings and slag 

Compound Fe2O3 SiO2 Al2O3 CaO MgO S Pb Zn 
Tailings/% 2.99 4.68 1.77 31.23 12.47 1.24 1.17 2.46 
Slag/% 34.84 33.14 7.15 15.26 3.98 0.21 – – 
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Table 3 Mineral composition of tailings % 

Galena Sphalerite Pyrite Cerusite Calamine Limonite Calcite Dolomite Quartz 
0.53 1.25 2.88 0.64 0.40 1.59 52.47 30.33 2.88 

The high zinc content of tailings in Huize Lead-Zinc Mine mainly comes from the 
following two aspects: 

The raw ore belongs to mixed ore of oxygen and sulphur in which grade of zinc is 
20.04%. The oxidation rate of zinc ore in raw ore is as high as 15.45%, belongs to 
mixed ore and is hard to separate. Zinc in ores mainly exists in the form of sulphide, 
zinc in sphalerite accounts for 83.39% of total zinc and zinc in smithsonite accounts 
for 13.41% of the total zinc, still there are 2.62% of zinc existed as the form of 
silicate minerals hemimorphite. Huize oxide lead-zinc ore mainly exists as the form 
of smithsonite (ZnCO3) and hemimorphite (Zn4[Si2O7](OH)2H2O) and it has been a 
problem for mineral processing industry in disposal and recycle this kind of ore. 
Therefore, a large amount of oxide lead-zinc ore which is hard to separate through 
flotation still exist in unclassified tailings and make the content of zinc on the high 
side.

By adding the 1300–1500 g/t ZnSO4 as inhibitors of sphalerite in the process of ore 
dressing, tailing slurry, whose concentration is 20–20% after dressing, pumped into 
Deep Cone Thickener to dewatering directly and manufactured into fill paste. So fill 
paste contains a small amount of zinc ions which come from flotation reagents. 

2.1.2 Granulated slags 

Coarse gravel sand filling mining method is always used in Huize Lead-Zinc Mine, and 
there have accumulated more than one billion tons of water quenching slag after 50 years 
of mining. The unclassified tailings backfilling system (Figure 1) was built in 2006, and 
fill paste which was prepared with tailings and water quenching slag (was) delivered into 
mine. The particle size distribution of the slag is shown in Table 4. It shows that the 
particle grade of water quenching slag is bolder than that of tailings. Combining both of 
them can improve the filling paste size fraction and make the size fraction tend to be 
more reasonable.  The chemical composition of the slag is shown in Table 2 and the main 
chemical compositions of water quenching slag are Fe2O3 (34.84%), SiO2 (33.14%) and 
CaO (15.26%). The unground slag samples blended in tailing/slag proportions is of 7/1 in 
the filling ratio. 

Table 4 Particle size distribution of the slag 

Particle size/mm 0.071 0.087 0.11 0.15 0.2 0.3 0.45 1.25 2.5 3.5 
Cumulative passing/% 1 1.09 1.84 2.4 2.96 3.52 7.04 38.52 81.48 100 

2.1.3 Cement 

As upward/downward drift stoping and cemented filling is always used in Huize  
Lead-Zinc Mine, filling body must have a certain amount of strength to meet the  
mining operations of staff or trackless equipment on the upper/bottom of it. Thus, adding 
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P·O 32.5R grade cement as gelling agent is adopted. The density of the cement is 
3.1g/cm3. The bulk density of the cement is 1.3 g/cm3. The main physical properties are 
shown in Table 1. 

2.1.4 Water 

Tap water was used to mix the cement and tailings. The amount of water was varied to 
obtain CPB mixtures with the desired consistency. 

2.2 Retarding experiment of fill paste 

In this paper, for the purpose of studying zinc ions impact on fill paste condensation, 
Zn(NO3)2 is used to change the content of zinc ion in filling paste, meanwhile study the 
change law of paste coagulability in different contents of zinc ions. Experiments are 
carried out in accordance with the existing paste filling ratio in Huize Lead-Zinc Mine, 
that is, paste concentration is 80% and the ratio of tailings:water quenching slag:cement 
is 7 : 1 : 1. Tailings used in experiments soaking in water for 48 h and flushing by water 
repeatedly as far as possible to remove the soluble zinc ions in it. Zn(NO3)2 is added 
according to the percentage of the total amount of tailings, and the adding quantity is 0%, 
0.01%, 0.03%, 0.06%, 0.1% and 0.5%, respectively. Then take the fill paste setting time 
experiments in different contents of Zn(NO3)2.

2.3 Procoagulant experiment of fill paste 

Taking the procoagulant experiment of fill paste based on the retarding experiment to 
reduce the fill paste setting time and improve the early strength. 

Sulphide refers to a kind of compounds which is formed with metal or nonmetal that 
has a strong electricity and sulphur. According to the size of the metal sulphide solubility 
product, sulphide precipitated out abilities that range from easy to difficult are Hg2+, Ag+,
As3+, Bi3+, Cu2+, Pb2+, Sn2+, Zn2+, Co2+, Ni2+, Fe2+ and Mn2+. For the majority of inorganic 
sulphide, it is hard for the compounds to be dissolved as the sulphur ions are soft base 
and most of the metal ions except alkali metal are soft acid. And most of the alkali metal 
ions are hard acid, so the alkali metal sulphide is more easily dissolved. For example, 
Na2S is commonly used in mineral processing. The solution shows alkali after hydrolysis. 
Na2S is commonly used as base instead of NaOH in industry because of its low cost and 
the hydrolysis reaction is given as follows: 

2
2S H O HS OH  (1) 

Industrial sodium sulphide (purity > 60%), which is commonly used in mineral 
processing, is applied as coagulant in experiments, and the ratio of tailings:water 
quenching slag:cement is 7:1:1 and the concentration of paste is 80%. Sodium sulphide is 
added according to the percentage of the total amount of tailings, and the adding quantity 
is 0%, 0.1%, 0.12%, 0.14%, 0.16%, 0.18% and 0.2%, respectively. To test the setting 
time of paste and 7d, 14d and 28d uniaxial compressive strength (UCS), respectively, 
analyse the hydration products by using differential scanning calorimetry (DSC). 
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2.4 Apparatus and testing procedures 

2.4.1 Setting time test of CPBs 

The same as the method used in the mortar, the mortar coagulating time tester SZ-100 is 
used to test the coagulation property of CPBs. And the penetration resistance is used to 
represent the coagulation rate and coagulation time. 

Technical parameters of the mortar coagulating time Tester: 

Range: 0–100 N 

Resolution: 1%N 

Maximum stroke: 50 mm 

Sectional area of the penetration needle: 30 mm2

Inner diameter and deep of the mould: 140 mm  75 mm. 

The testing procedure is carried out by the following steps: 

According to the proportion, mix the materials into paste, and place the paste into the 
moulds (Figure 3). 

Figure 3 Setting time test of CPBs (see online version for colours) 

Measure the penetration resistance value. Adjust the penetration needle to just touch 
the upper surface of paste. Then control the needle to penetrate slowly and uniformly 
into the paste to 25 mm in 10 s, and the pressure is recorded from the scale. And 
make sure that the penetration needle be 12 mm away from the container’s edge or 
the penetrated part. 

Under the condition that the temperature is (20 ± 2) C, and after 2 h, start measuring 
the penetration resistances every half an hour. When the penetration resistance value 
is 0.3 MPa, measure the penetration resistance at 15-minute intervals, until the 
penetration resistance value is 0.7 MPa. 
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The calculation of penetration resistance value is given as follows: 

/F N g A  (2) 

where F is the penetration resistance value (MPa), N is the pressure gauge reading when 
the penetration depth reaches 25 mm (kg), g is the acceleration of gravity (m/s2), and A
represents the sectional area of the penetration needle, which is 30 mm2.

Determination of the coagulating time 

The time and penetration resistance value are recorded, respectively. And the graph of 
relation between the time and penetration resistance value is drawn. Calculate the time 
needed, which is the coagulation time, when the penetration resistance value reaches 
0.5 MPa from the graph. 

The average coagulating time of two measurements at two samples of the same paste 
is calculated as the coagulating time of the paste. And the errors of two results should not 
be greater than 30 mins, otherwise it should be measured again. 

2.4.2 Uniaxial compressive strength (UCS) test of the CPBs 

The UCS of the CPBs is an important index for the organisation of the backfill procedure. 
On account of the coagulation experiment, the UCS test is to research the influence of 
Na2S on the CPBs’ strength, especially the early stage influence. 

The procedure of UCS test to place the paste, which is mixed under a certain 
proportion, into the 7.07 × 7.07 × 7.07 cm3 three-in-one moulds is to maintain the CPBs 
in a standard curing room temperature: 20 C ± 1 C and humidity: more than 90%. The 
UCS test is carried out at a certain age, which is designed as 7d, 14d and 28d, and an 
electro hydraulic servo controlled rock pressure testing machine DYE-2000 is used in the 
lab. Its technical parameters are as follows: 

Maximum force (KN): 2000 

Resolution (%): ±1 

Maximum distance between the two press plates (mm): 320 

Size of press plate (mm): 250 × 25 

Maximum stroke of the piston (mm): 50. 

2.4.3 DSC of the hydration products 

Thermal analysis is an important way to research the composition of the binder hydration 
products. The hydration products composition can be roughly known by the position of 
dehydration peak which is obtained through thermal analysis. The NETZSCH’s 
DSC404C is used in the paper to research the influence of zinc ion and sodium sulphide 
on the hydration products according to the temperature when the endothermic peak 
appears. 
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3 Results and discussion 

3.1 The influence of zinc ions content on fill paste setting time 

Figure 4 shows the influence of different contents of zinc nitrate on the setting time of 
CPB. A conclusion got from Figure 4 is that zinc nitrate has obvious retarding effect on 
fill paste, and the retarding effect is most obvious when mixed with 0.06% of zinc nitrate, 
and the setting time will reach up to 127 h. With the increase of zinc nitrate, the setting 
time of fill paste decreases and the retarding effect of zinc nitrate reduces. Due to the 
addition of ZnSO4 which is used as the inhibitor of sphalerite in mineral processing and 
residues containing zinc, it is inevitable to introduce zinc ions in tailings of Huize and 
make the setting time of fill paste extended. 

Figure 4 Effect of zinc nitrate content on setting time of CPB 

Fill paste shows the condensation characteristic as the addition of cement and zinc ions in 
tailings causes setting time extension as involved in the cement hydration. The content of 
tricalcium silicate (C3S) in cement clinker is 50%, sometimes even more than 60%, so the 
gelling properties of fill paste depend on the hydration of C3S, its product and the formed 
structure to a large extent. The hydration reaction of C3S at room temperature is shown as 
follows: 

2 2 2 2 23CaO SiO + H O = CaO SiO H O+(3- )Ca(OH)n x y x  (3) 

The above equation shows that the main hydration products of C3S are C-S-H and C-H. 
The hydration rate of C3S is quick and the hydration process can be divided into 
following five stages according to the hydration heat release rate-time curve (Figure 5): 

1 Preinduction period: A sharp reaction appears immediately after adding water, but 
the time of this stage is very short, which could end in a few minutes. 

2 Induction period: The reaction rate in this stage is very slow, it is almost stationary, 
and lasts 1–4 hours commonly, and this is because of that Portland cement could 
keep the plastic in a few hours. Initial setting time is basically equivalent to the end 
of the induction period. 
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3 Acceleration period: The reaction speeds up again, the reaction rate increases over 
time, the second exothermic peak appears and this stage ends up when the peak is 
reached (4–8 h). At this time, the final setting is over and begins to hardening. 

4 Deceleration period: At this stage, the reaction rate falls over time, lasts 
approximately 12–24 h, hydration is affected by diffusion rate gradually. 

5 Stabilisation period: The reaction almost stays in stable state, the reaction rate is 
very low and the hydration completely controlled by the diffusion rate. 

Figure 5 Change curve of the hydration rate of C3S and calcium concentration (see online 
version for colours) 

The hydrated process of calcium silicate shows that at the beginning of adding water, the 
reaction responses very quickly, but soon enters the induction period and the reaction rate 
becomes quite slow. With the ending of the induction period, the hydration accelerated 
again and generated more hydration products. The setting property of fill paste has a lot 
to do with the time of induction period to a large extent, and many scholars have done a 
lot of research about it and they have different ideas about the essence of the induction 
period. 

Protective coating theory (De and Stein, 1967). It insists that the induction period is 
due to the forming of protective film layer by the hydration products. The induction 
period ends with the damage of the protective film layer. Assuming C3S is congruent 
dissolution in water, C3SHn, the originally generated first hydration products, formed 
a dense protective film layer around the C3S, which hindered the further hydration of 
C3S, make the heat release slowly and the dissolution rate of Ca2+ to the liquid phase 
correspondingly reduced, and lead the beginning of the induction period. When the 
first hydration products translated into the second hydration products which can 
more easily through the ions, hydration accelerated again, more Ca2+ and OH– passed 
into the liquid phase and reached supersaturation, exothermic process accelerated 
and the induction period is over. 
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Nucleation theory of delay. By this theory the induction period is due to the 
formation and growth of the calcium hydroxide or C-S-H or the crystal nucleus of 
them requires certain time which delayed the hydration. C3S is incongruent 
dissolution initially and mainly Ca2+ and OH– dissolved, the content of C/S is too 
high in liquid phase and makes the surface of C3S turned into calcium deficiency 
‘silica-rich layer’ (Tadros and Kalyoncu, 1976). Then, Ca2+ adsorb onto the surface 
of the silica-rich layer, making itself bring positive charge and form the double 
electric layer. Thus, the velocity of Ca2+ dissolved from C3S slowed down and led 
the beginning of the induction period. Only until the Ca2+ and OH– increased slowly 
and achieved enough saturation, a stable nucleus of Ca(OH)2 can formed. When the 
Ca(OH)2 crystal grows to a certain size and quantity is big enough, the Ca2+ and OH–

can precipitate it quickly, impel C3S dissolved and the hydration accelerated again. 

