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Abstract: One of basic conditions of transport optimising in a quarry is 
effective use of machinery and minimising of downtimes to be occurred. This 
condition may be reached good organisation and operation management of 
loading and transporting. Expenses for optimum management and organisation 
of transport are growing with increasing mining capacity and amount of 
mechanisms used within the transporting system. For larger installations, there 
is a request for use of computer applications to solve tasks related to 
optimisation of the transport system. In this paper a proposal is presented for 
transport optimisation in a particular quarry operation using electronic 
information collection to be performed by means of PDA device and applied 
software developed for transport management needs. 
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1 Introduction 

Transport is one of basic processes, which are performed in opencast mining. At the same 
time, transport expenses burden the economy of the deposit mining and are the highest 
when mining a deposit. Therefore, it is necessary to be concerned with optimising of 
them for the purpose of transport expense reduction. Problems of process optimising and 
controlling have been continuously handled by number of authors (Laciak et al., 2011; 
Hatala, 2007; Topal and Ramazan, 2010; Wang and Wang, 2010). Several works of them 
are also devoted to transport optimising in quarries (Burt and Caccetta, 2007; Ercelebi 
and Bascetin, 2009; Krause and Musingwini, 2007; Mena et. al., 2013; Olaleye and 
Adagbonyin, 2011). 

This fact confirms the need for global solutions in this area. In terms of the transport 
efficiency, condition, and maintenance of work mechanisms, condition and nature of road 
surfaces, parameters of transporting routes, occurrence of critical points when interfering 
the transporters, lumpiness of transported raw ore, and many other factors influencing the 
total optimising of transport technology either directly or indirectly are other very 
important factors too. 

2 The main objectives of optimisation, input conditions, information 
collection, and used relations 

Based on request of the mining company, key objectives of optimisation were identified 
as follows: 

• minimise the downtimes of shovel excavators used to load disintegrated raw ore and 
dumpers used for transport 

• maximise the transport output when using transport mechanisms available. 

Both of these goals are related to the need for better allocation and management of 
mechanisms at individual workplaces. Therefore, it is the question of a classical 
optimisation problem. In terms of the selected methods, the method of computer 
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simulation of individual alternatives with subsequent evaluation of optimum solutions in 
terms of minimum downtime and maximum transport output was adopted prospectively 
(Figure 1). The computer simulation is now used in various areas of process control, 
transportation, and logistics. 

Figure 1 Scheme of the transport system in quarry 

 
In term of information source acquisition for problem-solving, it was necessary to 
analyse the different duty cycles of mechanisms used and to find a suitable way of 
collection of sufficient information necessary for optimisation. 

Therefore, it was suggested to use the PDA (personal digital assistant) devices located 
in individual mechanisms with an application allowing the monitoring of time and spatial 
course of individual operations performed (Figure 2). 

Figure 2 Window PDA – viewing records (see online version for colours) 

 
This application is designed for XSForms environments and serves to collect the data in 
the field through a database form with the option to export and transfer the data to a PC 
for further processing and evaluation directly. 

The XSForms environment enables you to use a programmed part of the application 
as well as the built-in menu. The program itself is used for data collection exclusively. 
The user is guided by entry screen, which is operated by clicking on the relevant icon 
with the stylus or your finger. 
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Using the set up menu, the data can be filtered and exported for further processing 
and evaluation in the PC. You can choose between several types of export file format 
such as XML data, CSV (ANSI), CSV (Unicode), HTML webpage. For further 
processing in a spreadsheet/excel/database system/MS Access, the suitable type is CSV 
(Unicode) i.e., text format. 

In this way, data were obtained from a specific operation and subsequently evaluated 
using generation of quota tables (Figure 3). Because the very generation of quota tables is 
quite easy, it is possible to perform simple and practical statistical evaluation by users 
directly. The results obtained from quota tables first administered a picture of the right 
resp. improper organisation of the transport system in operation and are also relevant 
input parameters necessary for optimisation of the program itself. According to their 
needs, the user can choose from several types of pivot tables, which itself may directly 
statistically evaluate specific data serving to optimise the organisation of transport itself. 
First, data obtained from quota tables give a certain image related to correct or non-
correct organisation of the transport system used and are relevant output parameters for 
requirements of optimisation program itself simultaneously. According to own 
requirements, the user has possibility of selection from various types of quota tables, 
where the user may evaluate actual data as details of transport organisation optimisation 
itself. 

Figure 3 Example pivot table – amount of work cycles of dumper (see online version for colours) 

 

Resulting parameters displayed through the quota tables to be seen by the user are as 
follows: 

• Amount of journeys, i.e., it is possible by means of filters to evaluate the amount of 
journeys of dumpers in terms of work performance date, deck number where the 
loading process has been performed, as well as unloading place (crusher/stripping). 
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That means it is possible to evaluate the number of journeys of individual dumper 
drivers according to assignment of relevant deck. 