Summarising the above ideas (Jawed and Skalny, 1988). After contacting with water, 
the hydrolysis occurs at the site of lattice defects on the surface of C3S, namely the 
activation site. The Ca2+ and OH– enter into the solution and form a calcium 
deficiency ‘silica-rich layer’ at the surface of C3S. Then Ca2+ adsorbed onto the 
surface of the silica-rich layer and formed the double electric layer, preventing the 
dissolve of C3S and the induction period arose. On the other hand, the double electric 
layer induced  potential which made the particles in solution to keep in dispersion 
state and condensed until the potential declined close to zero. As the hydration of 
C3S is still slow, the crystal of Ca(OH) 2 will be precipitated and lead the ending of 
the induction period when the concentration of Ca(OH) 2 in the solution reaches to a 
certain super saturation degree. 

So the length of hydration induction period of the fill paste affects its coagulation 
characteristics directly. The research of effects of ZnO on hydration characteristics of 
ordinary Portland cement shows that the introduction of the zinc ions essentially affected 
the ongoing dynamic response of cement hydration (Gawlicki and Czamarska, 1992). 
The zinc ions in the fill paste exists in C3S-H2O system and forms amorphous zinc 
hydroxide, inhabiting the hydration of C3S, and then further lead (leads) to the 
prolongation of C3S hydration induction period. This is mainly due to the formation of 
zinc hydroxide or calcium zincate wrapped on the surface of C3S and relative thickening 
of the ‘protective film’ or ‘silica-rich layer’ of C3S and make the dissolution of Ca2+ and
OH– in C3S difficult. On the other hand, zinc ions adsorbed on the incipient crystal of 
new phase during the process of hydration reduced the formation rate of incipient crystal 
in saturated solution and prevented the development of slurry initial structure. Due to the 
above-mentioned two aspects, zinc ions caused the prolongation of the induction period 
(Figure 6) and increased the setting time of fill paste. Thus, to eliminate the retarding 
effect of zinc ions on fill paste, the most important is to eliminate the formation of zinc 
hydroxide or zincate and shorten the induction period of hydration, so as to reduce the 
setting time of fill paste. 

3.2 The influence of sodium sulphide content on fill paste setting time 

Figure 7 shows the influence of different contents of sodium sulphide on the setting time 
of CPB. Figure 7 shows that the setting time of fill paste is 128 h without adding sodium 
sulphide. With the increase of sodium sulphide, the setting time of fill paste decreased 
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sharply and it is only 18 h when mixed with 0.2% of sodium sulphide which reduces 
110 h than without adding sodium sulphide. Therefore, sodium sulphide has significant 
effect on fill paste procoagulant and can reduce the setting time greatly. It is not that the 
shorter the setting the better the actual filling of Huize Lead-Zinc Mine, but the setting 
time and mining production should coordinate with each other and generally the setting 
time is between 40 and 50 h according to the actual circumstance of mine. So it can meet 
the demand of mine on the setting time when the mass concentration of fill paste is 80%, 
the ratio of tailings:water quenching slag:cement is 7 : 1 : 1 and the addition amount of 
sodium sulphide is 0.12% of the tailings. 

Figure 6 Diagram of CPB hydration reaction in different hydration periods (see online version 
for colours) 

The industrial sodium sulphide (Na2S·9H2O) chosen in experiments is purple flake solid, 
in which hydrolysis reaction can easily occur and make the solution strong alkaline. The 
reaction equations are given as follows: 

2 2 2Na S+H O 2Na 2OH H S  (4) 

2H S H HS  (5) 

2HS H S  (6) 

Figure 7 Effect of Na2S content on setting time of CPB 
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The above reaction equations show that the sodium sulphide solutions contain S2–, HS–,
OH–, Na+ and H2S, they shorten the setting time of zinc contained fill paste. Its function 
is mainly reflected in the following two aspects: 

Ionised S2– from sulphide solution can react with many metal ions, such as Cu2+,
Pb2+, Zn2+, Co2+, Ni2+ and generate hard dissolve sulphide precipitate, just as reaction 
zinc ions in formula 7. Zinc ions in the tailings participate in hydration and the 
probability of affecting the induction period reduced greatly. Delfini et al. (2003) and 
others use this principle to remove the arsenic in the tailings by using sodium 
sulphide. The content of arsenic can be reduced from 2000 ppm to 500 ppm after 
adding sodium sulphide. 

2+ 2n +S = nSZ Z  (7) 

It is inevitable to add some kinds of reagents in mineral process and a certain  
amount of mineral processing reagents are left in the tailings. When the tailings and 
cement mixed with water, these reagents adsorbed on the surface of the tailings and 
cement particles and formed hydrophobic membrane which hindered the hydration. 
As HS–and S2– have strong affinity with sulphide, they can desorb these reagents 
which are on the surface of the tailings by strong adsorption and form hydrophilic 
film on the surface of particles of the tailings and cement, and this can promote the 
hydration of fill paste. 

3.3 The influence of Na2S content on fill paste compressive strength 

Figure 8 shows the influence of different contents of sodium sulphide on strength 
properties of CPB. Figure 8 shows that the 7d UCS of fill paste increases with the 
increase of the amount of sodium sulphide. When mixed with 0% sodium sulphide, the 
strength is only 0.76 MPa and it increased to 1.87 MPa when the content of sodium 
sulphide is 0.2%. The 14d and 28d UCS of fill paste all decreased with the increase of 
sodium sulphide content and different from the 7d UCS change trend. The 14d UCS 
decreased from 3.13 MPa to 2.40 MPa with the content of sodium sulphide changed from  
0% to 0.2%, and the 28d UCS decreased from 3.93MPa to 3.35MPa with the content of 
sodium sulphide changed from 0% to 0.2%. Therefore, sodium sulphide can effectively 
improve the 7d UCS of fill paste and have a reducing effect on the 14d and 28d UCS. 
Based on the actual production situation in Huize Lead-Zinc Mine and considering the 
factors of trackless mining equipment and blasting vibration, the 7d UCS of fill paste 
greater than 1.2 MPa can meet the production requirements. So the addition of sodium 
sulphide improved the early strength of fill paste and correspondingly improved the 
mining efficiency in Huize Lead-Zinc Mine. 

Generally, the strength of cement paste backfill (CPB) increases with the maintenance 
time prolongs. However, with the above experimental results, the addition of sodium 
sulphide improves the 7d UCS of fill paste and makes the 14d and 28d UCS decreased at 
the same time. Zinc ions have effects on the early strength of cement (Benkendorff, 2006; 
Gineys et al., 2010; Fernandez-Olmo et al., 2001) but have no significant effects on the 
strength with the maintenance time prolongs. So the addition of sodium sulphide 
relatively delays the effects of zinc ions on the strength of fill paste and makes the 14d 
and 28d UCS decreased. The sulphide in tailings can improve the early strength of fill 
paste but have adversely effects on the later strength (Zhang et al., 2004). Li et al. (2004) 
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and others chose zinc as the research object to study the effect of sodium sulphide on fill 
paste strength. The test results shows the strength of zinc tailings begin to decrease after 
28d and this has important relationship with that the tailings contain a large number of 
sodium sulphide. By oxidation, the sodium sulphide in fill paste can generates sulphate 
which will react with cement hydration products in fill paste and generate CaSO4·2H2O
and 3CaO·Al2O3·3CaSO4·32H2O. The products can lead to expansion cracks of fill paste 
and adverse to the enhancement of strength. 

Figure 8 The effect of Na2S content on the mechanical performance of CPB samples (see online 
version for colours) 

3.4 DSC-TG analysis of fill paste hydration products 

To analyse the change of hydration products of fill paste before and after adding sodium 
sulphide by DSC-TG, the dehydration endothermic peak of CSH in cement paste slurry at  
about 105 C, AFt dehydration at 125 C–140 C, AFm dehydration at 175 C, hydrated  
calcium aluminate dehydration at 200 C–300 C, AH3 dehydration at about 300 C, 
Ca(OH)2 dehydration at 450 C and carbonate formed by hydration products appears 
decomposition peak at about 800 C. In the actual test, due to the influence of heating 
speed, the relative contents of material and the degree of crystallisation, and there will be 
some deviation with the peak value of the corresponding temperature. 

Figure 9 is the DSC-TG map of 7d hydration products of fill paste without adding 
sodium sulphide. Compared with the cement paste, the peak on the curve in Figure 9 is 
very weak, this is mainly because less cement in fill paste. The endothermic peak 
appearing at 105 C is caused by dehydration of CSH, the peak appearing at 140 C caused 
by AFt, the peak appearing at 520 C caused by Ca[Zn(OH)3H2O]3 and carbonate formed 
by hydration products appears decomposition peak at about 800 C. There is no Ca(OH)2
dehydration peak in Figure 9, which means there is no Ca(OH)2 generated in fill paste or 
only few generated and conversed to other substances under the condition of no sodium 
sulphide added. 
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Figure 9 The DSC-TG map of 7d hydration products of fill paste without adding Na2S
(see online version for colours) 

Figure 10 shows the DSC-TG map of 7d hydration products of fill paste with adding 
sodium sulphide. Figure 10 shows endothermic peak appears at about 105 C, 470 C and 
800 C caused by CSH, Ca(OH)2 and carbonate formed by hydration products. There is 
still no AFt endothermic peak appeared on the curve. Compared with hydration products 
of no sodium sulphide added, the content of hydrated calcium silicate and calcium 
hydroxide in fill paste increased significantly after adding sodium sulphide. This means 
zinc ions have significant inhibitory effect on fill paste hydration and adding sodium 
sulphide can eliminate the effect of zinc ions and promote the hydration. 

Figure 10 The DSC-TG map of 7d hydration products of fill paste with adding Na2S (see online 
version for colours) 
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4 Feasibility analysis of adding sodium sulphide 

Sulphide is often used to recycle or curing harmful heavy metals (Cd, Pb, Zn, Cr, etc.) in 
waste water and soil. Sodium sulphide is a kind of commonly used reagents in mineral 
processing, and widely used as depressant in flotation when processing non-ferrous metal 
minerals. Thus, the process of adding sodium sulphide to the paste can be learned from 
related fields of mature process route and safety measures to avoid the process of adding 
physical harm to workers. 

Through the experiments in this paper, the method of adding sodium sulphide can 
reduce the setting time, increase the early strength and improve mining efficiency.  

Therefore, as shown in Figure 11, the device was reformed. 1 # and 2 # grooves are 
used to alternately produce sodium sulphide. Flow meter and valve are used to control the 
quantity of the sodium sulphide. The sulphide solution automatically flow to the mixer 
too and stir the paste evenly transported to stope for filling. By calculation, after adding 
sodium sulphide filling, the costs will increase 0.5–0.7 USD/m3, but the mining cycle can 
be reduced by 7 days to 4 days, the mining effectively improve the mining efficiency. 
Thus, adding sodium sulphide to the paste is feasible in terms of technic and economic. 

After adding sodium sulphide to the fill paste, the solution contains S2–, HS–, OH–,
Na+ and H2S. On the one hand, S2– reacts with Zn2+ and generates sulphide precipitate 
which can eliminate the effects of zinc ions to a certain extent. On the other hand, HS–and 
S2– can desorb these reagents on the surface of the tailings and form hydrophilic film on 
the surface of particles of the tailings and cement, and this can promote the hydration of 
fill paste. Therefore, adding the sodium sulphide will not affect the environment 
underground. It is because the quantity of sodium sulphide is less and the sodium 
sulphide is consumed in the process of chemical reactions which produces insoluble 
sulphides. 

Figure 11 Schematic diagram of adding sodium sulphide (see online version for colours) 
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5 Conclusions 

This paper takes the fill paste retarding phenomenon in Huize Lead-Zinc Mine as the 
research background, researches the influence law and mechanism of zinc ions on fill 
paste setting time and uses sodium sulphide as coagulant to eliminate the influence  
of zinc ions on fill paste setting time and early strength. The experiment has achieved 
ideal results and provides support for filling and mining successfully in Huize Lead-Zinc 
Mine.  

Zinc ions have significant effects on fill paste setting time and the setting time 
increased dramatically with the increase of zinc ions. 

Sodium sulphide has obvious coagulant function for fill paste and can shorten the 
setting time effectively. Setting time decreased from 128 h to 18 h with the content 
of sodium sulphide changed from 0% to 0.2% and it is sensitive to the content of 
sodium sulphide, and even small change can cause significant differences in setting 
time. Under the current filling ratio in Huize Lead-Zinc Mine (the mass 
concentration of fill paste is 80%, the ratio of tailings:water quenching slag:cement is 
7 : 1 : 1), the reasonable addition amount of sodium sulphide is 0.11–0.13% of the 
tailings and the setting time controlled between 40 h and 50 h. 

Sodium sulphide has different influence on fill paste of different ages.  
The 7d UCS of fill paste increases with the increase of the amount of sodium 
sulphide, it increases from 0.76 MPa to 1.87 MPa with the content of sodium 
sulphide changes from 0% to 0.2%. The 14d and 28d UCS of fill paste all decreased 
with the increase of sodium sulphide content. As upward drift stoping and cemented 
filling is used in Huize Lead-Zinc Mine, a higher requirement (greater than 1.2 MPa) 
is needed to the early strength of fill paste especially the one before seven days. 
Therefore, the addition of sodium sulphide can greatly improve the compressive 
strength of fill paste before seven days and solve the problem of low early strength in 
Huize Lead-Zinc Mine. 

Analysed by DSC-TG, there is no Ca(OH)2 dehydration peak in fill paste hydration 
products without adding sodium sulphide and CSH endothermic peak is also very 
weak. After adding sodium sulphide, Ca(OH)2 dehydration peak appeared in fill 
paste hydration products, CSH endothermic peak and decomposition peak of 
carbonate formed by hydration products all stronger than that in no sodium sulphide 
added cases. 
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Predicting shear strengths of mine waste rock dumps 
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Abstract: Three new back-propagation artificial neural networks (ANNs) for 
predicting the shear strength envelopes of mine waste rock dumps and rock fill 
dams are presented. Fourteen key material properties for rock fill 
characterisation are mustered for model development and evaluation. Using 
principal component analysis, the initial fourteen parameters are ultimately 
reduced to six through data compression. The neural net with the fewest 
parameters (ANNOPTC) is consistent over the widest range of confining 
stresses for shear strength prediction. The three artificial neural networks also 
perform better than multiple regression conducted on the same global database. 
Sensitivity analysis ranks input parameters as normal stress, minimum particle 
strength, dry unit weight, 10% passing sieve size, the coefficient of curvature of 
the particle size distribution, and the coefficient of uniformity of the particle 
size distribution in decreasing order of significance. Excellent agreement is 
observed between predicted and measured shear strengths for new cases.  

Keywords: ANNs; artificial neural networks; mine waste rock; rock dump; 
rock fill; shear strength; large triaxial test; direct shear test. 
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1 Introduction 

As the global population continues to expand, the demand for natural and energy 
resources has also increased. A consequence has been increased mining activity leading 
to, among other engineering marvels, progressively deeper open pits in excess of 400 m, 
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with accompanying large rock waste piles from stripping and other operational activities. 
Rock waste piles or dumps require careful design, siting and construction to remain  
stable during the life of the mine and its operations. A second consequence of increased 
energy/power demands has been a global rise in the aggressive construction of massive 
rock fill dams. The design of both rock fill dams and rock waste dumps/piles necessitate 
an understanding of the insitu properties of the rock material including deformation, 
permeability and shearing resistance or strength. 

It is well recognised that the shear strengths of materials in mine waste rock dumps 
and rock fill embankment/dams are nonlinear (Leps, 1970; Indraratna et al., 1993; Linero 
et al., 2007; Barton, 2013). Although insitu and large scale laboratory tests at high 
confinement for these materials have proved to be invaluable, their undertaking is not 
trivial as these tests are very difficult and expensive. Characterisation of shear strength  
is further compounded by differences in the method of construction of mine waste rock 
dumps vs. rock fill embankments/dams (Linero et al., 2007). Whereas rock fill structures 
are typically placed in lifts and compacted systematically, waste dumps are generally 
built by simply overturning truck loads resulting in low initial densities. In this paper, the 
terms ‘waste rock’ and ‘rock fill’ are combinedly referred to as ‘rockfill’ from this point; 
unless when a clear distinction between the two is required. 

The rock particle size distribution/gradation and degree of confinement significantly 
influence the shear strength and deformability of the particulate material. For instance, 
well-graded material displays higher inter-granular contact resulting in high densities and 
shear strength. Increased pressure and confinement induced by layering and height leads 
to greater particle breakage and thus declining angles of friction. In addition, the parent 
material (i.e., geologic origin) of the constituents of the rockfill is seldom uniform. Thus 
the relatively weaker particles tend to breakdown further during loading, transportation 
and placement changing the physics/characteristics of the particle size distribution and 
associated shear strengths (Linero et al., 2007). Several previous studies including 
Valstad and Strøm (1975), Soroush and Jannatiaghdam (2012) and Barton (2013) 
demonstrate that in addition to the foregoing factors, angularity/roundness, moisture, 
roughness, porosity, and degree of compaction also influence shear strengths in  
rockfill materials. These outlined issues clearly define a nonlinear problem, making it a 
suitable candidate for an artificial neural network-based approach for shear strength 
characterisation. 

2 Artificial neural networks 

The ability to learn complex relationships among datasets and extrapolating the acquired 
knowledge to a brand new dataset is a major advantageous feature of artificial neural 
networks (ANNs) over physically-based models in nonlinear problems. Given that 
specific interrelationships of the physical parameters of the modelled system are not 
required apriori, an ANN does not directly depend on the physical laws of the system to 
function. ANNs consist of meshes of computing nodes (i.e., processing elements) and 
connections or weights (Figure 1), which can be trained to map data in a non-linear 
fashion upon activation (Wasserman, 1989; Bishop, 1995; Nielsen, 1988; Haykin, 1999; 
Gurney, 2009). Each connection is assigned a numerical value (i.e., weight) which can be 
changed during ANN training using several learning algorithm options, such as the 
gradient descent technique via back propagation (Rumelhart et al., 1986) summarised as: 
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ji pj piw x  (1) 

kj pk pjw act  (2) 

where wji = changes in connection weights between hidden (i.e., jth layer) and input 
(i.e., ith layer) layers, pj = derivative of error output with respect to sum between input 
and hidden layers, xpi = value received by each input node, wkj = changes in connection 
weights between hidden and output layers (i.e., kth layer),  = proportion of change in 
weight to error, pk = derivative of error output with respect to sum between hidden and 
output layers, actpj= activation parameter of the nodes in the output layer. 

Figure 1 Illustration of typical feed-forward artificial neural network architecture with three 
layers: input layer, hidden layer and output layer. Each layer consists of processing 
elements (or neurons), which are connected to neighbouring layer neurons via a 
network of connection weights

In general the procedure for developing a supervised ANN is to first select and prepare 
input and output parameters from raw data to create a training file. The ANN model 
architecture is then created, prior to inputting the training file into the ANN model. Next 
ANN training is initiated by implementing the gradient descent back propagation 
algorithm, using a training dataset and a validation dataset. If necessary, the ANN model 
is adjusted and refined based on training performance metrics. Upon completion of 
training, the ANN model weights are frozen and the ANN is ready to be tested on a fresh 
dataset. 

During back propagation, a search for the global optimum combination of connection 
weights that yields minimum error is undertaken. During each iteration the accuracy  
of the ANN may be assessed using the mean squared difference between actual and 
predicted/output values (root mean squared error or RMSE): 

2
1
(error)

RMSE
T

i

T
 (3) 

where T is the total number of presented data. 
During supervised ANN training, input/output data pairs are provided to the network. 

The provided inputs are used to predict outputs, which are in turn compared to the 
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provided target outputs. When selecting input/out pairs for ANN training, it is thus 
necessary to have some insight into the system dynamics of the problem to set constraints 
or boundaries for the problem. In addition the input/output suite prior to training should 
be developed such that the data patterns are statistically similar (i.e., mean, standard 
deviation and range) to the actual system being modelled (Masters, 1993). 

Hammerstrom (1993) recommends using two-thirds of the overall dataset for model 
training and one-third for validation. In addition, ANN datasets should be pre-processed 
to ensure all variables receive equal attention during the training process (Masters, 1993; 
Maier and Dandy, 2000). The input data to the ANN model should match the limits of the 
transfer functions used in the network output layer (e.g., between –1.0 to 1.0 for the 
hyperbolic transfer function and 0.0 to 1.0 for the sigmoid transfer function) (Shahin  
et al., 2008). One hidden layer in an ANN is often sufficient to approximate any 
continuous function provided that sufficient connection weights/processing elements are 
given, and the appropriate activation function is used (Cybenko, 1989; Hornik et al., 
1989; Bishop, 1995). A widely applicable activation function is the sigmoid (logistic) 
function: y = 1/(1 + exp–x) (Bishop, 1995). Caution should be taken not to overuse 
connections/weights as this may lead to ANNS that are more subjective to over-fitting  
the data and poor generalisation (Masters, 1993; Maren et al., 1990; Rojas, 1996).  
The number of hidden nodes should be kept to a minimum (Shahin et al., 2008),  
and perhaps the most efficient approach, is to begin with a small number of nodes and 
iteratively increase that number until no significant improvement in model performance 
is achieved (Nawari et al., 1999). 

The performance of ANN models may be evaluated using the coefficient of 
correlation, R2, root mean squared error, RMSE, and the mean absolute error, MAE, 
between the predicted and observed data (Shahin et al., 2008). Smith (1986) suggests the 
following guidelines for |R| values between 0.0 and 1.0: 

|R|  0.8 strong correlation exists between two sets of variables 

0.2 < |R| < 0.8 correlation exists between the two sets of variables 

|R|  0.2 weak correlation exists between the two sets of variables. 

The RMSE is the most popular measure of error and has the advantage that large errors 
receive much greater attention than small errors (Hecht-Nielsen, 1990). In contrast to 
RMSE, MAE eliminates the emphasis given to large errors. However, both RMSE and 
MAE may be desirable when the evaluated output data are smooth or continuous 
(Twomey and Smith, 1997). Being completely dependent on datasets is in one sense a 
handicap for ANNs because any errors present in the data are inherited by the ANN 
model, potentially leading to ANN models which are in contradiction to physical laws 
and reality. It is therefore imperative to understand the source and limits of available 
datasets, including the boundary condition of a particular ANN model. 

3 Establishment of database 

Prior to ANN model development, a selection of appropriate predictive input parameters 
controlling the shear strength of rockfill needs to be undertaken based on previous 
observations and experience. In this study, the input parameters were derived from  
the particle material size (or sieve) gradation, fineness modulus, gradation modulus, 
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material hardness, relative density, and confining (normal) stress, all discussed in 
Sections 3.1–3.6. The output variable was represented by large scale laboratory shear 
strengths upon conducting an extensive global literature review. The database compiled 
from the literature for the ANN development is summarised in Table 1. By collecting 189 
datasets tested at more than 10 different sites around the world (Table 1), the ANN 
models were developed, trained and their overall performance evaluated. The data were 
then preprocessed using the guidelines discussed in Section 2, and further elaborated in 
Section 4. The rationale behind the selection of the particular set of input parameters used 
in this study is discussed as follows. 

3.1 Material gradation 

The effects of rockfill particle size gradation on shear strength have been confirmed by 
several researchers (e.g., Marachi et al., 1969; Douglas, 2002; Ghanbari et al., 2008). 
However, divergent views are presented in the literature with regards to the effects of 
specific particle size ranging from none (e.g., Charles and Watts, 1980), to reduced 
strengths when the particle size increases (Marachi et al., 1972; Marsal, 1973). Given that 
insitu particle sizes are often too large for large scale laboratory test apparatus, the 
standard procedure is often to scale down the distribution by either truncation or parallel 
scaling. In this work the percent passing sieve sizes corresponding to 10%, 30%, 60% 
and 90% (i.e., D10, D30, D60, and D90 respectively) were applied in reference to the 
scaled down gradation sizes. In addition, the traditional coefficients of uniformity (cu)
and curvature (cc) were also used: 

2
30 10 60( ) /( )( )cC D D D  (4) 

60 10( ) /( )uC D D  (5) 

3.2 Fineness and gradation moduli 

The fineness modulus (FM) is widely used in aggregate/concrete applications for 
characterisation purposes. The FM is defined as the sum of the percentages of a sample  
of aggregate retained on each of the specified series of standard sieves divided by 100 
(Abrams, 1918). The sieve sizes used are typically #4 (4.75 mm), #8 (2.36 mm),  
#16 (1.18 mm), #30 (600 µm), #50 (300 µm), and #100 (150 µm). Popovics (1961) 
showed that the FM has an important theoretical basis tied to the specific surface area  
of an aggregate, and can be related to the logarithmical average of the particle size of 
grading. A larger numerical value of the FM implies coarser grading of a rockfill sample. 

The gradation modulus (GM) has also been applied in characterisation studies  
by several researchers (e.g., Hudson and Waller, 1969; Richardson and Long, 1987; 
Indraratna et al., 1993; Lusher, 2004). Similar to the FM, the GM is calculated from the 
gradation results, except that it is the sum of the percent passing size of a series of 
standard sieves divided by 100. The sizes used are typically 1 ½ in. (37.5 mm), ¾ in.  
(19 mm), 3/8 in. (9.5 mm), #4 (4.75 mm), #8 (2.36 mm), #16 (1.18 mm), #30 (600 µm), 
#50 (300 µm), #100 (150 µm) and #200 (75 µm). The greater the numerical value of the 
GM, the higher the percentage of fines contained in the rockfill. Both the FM (designated 
as ‘m’) and the GM (designated as ‘alpha’) were used as separate input parameters to the 
ANN models. 
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Table 1 Global database used to develop the artificial neural networks 
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Table 1 Global database used to develop the artificial neural networks (continued) 
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Table 1 Global database used to develop the artificial neural networks (continued) 
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Table 1 Global database used to develop the artificial neural networks (continued) 
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Table 1 Global database used to develop the artificial neural networks (continued) 
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Table 1 Global database used to develop the artificial neural networks (continued) 
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Table 1 Global database used to develop the artificial neural networks (continued) 
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Table 1 Global database used to develop the artificial neural networks (continued) 
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Table 1 Global database used to develop the artificial neural networks (continued) 
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Table 1 Global database used to develop the artificial neural networks (continued) 



      

      

      

   154 R. Kaunda    

      

      

      

      

Table 1 Global database used to develop the artificial neural networks (continued) 



      

      

      

   Predicting shear strengths of mine waste rock dumps and rock fill dams 155    

      

      

      

      

3.3 Material hardness 

At high confinement of rockfill, particle crushing may be induced depending on  
the hardness of the material leading to varied size gradation from that of the original 
material. Also the material hardness can play a significant role given the influence of the 
individual rock particles on the dilatancy of rockfill at relatively higher confinement, as 
discussed further in Section 3.5. To characterise the material hardness, index hardness 
test values of the parent rock (where available) were used in conjunction with the 
International Society of Rock Mechanics (ISRM) strength ratings (Brown, 1981) 
summarised in Table 2. In addition, the lower bound and upper bound uniaxial 
compressive strength value (in MPa) for each category rated were both used as 
independent inputs. 

Table 2 International Society of Rock Mechanics (ISRM) rock strength ratings 

Point load 
index (MPa) UCS (MPa) R-Rating Example 
>10  >250 6 Fresh basalt, chert, diabase, gneiss, granite, quartzite 
4–10 100–250 5 Amphibolite, sandstone, basalt, gabbro, gneiss, granodiorite, 

limestone, marble, rhyolite, tuff 
2–4 50–100 4 Limestone, marble, phyllite, sandstone, schist, shale 
1–2 25–50 3 Claystone, coal, concrete, schist, shale 
– 5–25 2 Chalk, rocksalt, potash 
– 1–5 1 Highly weathered or altered rock 
– 0.25–1 0 Stiff fault gouge 

Source: Brown (1981) 

3.4 Relative density 

In general the shear strength of rockfill increases with increasing relative density (Leps, 
1970; Marsal, 1973; Douglas, 2002). The higher the density, the greater the inter-particle 
interlock leading to large values of friction angles and hence shear strength. In large 
triaxial tests of rockfill, relative density is typically controlled throughout the testing 
procedure. Thus relative density was an important input parameter considered the 
development of the ANN models discussed herein. 

3.5 Confining pressure/normal stress 

The effects of confinement on the shear strength of rockfill have been well documented 
by several researchers (Marachi et al., 1969; Leps, 1970; Indraratna et al., 1993; Emha, 
2011). The strength envelope of rockfill has generally been observed to be curved 
especially at low confinement, implying that friction angles decrease with increasing 
normal stress. It is believed that at very low confinement, the particles are relatively free 
to move with respect to each other allowing for dilatancy and increased friction angles. 
However as the normal stress increases, dilatancy effects gradually dissipate as a result of 
particle crushing leading to significantly reduced friction angles, and consequentially 
shear strengths. The normal stresses were critical inputs to the ANN models developed in 
this work. 
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3.6 Shear strength 

Rockfill has a peculiar style of shear strength. Typically rockfill behaves as a Mohr/ 
Coulomb material, but with no cohesion and with relatively high angles of internal 
friction. Loosely layered crushed rockfill may behave as a coarse sand. Compaction 
increases the angle of internal friction significantly by dilation effects due to interacting 
asperities of contacting rock particle surfaces. Such behaviour makes it even more 
challenging to design representative/realistic large scale strength tests, in addition to 
limiting effects of large particle sizes on test apparatus. The objective parameter selected 
to represent shear strength for the ANN models developed in this work was the shear 
stress value at failure of test samples, and was the single output variable. 

4 Principal component analysis 

Upon compilation of the database, principal component analysis (PCA) was used to 
identify the key parameters for ANN prediction. PCA is a data compression technique 
commonly used in statistics to reduce the dimensionality of datasets (Bishop, 2006; 
Rencher and William, 2012), and has been applied in rock mechanics by researchers such 
as Majdi and Beiki (2010) and Tiryaki (2008). PCA transforms the original set of several 
variables via an orthogonal transformation to a new set of uncorrelated variables  
(or principal components). In essence the technique conducts a rotation from the original 
axes to the new ones deriving components in decreasing order of importance. The first 
few components can then be said to account for most of the variation in the original data. 
Given that PCA has been extensively described elsewhere (e.g., Kramer, 1991; Oja, 
1992; Singh et al., 1998; Bishop, 2006; Ilin and Tapani, 2010; Rencher and William, 
2012), only a summary is presented below. 

In the simplest matrix form, each data variable or observation X, can be considered 
quantitatively as a function of a score T, a loading or weight, P and a residue, E as: 

X TP E  (6) 

Prior to conducting PCA, the data are standardised by centering and scaling. Centering is 
implemented for each variable in the database as: 

1
( )

.
n

obsi
new obs

x
x x

n
 (7) 

Scaling is then conducted by dividing each variable by the standard deviation for each 
parameter in the database, known as unit variance scaling. 

Suppose an m × n matrix X of initial observed data is linearly transformed into 
another m × n matrix Y by a P matrix of m × m dimensions as follows: 

1 1 1 2 1

2 2

1 2

. . .
.

. .
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m m m m

p x p x p x
p x

p x p x p x
PX Y  (8) 
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For the variables in the transformed matrix Y to be as uncorrelated as possible, the 
covariances of different variables in the covariance matrix CY should be as close to zero 
as possible. The covariance of Y can then be expressed as: 

1 1 1( )( ) ( )( )
1 1 1

T T T T

n n nYC YY PX PX PX X P  (9) 

1 ( )
1

T T

nYC P XX P  (10) 

By choosing the rows of the transformation matrix P to be the eigen vectors XXT, P can 
be equated to the matrix ET where E is an m × m orthogonal matrix whose columns are 
the orthogonal vectors of XXT. The eigen values and eigen vectors of XXT are then  
the principal components which can be sorted in descending order corresponding to the 
relative importance of the principal components. The largest variance then corresponds to 
the first principal component, and so on. 

PCA was applied to all the variables from Table 1, and the results are summarised in 
Tables 3 and 4. Table 3 shows the variance and the percent of variance attributed to each 
principal component. As shown, the first seven components account for about 97% of the 
total variance and therefore contain most of the information. In addition, the first four 
principle components alone explain approximately 86% of the variance in the dataset. 
Table 4 shows the loadings (weights or coefficients) for the 14 principal components 
representing the linear combinations of the original variables that generate the new 
variables. The largest coefficients in the first column (first principal component) are the 
elements corresponding to the variables of D10, D30, D60, alpha and m. Considering the 
dominant, largest coefficients in the first seven principal components (97% of total 
variance), it was decided to select the D10, cc, cu, min UCS, unit weight and normal 
stress variables as the predictors in the first stage of ANN model development for shear 
strength prediction. Next the first four principal components (86% of total variance) were 
considered to establish the variables with the largest coefficients which corresponded to 
D10, D60, D90, cc, cu, m a, alpha, R, min UCS, max UCS and normal stress as inputs for 
the second ANN model. Finally all 13 parameters were used as predictors in the third 
ANN model developed. 

5 ANN architecture and training 

Three ANN models were constructed to predict rockfill shear strength: ANNOPTA, 
ANNOPTB, and ANNOPTC (Figure 2) using the database discussed in Section 3  
(Table 1). The criteria for selection of inputs (predictors) for each ANN model were 
based on the PCA conducted and described in Section 4. For ANNOPT A, all the 
parameters shown in Table 1 were used as inputs. The parameters D10, D60, D90, cc, cu, 
m, alpha, R, min UCS, max UCS and normal stress were used as inputs in ANNOPTB. 
Finally D10, cc, cu, unit weight, min UCS and normal stress were used as inputs for 
ANNOPTC. For each model, a multilayer feed-forward network architecture with the 
back propagation algorithm was used. One hidden layer of sigmoid neurons followed by 
an output layer of linear neurons was used. Given that the tangent sigmoid nonlinear 
transfer function was implemented, and based on explanations given in Section 2, all data 
had to be mapped to the boundary condition [0 : 1] via the transfer function: 
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min

max min

T y yy
y y

 (11) 

The number of hidden layers to use and the proper number of neurons to include in each 
hidden layer were determined via optimisation resulting in three hidden neurons for 
ANNOPTA, eight hidden neurons for ANNOPTB, and seven hidden neurons for 
ANNOPTC. Prior to implementation of the network training, the dataset was divided into 
training and validation sets in a 3 : 1 ratio respectively, based on the rationale provided in 
Section 2. 

The ANN models were built, trained, and implemented by using back propagation 
with the Levenberg–Marquardt algorithm. The initial range of the weights for the neurons 
was [–1 : 1], which were modified during training. Plots of the training and validation 
process are presented in Figure 3, used to check the progress of the ANN learning up to 
1000 cycles. The ANN activations and biases for the weights as observed at the end of 
network training are summarised in Table 5. The validation results appear reasonable and 
do not seem to indicate that over fitting has occurred. However, good validation results 
are not necessarily an indication of high performance of the networks, given that those 
data have been used in the training phase. It is important to test the ANNs’ independence 
from memorisation (i.e., over fitting) of the data. Therefore, the trained ANNs must  
be evaluated on completely new output and target test sets. The results of this evaluation 
are discussed in Section 6. 

Figure 2 Schematic illustrating input and output parameters for the three ANN models created: 
(A) ANNOPTA; (B) ANNOPTB and (C) ANNOPTC. The number of hidden neurons is 
shown at the centre of each figure 
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Table 3 Principal components showing the degree of variance and the cumulative variance 
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Table 4 The loadings (weights) for the principal components 
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Figure 3 Progress of neural network training for 1000 cycle for the three models:  
(A) ANNOPTA; (B) ANNOPTB and (C) ANNOPTC (see online version for colours) 

Table 5 ANN activations and biases after training 

Activation/Bias ANNOPTA ANNOPTB ANNOPTC 
1
1w 0.2549 0.0847 0.4163 
1
2w 0.3022 0.1037 0.5327 
1
3w 0.9974 0.4344 0.4746 
1
4w – 0.9786 0.5363 
1
5w – 0.1302 0.4432 
1
6w – 0.1503 0.4203 
1
7w – 0.1211 0.6462 
1
8w – 0.1611 – 
2
1w 0.0424 0.0453 0.0452 

1
1b 0.1419 –0.2049 –0.0025 
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Table 5 ANN activations and biases after training (continued) 

Activation/Bias ANNOPTA ANNOPTB ANNOPTC 
1
2b 0.7808 –0.2342 0.5992 

1
3b 3.5141 –1.174 –1.2739 

1
4b – 3.3352 0.6149 

1
5b – –0.2891 0.1996 

1
6b – –0.3464 0.095 

1
7b – –0.2683 0.6462 

1
8b – –0.3924 – 

2
1b 4.0973 3.8606 3.3416 

wij is the activation of the jth neuron of the ith layer and, bij is the bias of the jth neuron  
of ith layer. 

6 Test prediction results of ANN models 

After ANN training and validation is complete, changing of the final weights and 
parameters of ANN models is not permitted. To assess the field applicability of the three 
newly proposed ANN models, five new case histories (i.e., not used in the training 
database) were selected. These test cases correspond to a wide range of insitu conditions 
at very large (1000 metric tons of material up to 900 m high) waste rock dumps at an 
open-pit mine located in Chile, South America discussed in great detail by Linero et al. 
(2007). This particular case study was selected for testing because the complexity of the 
site data would provide a rigorous test for the ANN models. In addition, the statistical 
distributions of the training data, validation data, and testing data need to be similar  
in ANN modelling. Figure 4 shows the relationship between target rockfill strength 
envelopes and those predicted by ANNs at various confinement (normal) stresses.  
Figure 5 shows the relation between corresponding target angles of internal friction and 
those predicted by ANNs at the same range of confinement. The observed declining trend 
of friction angles with increasing confinement agrees with several previous studies.  
At low normal stresses (<1 MPa), ANNOPTC predicts friction angles closest to measured 
values. At mid range normal stresses (approximately 1–2.5 MPa), ANNOPTA and 
ANNOPTC predict the most accurate friction angles. For normal stresses greater than 
about 2.5 MPa, ANNOPTB and ANNOPTC predict friction angles closest to measured 
values. It should be noted, as shown on Figure 2, that the input parameters present in 
ANNOPTB and absent from ANNOPTC (and vice-versa) appear to influence the 
performance at lower bound confining stresses and at upper bound confining stresses. 
The results suggest that the inputs used to build the ANNOPTC provide an optimum 
combination of variables suitable for making predictions over a broad range of confining 
stresses, while those variables used in ANNOPTB are more useful at higher confinement. 
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As can be seen from plots on Figure 6 and statistical summaries in Table 6, the  
ANN-predicted shear strength values are reasonably close to the measured ones for all 
three models. Combined data points display a linear trend, and are symmetrically 
scattered about the line of best fit. The highest degree of scatter for ANNOPTA and 
ANNOPTB is related to increasing normal stresses as expected, given that high 
confinement represents a wide range of rockfill behaviour including particle crushing, 
altered particle size distribution, and dilation. The results from ANNOPTC, however, 
closely match the line of best fit and appear to be unaffected by progressively higher 
confinement effects. Table 6 presents the performance of ANNs in terms of RMSE and 
the linear correlation coefficient (R2) between experimental data and ANN outputs. These 
results in conjunction with the plots on Figures 4–6 indicate that the ANN models  
predict the rockfill shear stress with reasonable correlations and relatively low errors. 
Therefore the predictions based on the ANN models are reasonably consistent with site 
observations, confirming the applicability of the proposed approach. 

Figure 4 Comparisons of target rockfill strength envelopes and those predicted by ANNs at a 
range of confinement (normal) stresses. Power curve fits to the ANN predictions  
are also shown (see online version for colours) 

Table 6 Prediction error and correlation coefficient results of ANNs 

Prediction index ANNOPTA ANNOPTB ANNOPTC 
RMSE 0.072 0.133 0.067 
R2 0.99 0.98 0.99 
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Figure 5 Angles of internal friction based on predictions made by the three ANN models over a 
range of confining stresses. Note that the rockfill strength characteristic of decreasing 
trends at higher confining stresses is captured by the ANNs (see online version for 
colours)

Figure 6 Comparisons of predicted vs. measured rockfill shear stress values. The line of ideal fit 
is also shown (see online version for colours) 
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7 Sensitivity analysis 

Sensitivity analyses were conducted to assess the interrelationships between the input 
predictor variables and the output variable, rockfill shear strength, based on an approach 
discussed by Coppola et al. (2005). The sensitivity analyses quantify and rank the 
importance of each input variable by computing the variation in RMSE ratios, if a 
particular input variable is not used as: 

RMSE of ANN model prediction with specific input parameter excludedRatio
RMSE of initial ANN model prediction

 (12) 

The sensitivity analysis results obtained from the test data are presented in Table 7 for 
each of the three ANN models. For example, for the model ANNOPTA eliminating the 
hardness rating, R, input variable increases the RMSE for the validation dataset by a 
factor of 1.8 (i.e., RMSE ratio), which ranks this predictor variable as the least important 
(i.e., rank 13) for this particular model. Conversely, eliminating the normal stress 
parameter, sig_n, from the input variables of ANNOPTA increases the RMSE by a  
factor of 19.3, ranking this variable as the most important predictor (i.e., rank 1).  
The coefficient of curvature, cc, had the lowest rank (11) for ANNOPTB, while  
the coefficient of uniformity, cu, had the lowest rank (6) for ANNOPTC. As would be 
expected, the normal stress had the highest rank in all three cases because this variable 
exerts the largest influence on rockfill strength as discussed in Section 3.5. 

8 Multiple regression analysis 

Multiple regression analysis was conducted between the ANN inputs and the 
corresponding targets for each of the three networks to generate three equations of  
the form: 

0 1 1 2 2 n ny x x x  (13) 

where y = shear stress,  = regression coefficients and x = predictive input parameter. 
The coefficients for each of the regression equations corresponding to the three ANNs 

are shown in Table 8. Regression Equations A, B and C are based on the input parameters 
used in ANNOPTA, ANOPTB, and ANNOPTC respectively. Analysis of variance 
(ANOVA) statistics for the multiple regression are also summarised in Table 9. For a 
95% confidence interval, parameters D30, D60, minimum UCS, and normal stress are 
statistically significant (i.e., p-value < 0.05) in Equation A. Parameters D10, D60, alpha, 
minimum UCs, maximum UCS and normal stress are statistically significant in Equation 
B at 95% confidence interval. For regression Equation C, the minimum UCS and the 
normal stress variables are statistically significant. 

The performance of the three regression equations on fresh test data (Section 6)  
was compared to the respective ANNs, and the results are summarised in Table 10. 
RMSE values for all ANN models are lower than those from multiple regression, even 
though correlation coefficient (R2) values are comparable. This contrast is especially 
considerable for ANNOPTA where the ANN model gives RMSE values of about  
14 times less than that of the regression equation. 
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The relatively lower prediction error values for the ANNs compared to those for 
multiple regression models indicate that the models that were developed by ANN 
technology in this study are superior to those developed by multiple regression. 

Table 7 Sensitivity analysis results and input parameter rankings 
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Table 8 Multiple regression coefficients 

ID Parameter, x 
Equation A  

Coefficients, 
Equation B  

Coefficients, 
Equation C  

Coefficients, 
0 Intercept –0.0792 –0.1059 –0.0074 
1 D10 0.2051 –0.0641 –0.0145 
2 D30 –0.3717 – – 
3 D60 0.3570 0.2261 – 
4 D90 0.0284 0.0372 – 
5 cc 0.0208 0.0034 –0.0203 
6 cu –0.0363 –0.0192 0.0015 
7 alpha 0.0774 0.1133 – 
8 m –0.0036 0.0081 – 
9 R 0.0665 0.0642 – 
10 min_UCS –0.2392 –0.2888 0.0835 
11 max_UCS 0.1137 0.1490 – 
12 dry_unit_weight –0.0019 – 0.0198 
13 sig_n 0.8157 0.8180 0.8438 

Table 9 Multiple regression analysis of variance statistics at 95% confidence interval 

 Equation A;  
R-Square = 0.95 

Equation B;  
R-Square = 0.95 

Equation C;  
R-Square = 0.94 

t-Stat P-value t-Stat P-value t-Stat P-value 
Intercept –1.082 0.281 –1.653 0.100 –0.614 0.540 
D10 1.467 0.145 –2.134 0.034 –1.039 0.300 
D30 –1.971 0.051 – – – – 
D60 3.296 0.001 2.632 0.009 – – 
D90 0.884 0.378 1.167 0.245 – – 
cc 0.520 0.604 0.087 0.931 –0.663 0.508 
cu –1.371 0.172 –0.764 0.446 0.068 0.946 
alpha 1.146 0.253 1.804 0.073 – – 
m –0.066 0.947 0.161 0.873 – – 
R 1.149 0.252 1.128 0.261 – – 
min_UCS –1.693 0.093 –2.065 0.041 3.500 0.001 
max_UCS 1.500 0.136 2.016 0.046 0.826 – 
dry_unit_weight –0.073 0.942 – – – 0.410 
sig_n 38.281 1.26E-79 38.663 7.34E-81 43.544 6.54E-90 
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Table 10 Comparison of prediction results from ANN modelling vs. multiple regression 

Model RMSE R2

ANNOPTA 0.072 0.99 
Regression equation (A) 1.020 0.99 
ANNOPTB 0.133 0.98 
Regression equation (B) 0.380 0.99 
ANNOPTC 0.067 0.99 
Regression equation (C) 0.132 0.99 

9 Conclusions 

ANN technology was used to accurately predict rockfill shear strength values based on 
specified material properties and test conditions in response to small scale and large scale 
loading. By considering the results from PCA and network training trials, the ANN 
structure consisting of six input neurons, one hidden layer with seven neurons, and one 
output neuron was found to be most practical. The final weights and threshold values 
were obtained for a training cycle of 1000. Test prediction values ranged from 0.2 MPa to 
1.9 MPa under confining stresses ranging from 0.1 MPa to 3 MPa. When the ANN  
test results were compared against multiple regression, the ANN approach proved 
advantageous over the regression modelling method. It is possible that as rockfill 
nonlinear behaviour becomes more pronounced at progressively increased loading the 
ANN model performance does not deteriorate, unlike multiple regression, due to  
ANNs inherent nonlinear modelling capabilities. However this detail requires future 
investigations. 

It cannot be overemphasised that the rockfill parameters and behaviour used  
to develop the ANN models herein are not meant to be exhaustive. There is need to 
further research the exact roles on strength of additional critical factors such as  
rock particle dilation, degree of saturation/unsaturation, material deformation/strain,  
and particle crushing during loading, from a modelling perspective. Hence, the ANN 
models developed herein can be said to be limited, in this sense. A significant 
contribution of this work to the subject of rockfill shear strength, however, is the 
narrowing down of a few key material properties for strength prediction with high 
accuracy via PCA and ANNs. More importantly, this study demonstrates that ANN 
technology can contribute to, or provide insights into important cause and effect 
relationships of the dynamics of such a complex physical system as rockfill shear 
strength characterisation, leading to better designs of mine waste rock dumps/piles and 
rock fill dams. From a practical standpoint, ANNOPTC can be used as a preliminary tool 
to estimate the shear strength of in-place rockfill under the stipulated guidelines prior to 
detailed engineering design. 
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Abstract: This paper reviews the application of coal mine overburden (OB) 
dump material for backfilling in underground mine voids created due to coal 
mining in deeper seams/horizons. Backfilling, which is commonly known as 
stowing, provides stability of ground by preventing land subsidence, reducing 
mine fire and improving the coal production by increasing extraction of coal 
pillars. Different materials have been used for backfilling in underground mine 
voids such as river sand, fly ash, mine tailing and waste foundry sand (WFS). 
From last few decades, coal mining industry in India is facing scarcity of river 
sand owing to some new mining legislations and its heavy demand in 
infrastructure development. The existing coal mine overburden dumps might be 
a good alternative for sand and provide a sustainable mining practice. 
Geotechnical and physicochemical characterisation is required to evaluate the 
suitability of OB dump material to be used as an alternative of river sand. 
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1 Introduction 

Coal is a key energy resource of power production in India as most of the other countries 
like USA, China and Australia. The power sector in India is dominated by coal, which 
accounts for more than 70% of total electricity generation (Chikkatur, 2005). As we are 
the second most populated country of the world, there is a need to produce coal in a large 
scale to fulfil the energy demand of the country. Coal seams are found lying beneath the 
surface of sedimentary rock mass or lying very near to the surface. Opencast mines 
(blasting and digging) are used to extract the less deep coal seams whereas the coal seams 
that are found deeper are mined out with underground mining practice. 

Opencast mining is a dominated mining process that generates huge amount of rock 
waste along with valuable minerals (Table 1). Waste rock material generated along with 
mining is called mine overburden (Prashant et al., 2010). Generally, the amount of waste 
rock is more in case of open pit mining rather than underground mining (Lu et al., 2012). 
The US coal mines produce more than 150 million tons of coal refuse annually 
(Karafakis et al., 1996). Dumping or management of this mine refuse is a big 
environmental problem for the mining industry. Most of this waste is disposed of at the 
surface, which inevitably requires extensive planning and control to minimise the 
environmental impact of the mining. 

Table 1 Global production of land won minerals including waste and overburden 

Year 
Production net weight, 

1.000 tons 
% Increase since 

1975 
Materials moved gross 

weight 1000 tons 
% Increase since 

1975 
2000 20,933070 47.7 62,265038 48.2 
1998 20,610531 45.4 60,015452 42.9 
1995 19,735291 39.3 57,548678 36.8 
1988 18,607294 31.1 56,864321 35.4 
1985 16,942603 19.5 52028252 23.9 
1980 16,196957 11.4 47407590 12.8 
1975 14,172463  4200725  

Source: Sustainable mining practices a global perspective,  
Rajaram et al. (2005) 

Opencast mining is a developmental activity, which is bound to damage the natural 
ecosystem by several mining activities. During opencast mining, the overlying soil  
is removed and the fragmented rock is heaped in the form of overburden dumps (Ghosh, 
2002). OB dump is considered as a major contributor to the ecological and environmental 
degradation as soil erosion and environmental pollution (Yaseen et al., 2012). Presently, 
most of this OB material is disposed temporarily over valuable land mass, which 
inevitably requires extensive planning and control to reduce their negative impacts over 
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environment (Barapanda, 2001). It also results in non-productive use of land and 
atmospheric pollution. 

OB generated along with valuable mineral shows a specific ratio (mineral/OB) called 
stripping ratio. It may vary from place to place with the change in topography. The 
average stripping ratio in Indian coal mines is found to be about 1.97 m3/t in the last few 
decades (Chaulya et al., 2000). 

Underground mining that accounts for about 15–20% of total coal production in India 
produces huge mine voids simultaneously (Sivakugan et al., 2004). 

Mine voids created during the underground mining should be filled otherwise it may 
cause land subsidence owing to collapse of the upper strata (Figure 1). Thus, to provide 
ground supports to minimise the land subsidence problems and mine safety aspects, 
backfilling is the valuable part of mining (Kesimal et al., 2002; Barret et al., 1978). River 
sand is widely used, as it is easily available and economically feasible and the most 
important is its geotechnical properties. 

Figure 1 Cross section of subsidence trough, a zone of shattered roof beds over mine excavation 
(see online version for colours) 

 
Source: Kratzsch (1983) 

On the other hand, its overexploitation may negatively affect the riverine ecosystem as 
well as the productivity of nearby land mass. Some legislations are there going to be 
implemented in India (Kumar et al., 2003) to overcome these implications owing to 
overexploitation of river sand. In this way, this is a challenge for mining industries to find 
other materials as alternative of river sand for backfilling. 

Fly ash, WFS, mine tailings, etc., have been used as the alternative of the sand 
(Mishra and Rao, 2006) but they do not at least provide the economic value of the 
production. It is often observed that sand or mill tailings as backfilling material remain 
loose and merely serve as temporary working platform rather than offering any lateral 
stress on the opening walls to improve the stability situation. Another drawback with the 
sand backfilling is its cost and is estimated that it tends to be 10–20% of the total 
operating cost of the mine and the additive cement represents up to 75% of that cost 
(Grice, 1998). 

Backfilling with mine overburden or waste rock material may provide an alternative 
for river sand. Utilisation of these nearby mine overburden dumps as backfilling material 
in underground mine voids might be a good alternative of river sand (Prashant et al., 
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2010). Backfill underground mine voids with OB material are not only significant to the 
environmental restoration and mining condition, but also beneficial for disposal of OB or 
waste rock generated during mining (Lu et al., 2012). Backfilling with mine refuse and 
waste rock also includes the elimination of the environmental, health, safety and social 
problems associated with surface disposal (National Academy of Sciences, 1975). 

2 Selection of an alternative material for backfilling 

Selection of an alternative material to be used for backfilling in underground mine void is 
based on its physical and geotechnical properties. Different backfilling techniques  
such as paste backfilling, rock backfilling and hydraulic backfilling have been developed 
(Grice, 1998). 

A sharp difference between mine cycle time period with slurry backfill and paste 
backfill has been reported (Mark et al., 1990). They performed a hypothetical mining 
practice, i.e., vertical retreat mining (VRM) where stops were backfilled first with a paste 
(Figure 2). 

Figure 2 Comparative study of mining cycle between using paste backfill and slurry backfill  
in a VRM stope (see online version for colours) 

 
Source: Mark et al. (1990) 

2.1 Backfilling suitability assessment (BSA) 

Selection of any alternative material to be used for backfilling should be examined for its 
short- and long-term mechanical properties and expected behaviour following placement. 
Kortnik (2003) postulated a brief description about suitability assessment for the waste 
materials to be used for backfilling in mine voids. This includes the following partial 
approaches. 

• assessment of the suitability of waste material composite (WMC) as backfilling 
materials 

• assessment of the rock as a geological/technical barrier after backfill installation 

• assessment of the geotechnical properties of backfill. 



   

 

   

   
 

   

   

 

   

   176 A.K. Gupta and B. Paul    
 

    
 
 

   

   
 

   

   

 

   

       
 

3 Techniques in mine filling 

Different techniques have been successfully implemented in mine filling worldwide. 
Some of the important techniques are as follows. 

3.1 Mechanical backfill 

Mechanical backfilling technique involves introduction of conveyors into underground 
mining operations and has been used for backfilling of the waste rock and for the 
construction of pack walls with less effort and permits fast placement of material in 
underground. 

3.2 Pneumatic backfill 

Pneumatic backfill technique involves transportation of a material through pipeline in the 
presence of air pressure and finally dumping the material in mine voids. Material used for 
pneumatic backfill must be dry and free flowing. Pneumatic backfill techniques strictly 
require air pressure to pump the material at destination. 

3.3 Paste backfill 

Paste backfilling is a technique of backfilling, which involves high solids content; this is 
usually conducted with a density of 75–88% solids by weight (Amaratunga and 
Yaschyshyn, 1997). The best part of this technique is placing about 100% mine tailing in 
mine voids. 

Significant reduction of tailing waste and reduction in rehabilitation costs is some 
other important advantages of the paste backfill (Kesimal et al., 2002). Mine tailings 
contain different types of minerals such as sulphide and pyrite that are unstable in the 
presence of air and water posing the environmental problems. Aref et al. (1992) proposed 
a conceptual model for designing a high-density paste backfill system (Figure 3), which 
shows main aspects of backfilling material for determining their sources, transportation 
and placement requirements and should be reconciled so as to satisfy backfill quality and 
schedule requirements. 

Underground cemented paste backfill (CPB) is an important component of paste 
backfill (Figure 4) used for underground stope extraction (Landriault et al., 1997; Naylor 
et al., 1997). It not only provides ground support to the pillars and walls but also helps to 
prevent caving and roof falls and enhances pillar recovery therefore ultimately improves 
productivity (Belem et al., 2004). Self-support stresses govern backfill design and the 
conventional design has been that of a free standing wall that demands a uniaxial 
compressive strength (UCS) equal to the overburden stress at the bottom of the filled 
stope (Belem et al., 2004). However, in many cases, the adjacent rock walls can actually 
support the fill through boundary shear and arching effects that mutually supports the 
backfill and rock wall (Mitchell, 1989). In backfilled stopes, when arching occurs, the 
vertical pressure at the bottom of filled stope, an analogy similar to a trap door, is less 
than the weight of overlying fill (OB weight) owing to horizontal pressure transfer 
(Martson, 1930). Sulphur content of mine tailing may cause acid mine drainage (AMD) 
thus utilisation of mine tailing as backfilling material reduces the problem. 
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Figure 3 Flow chart for conceptual design of mine back fills system (see online version  
for colours) 

 
Source: Aref et al. (1992) 

Figure 4 Underground paste backfilling mechanism (see online version for colours) 

 
Source: Landriault et al. (1997) 

Advantage and disadvantages of Paste backfill 

Advantages: 

• shorter mine cycle owing to earlier development of higher compressive strength 

• reduced binder need for equivalent or better slurry backfill strength. High tailings 
usage thereby reducing surface disposal needs. 

Disadvantages: 

• requires superior dewatering facilities and greater technical precision. Presence of 
increased pipeline pressure. 
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3.4 Hydraulic backfill (hydraulic stowing) 

Hydraulic stowing or backfilling involves filling of mine voids with slurry or fluid 
density in the range of 55–75% solids for weight, as much as 30% of the total initial fills 
volume is lost by dewatering (Amaratunga and Yaschyshyn, 1997). Hydraulic sand 
stowing (HSS) is one of the most popular mine fill techniques used for backfilling in 
underground mine voids (Grice, 1998; Prakash et al., 2009). Transportation of sand slurry 
from surface to underground mine voids is one of the important stages of hydraulic 
stowing. Successful slurry transportation is based on the number of physical and 
geotechnical properties of the slurry (Table 2). Hydraulic stowing is mainly performed 
with pump-based transportation and gravity transportation. Gravity transportation is the 
widely used technique for the same, which is based on gravity system to move material 
down through vertical or inclined chutes, boreholes or pipes. These techniques are 
currently used to move material to depths of up to 600 m, e.g., in the Doubrava Mine of 
Czechoslovakia. 

Table 2 Physical and mechanical parameters of backfill slurry 

Factor Value 

Density of cement/(gcm–3) 3.00 
Unit weight of cement/(gcm–3) 1.30 
Density of gangue/(gcm–3) 2.65 
Unit weight of gangue/(gcm–3) 1.41 
Density of fly ash/(gcm–3) 2.44 
Unit weight of fly ash/(gcm–3) 1.02 
Density of mixture/(gcm–3) 2.62 
Unit weight of mixture/(gcm–3) 1.42 
Mediate size of mixture/mm 0.32 
Average size of mixture/mm 0.83 
Density of backfill slurry/(gcm–3) 1.77 
Mass fraction of backfill slurry (%) 72.0 
Volume fraction of slurry (%) 49.5 
Mass ratio of solid-liquid of slurry 2.57 
Volumetric solid liquid ratio of slurry 0.98 
Volume liquid solid ratio of slurry 1.02 

Particles whose diameters are less than the mediate size make up half of total backfill 
mixture Zheng et al. (2008). 

Pipe diameter, particle size, slurry density, etc., are some of the parameters that influence 
the slurry transportation through this technique. The most effective pipe diameter is 
300 mm when the material is up to 80 mm diameter with some clay content. The best part 
of the gravity transport systems is its ability to be installed in ventilation shafts, thus 
easing congestion in roadways, etc. All methods of gravity transport generally require the 
lowering of backfill via the vertical or declined pipe, which is accompanied by 
continuous unloading at the bottom via some discharge/feeder mechanism. 
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4 Backfill materials 

Different materials have been implemented as mine fill or backfill material in 
underground mine voids. This mainly includes fly ash, bottom ash, WFS, river sand, 
mine tailing, etc. Backfilling materials must have some specific geotechnical and 
physical properties to fulfil the filling requirements and should be economically 
beneficial. 

4.1 Waste Foundry Sand (WFS) as backfilling material 

WFS is another good alternative of river sand used for mine filling (Deng et al., 2007). 
WFS has been practised in different sectors earlier as related to infrastructure engineering 
and rehabilitation works such as highway embankment construction (Ham  
et al., 1990; Javed et al., 1994) and ground improvement (Vipulanadan and Sunder, 
2000); all of these alternative and beneficial uses of waste are economically as well as 
environmental friendly. 

4.2 Fly ash as backfilling material 

Huge amount of fly ash is generated from thermal power plants. This is dumped in ash 
ponds, nearby land mass or in river stream that imposes negative impacts over water 
quality and damages the nearby land fertility. Typically, it has been used for soil 
stabilisation (Chu et al., 1955), as an embankment material (Raymond, 1961), structural 
fill (Digioia and Nuzzo, 1972) and as injection grouting (Joshi et al., 1981). Utilisation of 
fly ash in underground mine fill may provide land subsidence control (Maser et al., 
1975), as effective stabilisation to the coal pillars and minimise the risk of subsidence 
(Fawconnier and Korsten, 1982), to improve the strata control (Galvin and Wagner, 
1982). With paste backfilling technology, 60–70% of coal combustion by products 
(CCBs) and coal processing waste is possible to inject into underground mines (Chugh  
et al., 2001). A combination of fly ash with additive such as lime and gypsum at 15%–
20% and 0%–5% by weight, respectively, may be used as good alternative material for 
backfilling in mine voids (Mishra and Rao, 2006). 

4.2.1 Advantages and disadvantages with fly ash utilisation 

Fly ash, which is used for backfilling in underground mine voids, has a number of 
positive and negative points. Mass utilisation of fly ash in mine backfilling provides  
a suitable waste management option. It will reduce some of the environmental problems 
related with its transportation and dump, and provides an alternative of river sand, etc. 

On the other hand, negative part of fly ash utilisation in mine backfilling is related 
with ground water contamination; leaching and cost is another factor. 

4.3 OB, mine refuse or waste rock as backfilling material 

A number of researches have been performed based on the possible utilisation of coal 
mine overburden dump as a material to be used in mine backfilling. Prashant et al. (2010) 
and Karafakis et al. (1996) have performed their work based on characterisation of coal 
mine refuse or waste rock utilisation in underground mine backfilling. Waste crushed 
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rock and OB material are found to be useful in backfilling in underground mine voids as 
an alternative of river sand. Prashant et al. (2010) concluded that most of the physical and 
geotechnical parameters like bulk density and specific gravity are comparable with river 
sand while porosity will achieve the same with washing efforts (Table 3). Grain size 
distribution results show that finer particles present in OB sample hinder some properties 
such as percolation but by washing it can also be achieved near to river sand at 
150 micron cut-off size. 

Table 3 Physical properties of OB dump material  

S. no. Parameters OCP I OCPII OCP III River sand 
1 Specific gravity 2.51 2.57 2.51 2.56 
2 Bulk density (g/cc)/ 1.51/40 1.54/40 1.51/40 1.54/40 
 Porosity (%)     
3 Percolation rate (cm/h) 236.6 195.9 310.19 276.8 

Source: Prashant et al. (2010) 

4.3.1 Importance of physicochemical analysis 

Physicochemical properties of OB material have their own importance in different 
manners such as reaction takes place owing to the presence of different elements in the 
OB and simultaneous combustion of OB. Presence of nitrogen (N), phosphorus (P), 
sulphur (S), etc., causes different chemical reactions to the environment. Presence of 
various elements in OB material may lead to different types of chemical changes with 
available water sources and result to AMD or may cause some of the atmospheric 
pollution by simultaneous combustion. 

4.3.2 Physical and geotechnical properties of OB 

A number of geotechnical and physical properties are there to be tested to check the 
suitability of any material for backfilling in underground mine voids. Karafakis et al. 
(1996) found that slake durability, plasticity, particle size analysis and triaxial 
compression test are some of the key tests that must be performed for backfilling material 
(Table 4). Some of them are as follows. 

Table 4 Desired properties of coal refuse as backfill material  

Test Desired properties 

Slake durability test Id1 greater than 95, Id2 greater than 85 
Plasticity Refuse should not be plastic 
Grain size analysis Minus 0.075 mm material should not exceed 10% for hydraulic stowing 

systems, the minus 3 mm material should not exceed 20% for pneumatic 
stowing systems, Cu greater than 4, Cc between 1 and 3 

Permeability Coefficient of permeability should be at least 2.78 × 10–5 m/s 
Triaxial 
compression 

Residual angle of internal friction should be at least 30º confined modulus of 
deformation comparable to modulus of deformation of a failing coal pillar 

Source: Karafakis et al.(1996) 
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• Grain size analysis 

There is a significant importance of grain size over geotechnical assessment of filling 
material. Backfilling material, which contains well-graded particles, should offer more 
resistance to displacement and settlement than one with uniformly graded particles. 
Kesimal (2004) found that particle size distribution analysis is one of the most important 
parameters for backfilling materials. Maximum grain size of a grain used in filling should 
be less than 1/5th of the pipe bore to limit the critical velocity of flow in pipe (Prashant  
et al., 2010). Sieve analysis result (Table 5) of OB samples from Jharia coal field shows 
that there is significant amount of sand, i.e., about 60–74% (Arvind et al., 2011). Because 
of the presence of higher amount of sand particles in the OB samples, there will be fast 
removal of water passing through the dump material that is one of the characteristic 
features of stowing material (Ghosh, 2002). The amount of water flow through coal mine 
refuse can be empirically related to its gradation and void ratio (Senyur, 1989). 
Permeability decreases with a decrease in the effective size of the material. An indication 
of the gradation of the refuse can be computed from a grain-size distribution curve for 
grain sizes larger than the 0.075 mm sieve using the coefficient of uniformity (Cu) and 
coefficient of curvature (Cu). Both values can be calculated provided that not more than 
10% of the grain sizes are less than 0.075 mm (Bowles, 1979). 

Table 5 Grain size distribution of overburden samples  

S. no. Sampling sites Gravel (%) Sand (%) Silt + Clay (%) 
1 Nudkhurkee 31 68 0.8 
2 Muriadih 25.6 73.6 0.8 
3 Akashkinaree 28.9 69.7 0.6 
4 Mudidih 24.9 71.3 0.8 
5 Nichitpur 26.2 70 2.4 

Source: Arvind et al. (2011) 

• Atterberg limit testing 

This is required to check the consistency of the material to be utilised as backfilling  
in mine voids. Consistency of the material is measured with Cassagrand apparatus  
(IS: 2720, Part 5, 1995). An unconsolidated material with lattice or no clay such as  
gravel and clean sands will not exhibit plasticity and is considered as non-cohesive 
(Sowers, 1979). Such type of non-cohesive material should be used as backfilling. Dunn 
et al. (1980) and Morgenstern and Eigenbrod (1974) reported that there is a relationship 
between liquid limit and amount of slaking of argillaceous rocks. Liquid limit has also 
correlation with compressibility of soils. 

• Slake durability test 

There is possibility with the backfilling material that it may experience a cyclic change of 
wetting and drying during flowing placement, which can degrade the particles and 
subsequently alter the fill mechanical properties. Thus, this is important to examine  
the slake durability of the material to be used as backfilling material. It provides a 
qualitative assessment of the resistance offered by weak rocks, as shales, mudstone, silt 
stone and clay-bearing rocks, to weakening and disintegration during the cycle of drying 
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and wetting. This is an index test and can be used to compare the slake properties of two 
different materials (ASTM D 4644-87). Gamble (1971) proposed that there is a direct 
relationship between slake durability and the Atterberg limits. Rocks with low slake 
durability index should be subjected to the plasticity test to characterise better their 
potential behaviour with water. He proposed a classification based on the results of slake 
durability as well as Atterberg limits test, whereby analysing the durability index for first 
and second cycles (Id1 and Id2). We can give each sample with a general durability 
ranking on Gamble’s slake durability ranking (Figure 5). 

Figure 5 Gamble’s (1971) classification for the test of slake durability of coal mine refuse  
(see online version for colours) 

 

• Standard proctor compaction test 

Compaction analysis is important to determine the moisture content of the refuse 
material, which will achieve the maximum dry density for a material that has been 
compacted with a given compactive effort. It can analyse the potential of the stowing 
materials. For two different soil samples, it can provide an indication that which material 
may achieve higher densities following compaction by whatever means, including by 
failing mine roof and pillars. 

• Falling head permeability test 

Permeability is the ability of a porous material to allow a liquid to pass through its pores. 
Since the pores are connected with each other, the flow of a liquid takes place through the 
pores if there is difference in head at the two ends of the sample. Permeability is an 
important parameter to check the suitability of a material to allow fluid flow through it. 
For backfilling material, it is important to analyse the nature of water flow through an 
unconsolidated material, as it has a great effect on its physical properties and its flow 
behaviour. Higher permeability value ensures fast water seepage from slurry thereby easy 
and quick consolidation of the slurry. It also provides fast out flow of water from 
barricading. Falling head permeability test is performed with IS: 2720 (Part: XVII). This 
test is important for the calculation of seepage through earth dams or under sheet pile 



   

 

   

   
 

   

   

 

   

    A review on utilisation of coal mine overburden dump waste 183    
 

    
 
 

   

   
 

   

   

 

   

       
 

walls, seepage rate from waste storage facilities (landfills, ponds, etc.) and for the 
calculation of the rate of settlement of clayey soil deposits. 

5 Conclusions and future prospects 

This paper provides a brief overview on the importance of backfilling in underground 
mine voids. It briefly discussed the advantages, disadvantages of different materials and 
possible alternative materials. A number of materials have been used for backfilling in 
underground mine voids to reduce the mining problems such as subsidence, roof fall, 
mine fire etc. River sand is the widely used material in mine filling but the resource is 
reducing due to its high demand in construction sectors. Thus there is a scope for finding 
a suitable material that may be used as an alternative of river sand, which should be  
eco-friendly and cost effective. The OB waste generated during mining activities is 
temporarily dumped on valuable land for long period due to lack of any proper 
management and causes various environmental problems. This OB dump material might 
be a good alternative of river sand. 

However evaluation of heavy metal contents of the OB material is required before its 
utilisation in backfilling to reduce leaching impacts in ground water. 

Thus utilisation of OB waste as backfilling material will replace river sand, reduce 
negative impacts of sand mining in river ecosystem and ensure a sustainable method of 
mining. 
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Abstract: Synthetic rutile is an important titanium feedstock for the production 
of titanium dioxide pigment and titanium metal. More attention is focussed in 
recent years on the development of environment friendly processes for the 
production of synthetic rutile with minimum acidic effluents. CSIR-NIIST, 
Trivandrum, India, had successfully developed a more environment friendly 
process for the production of high grade synthetic rutile containing more than 
94% TiO2. The process is comprised of metallisation of ilmenite followed by 
aeration rusting for the production of beneficiated ilmenite and the reoxdiation 
of beneficiated ilmenite followed by acid leaching. Reoxidation of beneficiated 
ilmenite plays a major role in rendering the product amenable to acid attack and 
removal of residual iron. This paper describes in detail the kinetic studies 
carried out on the reoxidation of beneficiated ilmenite by thermogravimetric 
technique under non-isothermal conditions. Assuming the oxidation mechanism 
to be in the form (1 – α)n and considering a contracting spherical model with  
n = 2/3, the basic equation of non-isothermal reaction was analysed and solved 
by integral approach. The kinetic parameters such as activation energy,  
pre-exponential factor and the order of the oxidation reaction were computed 
from the weight gain data under linear rise in temperature. The paper also 
discusses the optimisation of reoxidation temperature and residence time for the 
maximum removal of iron during acid leaching, which in turn results in 
synthetic rutile of maximum TiO2 content. 

Keywords: synthetic rutile; reoxidation; thermogravimetry; beneficiated 
ilmenite; non-isothermal thermogravimetric analysis. 
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1 Introduction 

Synthetic rutile prepared from abundantly available ilmenite mineral is one of the 
important titanium feedstocks for the production of titanium dioxide pigment and 
titanium metal. Although a large number of technologies have been developed for the 
beneficiation of ilmenite for the production of synthetic rutile, only a few are significant 
in terms of commercial exploitation by the industries. In addition to the quality of the 
synthetic rutile in terms of TiO2 content, the beneficiation processes must also take into 
account the safe disposal of acidic iron effluents generated in large quantities. Hence, 
continued efforts are focused on the development of technologies that are environment 
friendly and recover majority of the iron values from the waste generated in addition to 
high-grade synthetic rutile. 
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Becher et al. (1965) invented a process for the production of synthetic rutile from 
ilmenite. The process essentially composed of the reduction of iron component of 
ilmenite to metallic form followed by the removal of same as iron oxide by aeration 
rusting. The residual iron from the beneficiated ilmenite (product after rusting) was 
further removed by mild acid leaching for the production of synthetic rutile. Mohan Das 
et al. (2006) developed a more environmentally friendly process involving the  
above-mentioned unit operations with additional step of reoxidation of beneficiated 
ilmenite prior to leaching for the preparation of high-grade synthetic rutile with more 
than 94% TiO2. Reoxidation of beneficiated ilmenite is an important unit operation in the 
overall process flowsheet as it renders the beneficiated ilmenite more susceptible to acid 
leaching and hence resulting in synthetic rutile of higher TiO2 content. However, there 
exists a lacuna in the detailed understanding of kinetics and mechanism of reoxidation of 
beneficiated ilmenite. This paper describes the details of the kinetic studies carried out on 
the reoxidation of beneficiated ilmenite, an intermediate product generated in the process 
by thermogravimetric technique. In view of inadequacy of isothermal kinetic studies by 
virtue of very small size of the ilmenite particles, efforts were made to elucidate valid 
kinetic parameters of reoxidation of beneficiated ilmenite by thermogravimetry under 
non-isothermal conditions. 

1.1 Non-isothermal analysis 

No reaction takes place isothermally because all the reactions are accompanied by a heat 
change. Most of the industrial processes involve gradual heating up of the reactants and 
the reaction proceeds under rising and fluctuating temperature conditions. Reactions such 
as exothermic oxidation cause significant changes in the sample temperature. Hence, the 
kinetic data must be analysed in terms of possible heat transfer effects owing to 
deviations of the temperature of the sample from that of isothermal conditions.  
In addition, there may be some pre-reaction during the heating of the reaction system to 
the predetermined temperature and a part of the sample may change before the beginning 
of the kinetic run. Isothermal technique is often inadequate for the complex reactions 
involving several series of parallel or independent overlapping reactions. As most  
of the reactions take place by heating the reactants gradually, any kinetic parameters 
derived under isothermal conditions are not applicable to processes taking place  
non-isothermally. 

In view of the above, there have been several attempts in recent years in the 
development of mathematics of non-isothermal kinetics and its application in solid-state 
reactions and only the kinetic parameters determined under non-isothermal conditions are 
viewed as valid. 

Thermogravimetry, a technique where the sample is heated to linear rise in 
temperature, has been used by Haque et al. (1992) for non-isothermal kinetic studies.  
The theoretical treatment of the kinetic data under rising temperature conditions depends 
largely on three basic equations. 

The first being the kinetic law in the differential form 

( )d /d ( ) ( , )t k T f Tφ∝ = ⋅ ∝ ⋅ ∝  (1) 
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where ∝ is the fraction reacted, k is the temperature-dependent rate constant, φ and f 
denote functions, t is the time and T is the temperature. With φ(α, t) being assumed as 
unity, one can write 

( )d / d ( ).a t k T f α= ⋅  (2) 

The second equation required is the temperature coefficient of rate constant 
/ / e  em E RT E RTK A T A− −= ⋅ ⋅ =  (3) 

where E is the activation energy, A is the pre-exponential factor, R is the gas constant and 
m is a constant generally assumed to be zero. 

The third important data required for the analysis of the non-isothermal equation is 
the variation of temperature with time. For a constant linear heating rate, one can write 

oT T Bt= +  (4) 

where To is the initial temperature and B is the heating rate. 
By incorporating equations (3) and (4) in equation (2), we get 

 /d / ( ) / e d .E RTf A B Tα α −= ⋅ ⋅  (5) 

Equation (5) is the basic equation for non-isothermal kinetic analysis. There are two 
distinct approaches available for the analysis of the non-isothermal kinetic data. 

In an integral method, integrated form of equation (5) is employed for the evaluation 
of kinetic constants wherein the weight-temperature plots are just sufficient with known 
program of time-temperature. 

Alternatively, the data in a differential form is obtained and the values of dα/dt, α and 
T were suitably incorporated in the derived form of equations. However, this approach 
requires a special derivative thermogravimetric analysis (DTG) apparatus or involves 
lengthy procedures of graphical differentiation of TG curves. 

A straightforward approach for the analysis of the basic non-isothermal equation (5) 
employed by Ray (1993) as detailed here is devoid of complex mathematical approaches 
and based on well-defined mathematical procedures and approximations. 

In an integral approach, the integrated form of kinetic law is given by 

( )g ktα =  (6) 

which on differentiation becomes 

d / d / ( )  ( )t k g k fα α α= = ⋅  (7) 

then, 

d / ( ) ( ) d ( )f g gα α α α α′= ⋅ =∫ ∫  (8) 

and hence on integrating equation (5), we get 

( )( ) / exp / d .g A B E RT Tα = − ⋅∫  (9) 
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In the above-mentioned equation, it is to be noted that g(α) is obtained only when 
integrated form of equation (6) is known or analytical form of f(α) is known. 
Furthermore, right-hand side of equation (9) cannot be integrated in finite form. 

Coats and Redfern (1964) have suggested a graphical procedure, which is considered 
as one of the best solutions to the problem of integration. For a reaction with a 
mechanism in the form (1 – α)n and considering a contracting sphere model with n = 2/3, 
we have 

( / )d / (1 ) / e dn E RTA B Tα α −− =∫ ∫  (10) 

( )[ ]2ART / BE e / 1 2 /E RT RT E≅ ⋅ − −  (11) 

when n = 1, 

] [2log10 [ ln (1 ) / log10 /  1 2 / ] / 2.3 .T AR BE RT E E RTα− − = − −  (12) 

A plot of LHS against 1/T gives a straight line with slope of –(E/2.3R) 
If n ≠ 1, then ∫(1 – α)–ndα = –(1 – α)1–n /(1 – n) 

( ) { }1 2 ( / )1 (1 ) / 1  /  1 2 / e .n E RTn T AR BE RT Eα − −− − − = −  (13) 

Considering the pre-exponential term in RHS of the above-mentioned equation almost 
constant, a plot of log10 (LHS) against 1/T gives a straight line with slope –(E/2.3R). 

2 Materials and methods 

2.1 Non-isothermal gravimetric analysis 

The beneficiated ilmenite employed in the present investigation was prepared by the 
reduction of ilmenite followed by rusting of metallised ilmenite. Commercial-grade 
ilmenite from Quilon deposits supplied by Indian Rare earths Ltd., Chavara, Kerala, 
India, having the composition as given in Table 1 was reduced using coal as the 
reductant. The details of the reduction of ilmenite were discussed elsewhere by Mohan 
Das et al. (1990). 

Table 1 Chemical composition of Quilon grade Kerala ilmenite 

Constituents TiO2 Fe2O3 FeO Al2O3 MnO Cr2O3 V2O5 MgO P2O5 ZrO2 SiO2 
Rare 

earths 

% Wt. 58.0 25.5 9.70 1.1 0.4 0.13 0.15 0.60 0.20 0.40 0.90 Trace 

Rusting of metallised ilmenite in the presence of ammonium chloride catalyst was carried 
out in a stirred tank reactor and the beneficiated ilmenite was separated from hydrated 
iron oxide by decantation and several washings. The experimental details and the rusting 
parameters are discussed by Jeya Kumari et al. (2001). The chemical composition of 
beneficiated ilmenite is given in Table 2. 
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Table 2 Chemical composition of beneficiated ilmenite 

Constituents TiO2 Fe2O3 Al2O3 MnO Cr2O3 V2O5 MgO ZrO2 SiO2 
Rare 

earths 

% Wt. 84.85 13.575 0.643 0.555 0.147 0.220 0.479 0.062 1.227 Trace 

A SHIMADZU, Model TGA-50 thermogravimetric analyser supported by TA-50WSI 
thermal analysis system was used for carrying out thermogravimetric experiments.  
TA-50WSI system is composed of a single personal computer of IBM PC/AT compatible 
types of 286PS/2 model 30 series. About 10 mg of beneficiated ilmenite was taken in a 
platinum sample cell and the same was loaded into hanging balance inside the furnace. 

High purity oxygen gas was purged continuously into the reaction tube at a flow rate 
of 10 mL/min for the oxidation of beneficiated ilmenite to take place. The furnace was 
heated at a rate of 20ºC/min continuously up to a temperature 1000ºC. All the outputs in 
terms of weight-temperature and weight-time mode were recorded. Experiments were 
carried out on samples of particle sizes (−0.355 + 0.25), (−0.25 + 0.18), (−0.18 + 0.125) 
and (−0.125 + 0.09) mm, respectively. Effect of heating rate on the reoxidation was also 
studied by carrying out the oxidation at varying heating rates of 5, 10 and 20ºC/min, 
respectively. The data obtained in weight-time-temperature mode were used for the 
elucidation of kinetic parameters such as activation energy, pre-exponential factor and 
order of the oxidation reaction. Weight-time-temperature data at temperatures lower than 
500ºC and at temperatures above 800ºC were not considered for the analysis as the 
weight gain owing to oxidation at these temperature ranges were not appreciable. Only 
data in the temperature range 500–800ºC were employed in the analysis of the kinetic 
parameters. From the data, the function α is calculated as 

( ) ( ) ( ) ( )/s f sm T m T m T m Tα = − −  (14) 

where m(T) is the weight of the sample at temperature T, m(Ts) is the weight of the 
sample at initial temperature (Ts) and m(Tf) is the weight of the sample at final 
temperature Tf. 

Equation (13) was solved using the standard technique of error minimisation. 
Incorporating the assumed initial values for n, E and A/B, α was calculated using 
equation (13) at a given temperature (T). The values of calculated α were then compared 
with the experimental value of α computed from the thermogravimetric data using 
equation (14). By iteration, the values of n, E and A/B were arrived at such that the 
difference between the calculated α and the experimental α is minimum. 

2.2 Optimisation of reoxidation temperature and residence time 

Reoxidation of beneficiated ilmenite of different size fractions was carried out in an 
inconel tubular reactor provided with opening at both the ends. About 10 g of the material 
was spread uniformly into a thin layer in an alumina boat and a continuous flow of dry air 
was maintained over the sample at predetermined temperature and residence time. 
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2.2.1 Optimisation of reoxidation temperature 

Beneficiated ilmenite of size range (−0.18 + 0.125) mm, having the highest percentage by 
weight in the bulk sample, was used for the optimisation of oxidation conditions. 
Reoxidation was carried out at varying temperatures of 500, 700, 800 and 1000ºC, 
respectively, while the residence time in all the experiments was maintained constant at 
30 min. Oxidised products from all the experiments were subsequently leached with 
hydrochloric acid to assess the leachability. The leach residues were analysed for the 
residual iron. 

2.2.2 Optimisation of residence time of reoxidation 

To optimise the residence time of reoxidation, oxidation experiments were carried out at 
a constant temperature of 500ºC for varying durations of 30, 60 and 120 min, 
respectively. The leachability of the oxidised samples was analysed by the estimation of 
residual iron in the leach residue. 

2.3 Acid leaching of reoxidised sample 

Leaching experiments were carried out in a 3-necked flat bottom flask. One of the necks 
was used for introducing thermometer while the other was used for drawing liquid/solid 
samples at regular intervals. A water-cooled condenser was fitted into the third neck. 
Required quantity of the acid (100 mL) was taken in the flask and heated to 90ºC in an oil 
bath, which in turn was heated electrically through a dimmerstat. Hydrochloric acid of 
20% concentration was used for the leaching of iron from oxidised products prepared 
under varying conditions of oxidation temperature and residence time. On reaching a 
preset temperature, weighed quantity of oxidised sample was introduced into the acid and 
continuously stirred at regulated and constant speed through a magnetic stirrer. After 
leaching, the leach residue was analysed for the residual iron and percentage removal of 
iron was calculated. 

2.4 X-ray diffraction analysis 

Finely ground samples were used for X-ray diffraction studies by powder diffraction 
technique using Philips X-Ray Diffractometer. A monochromatic radiation CuKα 

(λ = 1.5418 A°) was used for the investigation. Scanning was carried out in the angle 2θ 
range 20–60° and at a scan rate of 2°/min. The ‘d’ values of the major peaks in the 
diffractogram were measured from the corresponding 2θ values and the phases were 
identified by comparing the experimental ‘d’ values with that of standards. 

2.5 Scanning electron microscopy 

A Jeol JSM 5600 make scanning electron microscope was used for the investigation of 
surface morphology of beneficiated ilmenite. Samples of beneficiated ilmenite after 
reoxidation were also subjected to scanning electron microscope (SEM) studies for the 
analysis of grain surface morphology. A few grains of the sample were fixed onto a brass 
stud using an adhesive and subsequently coated with gold for a better conduction of 
electron beam. All the investigations were carried out using 15 kV electron beam. 
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3 Results and discussion 

3.1 Isothermal studies 

Initial run of thermogram with beneficiated ilmenite sample when heated continuously 
from ambient temperature to 1000ºC showed the onset of weight gain owing to oxidation 
at 500°C. To explore the possibility of using isothermal conditions for the analysis, a few 
experiments were carried out at isothermal temperatures of 500, 550, 600, 700 and  
800°C, respectively. About 10 mg of the sample was taken in the platinum sample holder 
and heated from ambient temperature to the required set temperature at heating rate of  
20ºC/min during which N2 gas was purged into the reaction chamber to avoid the 
oxidation. As soon as the sample reached the set temperature, oxygen gas was purged 
into the chamber and the oxidation is allowed to continue at the set isothermal 
temperature for about 60 min. 

It was observed that at all the isothermal set temperature, the onset of oxidation and 
hence the weight gain in the sample started before the sample reaching the set isothermal 
temperature. As the particle size of the sample was very small, the oxidation of the 
sample before reaching to isothermal set temperature could not be avoided. Hence, non-
isothermal approach was resorted to for the elucidation of oxidation kinetic parameters. 

3.2 Non-isothermal studies 

3.2.1 Effect of heating rate 

When beneficiated ilmenite of particle size in the range –0.25 + 0.18 mm was oxidised at 
three different heating rates of 5, 10 and 15ºC/min, respectively, it was observed that the 
variation of heating rate during non-isothermal oxidation had resulted in variation in the 
value of A/B in the kinetic equation and no change was observed in the value of 
activation energy. 

3.2.2 Effect of particle size 

Keeping the heating rate of 10ºC/min constant, non-isothermal thermograms were run for 
beneficiated ilmenite of size fractions (−0.5 + 0.355), (−0.355 + 0.25), (−0.25 + 0.18) and 
(−0.18 + 0.125) mm, respectively. Analysis of the thermograms showed a gradual shift of 
onset of oxidation towards higher temperatures as the particles became more and more 
coarser. However, there was no appreciable change in the value of activation energy. 
Beyond 800ºC, finer size fractions showed a decreased rate of oxidation probably owing 
to the faster kinetics of oxidation and sintering of grains at elevated temperatures. 

3.2.3 Kinetic parameters 

Assuming different values for n, E and A/B in equation (13), the value of α was 
calculated using a computer program and by a method of minimisation of error. Values of 
calculated α and the measured value of α as in equation (14) were then compared.  
The assumed values of n, E and A/B for which the difference between the measured 
values of α and its calculated value is minimum are considered the best-suited values of 
the above-mentioned kinetic parameters. The following set of values was obtained. 
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Parameters Unit Range 

n Dimensionless 6.07 
E KJ/mol 171 
A M–2.min–1 20.13 × 1011 

The above-mentioned values are in close agreement with the values reported in the 
literature for the oxidation of natural ilmenite pellets by Sun et al. (1992). 

3.3 Characterisation of oxidised samples 

3.3.1 X-ray diffraction analysis 

X-ray diffraction pattern of the reoxidised samples of beneficiated ilmenite as in Table 3 
revealed characteristic peaks corresponding to rutile, anatase, pseudorutile and haematite. 
The presence of predominant peaks corresponding to haematite and pseudorutile 
(3TiO2 . Fe2O3) in the reoxidised samples indicates the oxidation of the metallic iron and 
ferrous iron present in the beneficiated ilmenite. 

Table 3 XRD analysis of beneficiated ilmenite after reoxidation at 800ºC 

2Theta d(A0) Description Assignment 
25.40 3.528 Weak Anatase 
27.60 3.2589 Strong Rutile 
33.30 2.710 Weak Hamatite 
36.00 2.4927 Medium Psuedorutile 
41.40 2.1909 Weak Psuedorutile 
51.60 1.6892 Medium Psuedorutile 

Ilmenite is an extraordinary inactive material from which the selective removal of iron is 
extremely difficult. By resorting to a pre-oxidation, this inactive material was converted 
to highly reactive for further processing wherein iron associated with the titanium is 
selectively removed. It has been reported by various researchers that the pre-oxidation of 
ilmenite has the following advantages (Becher et al., 1965; Hussein and El-Tawil, 1967; 
Sinha, 1973): 

• Introducing defects (grain-boundaries, micro-cracks, etc.) in the ilmenite grain. 

• Brings about homogenisation in the composition of ilmenite. Converting all the 
ferrous iron into ferric state, which overcomes the problem of different ferrous to 
ferric ratios in ilmenite from different deposits and thereby making the process 
capable of treating all ilmenites irrespective of their origin. 

• Improvement in the reducibility of ilmenite owing to the alteration of equilibrium 
conditions. 

The effect of reoxidation temperature of beneficiated ilmenite on the degree of iron 
removal during subsequent hydrochloric acid leaching is given in Figure 1. The 
percentage removal of iron from the oxidised samples of beneficiated ilmenite decreased 
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with the increase in reoxidation temperature. Though reoxidation of beneficiated ilmenite 
brings about lattice expansion due to the oxidation of residual iron, reoxidation at 
elevated temperature beyond 500°C leads to sintering of the grains. Closure of pores 
owing to sintering at high temperature renders the product not amenable to acid attack 
during leaching. A similar phenomenon was also observed when the residence time of 
reoxidation was increased from 30 min to 120 min as shown in Figure 2. The loss of 
porous morphology of the grains at prolonged duration of reoxidation resulted in the poor 
leachability of the product. 

Figure 1 Effect of reoxidation temperature on the degree of iron removal during hydrochloric 
acid leaching (see online version for colours) 

 

Figure 2 Effect of reoxidation time on the removal of iron from beneficiated ilmenite with 
hydrochloric acid (see online version for colours) 
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It has further been reported (Sinha, 1973) that that the reoxidation temperature had a 
significant effect on the subsequent reduction and acid leaching of ilmenite. Pre-treatment 
(oxidation and reduction) of ilmenite has been found advantageous in the leaching of iron 
owing to breaking up of the grain structure resulting in a large number of grain 
boundaries. 

3.3.2 Scanning electron microscopy 

Scanning electron microscope examination of beneficiated ilmenite before (Figure 3(a)) 
and after reoxidation (Figures 3(b) and (c)) demonstrates the formation of significant 
cracks and voids on the surface of oxidised products, which were essentially due to the 
lattice expansion of the grains during the rutilation and oxidation of metallic iron. These 
voids and cracks in the oxidised samples had facilitated easier iron removal and faster 
kinetics in acid leaching. 

Figure 3 Scanning electron micrographs of beneficiated ilmenite before and after reoxidation 

  
 (a) (b) 

 
(c) 
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4 Conclusions 

Oxidation reaction of beneficiated ilmenite with particle size range 0.125–0.355 mm 
could not be studied by isothermal analysis as considerable oxidation took place prior to 
the sample reaching the isothermal temperature. Hence, non-isothermal technique was 
employed to study the oxidation reaction and elucidating kinetic parameters such as 
activation energy by solving the kinetic equation by integral method. The technique 
appeared reasonably correct as the activation energy computed was in close agreement 
with the literature values reported for similar systems. Reoxidation of beneficiated 
ilmenite prior to acid leaching has proved advantageous as the oxidation of residual iron 
in the lattice brings about lattice expansion, development of voids and cracks on the 
surface. Porous surface morphology in turn facilitates the acid attack and greater iron 
removal during acid leaching. Sintering of the grain surface and closure of pores resulted 
during reoxidation at elevated temperature (>500ºC) and residence time (30 min) as 
evidenced from the scanning electron micrographs is attributed to the inferior leachability 
of beneficiated ilmenite. 

References 
Becher, R.G., Canning, R.G., Goodheart, B.A. and Uusna, S. (1965) ‘A new process for upgrading 

ilmenite mineral Sands’, Proc. Australian Institute of Minerals and Metals, Vol. 21, pp.21–31.  
Coats, A.W. and Redfern, J.P. (1964) ‘Kinetic parameters from thermogravimetric data’, Nature, 

London, Vol. 201, p.68. 
Haque, R., Ray, H.S. and Mukherjee, A. (1992) ‘Reduction of iron ore fines by coal char fines – 

development of a mathematical model’, Scandinavian Journal of Metallurgy,  
Vol. 21, pp.78–85. 

Hussein, M.K. and El-Tawil S.Z. (1967) ‘Solid state reduction of egyptian black sand ilmenite with 
hydrogen’, Indin Journal of Technology, Vol. 5, pp.97–100. 

Jeya Kumari, E., Bhat, K.H., Sasibhooshanan, S. and Mohan Das, P.N. (2001) ‘Catalytic removal 
of iron from reduced ilmenite’, Minerals Engineering, Vol. 14, pp.365–368. 

Mohan Das, P.N., Damodaran, A.D., Bhat, K.H., Velusamy, S. and Sasibhushanan, S. (2006) 
Indian Patent No. 196947 dated 11 August, 2006. 

Mohan Das, P.N., Velusamy, S., Sathyanarayana, K.G. and Damodaran, A.D. (1990) ‘Reduction of 
ilmenite and its application as welding electrode flux material’, Transaction of Indian Institute 
of Metals, Vol. 43, No. 3, pp.47–50. 

Ray, H.S. (1993) Kinetics of Metallurgical Reactions, Oxford & IBH Publishing Co. Pvt. Ltd.,  
New Delhi. 

Sinha, H.N. (1973) ‘Murso process for producing rutile substitute’, in Jaffe, R.I. and Burte, H.M. 
(Eds.): Titanium Science & Technology, Proc. International Conference, Plenum Press,  
New york, pp.233–245. 

Sun, K., Ishii, M., Takahashi, R. and Yagi, J. (1992) ‘Oxidation kinetics of cement – bonded 
natural ilmenite pellets’, ISIJ International, Vol. 32, No. 4, pp.489–495. 