• Downtimes, i.e., it is possible to evaluate the downtime duration of dumper drivers 
during the removal of exploited ore in terms of work performance date or deck 
number by means of filters. 

• Loading time, i.e., it is possible by means of filters to evaluate the duration of the 
dumper loading itself in terms of work performance date, position of a driver of 
actual deck. 

By means of quota tables, it is possible to display other various time relations than the 
above mentioned namely in terms of individual requirements of users such as: 

• transporting route duration from the loading place to the unloading one 

• duration of transporting routes from unloading places (primary crusher prevailingly) 
to workstations of loading, etc. 

Theoretical solution and simulation used in optimisation program are based on the above 
mentioned data serving as basic input data. A very important step in term of transport is 
an analysis of capacity possibilities of transport and characteristic of basic relations 
expressing expected time-spatial course of simulated transport variants. Within the above 
mentioned, following relations have been used. 

Expected hour performance of a dumper:  

1
. ..

3600 3600 [t.h ]p

p p

vn prn pr
p

c c

G k km k
Q

t t
−= =  (1) 

Qp: Expected hour performance of a dumper [t.h–1] 
mn: Average load weight [t] 
tcp: Average duration of one dumper cycle [s] 
G: Carrying capacity of a dumper [t] 
kvn: Dumper carrying capacity use coefficient 

:
pprk  Dumper downtime coefficient. 

Average duration of a dumper work cycle may be mathematically determined according 
to: 

[s].
p p pc n j m vt t t t t= + + +  (2) 

:
pct  Average duration of one dumper work cycle [s] 

:
pnt  Average duration of dumper loading [s] 

tmp: Average duration of dumper handling duration [s] 
tj: Average journey duration [s] 

:
pvt  Average duration of carriage body unloading [s]. 
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Based on practical observations it is possible to ascertain a frequent difference between 
the theoretically expected and real times of work cycles of mechanisms. Afterwards, 
these differences may be significantly manifested even when comparing expected and 
real transport output. Among main factors causing the above mentioned difference, the 
following may be stated: 

• organisation of disconnected raw ore to primary crusher 

• mining section and workstation location prospectively 

• removal of exploited material (useful component and stripping prospectively) 

• climatic conditions 

• lumpiness of primary decomposition 

• individual approach and practical experience of operators. 

So it is possible to determine the average time of a transporter work cycle more precisely 
based on the analysis of long-term outputs from PDA device and then to formulate it 
statistically using the arithmetic average according to the relation: 

1 [s].i

n
ci

c

t
t

n
== ∑  (3) 

tcn: Average time of one work cycle [s] 
:

ict  Duration of one work cycle [s] 

n: Amount of cycles [cycles]. 

The downtime duration of loading device may be determined in accordance with the 
following relations: 

[s]
r rpr e pt t t= −  (4) 

:
rprt  Downtime duration of loading device in one shift [s] 

te: Effective time in one work shift [s] 
:

rpt  Actual work time of loading device in one shift [s]. 

1

. [s].
r pi pi

p

p c n
i

t n t
=

=∑  (5) 

tpr: Actual work time of loading device in one shift [s] 
:

pcn  Amount of work cycles of loading device in one shift [cycles] 

:
pnt  Average time of dumper loading [s] 

p: Amount of dumpers assigned to loading device [pieces]. 

Loading device downtime coefficient: 

[ ].r

r

p
pr

e

t
k

t
= −  (6) 



   

 

   

   
 

   

   

 

   

    Optimisation of technological transport in quarries 7    
 

    
 
 

   

   
 

   

   

 

   

       
 

:
rprk  Loading device downtime coefficient in one shift [–] 

tpr: Actual work time of loading device in one shift [s] 
te: Effective time in one work shift [s]. 

Similarly it is possible to determine the downtime duration even of individual dumpers: 

1. 1 [s].
p p p

p

pr e p p
pr

t t t t
k

 
 = − = −
 
 

 (7) 

:
pprt  Downtime duration of dumper in one shift [s] 

te: Effective time in one work shift [s] 
:

ppt  Actual work time of dumper in one shift [s] 

:
pprk  Dumper downtime duration coefficient in one shift [–]. 

[ ].p

p

p
pr

e

t
k

t
= −  (8) 

:
pprk  Dumper downtime duration coefficient in one shift [–] 

:
ppt  Actual work time of dumper in one shift [s] 

te: Effective time in one work shift [s]. 

1

[ ].
cp

p pi

n

p c
i

t t s
=

=∑  (9) 

:
ppt  Actual work time of dumper in one shift [s] 

:
pct  One dumper work cycle duration time [s] 

:
pcn  Amount of work cycles of dumper in one shift [cycles]. 

.
[cycles].p

p

p

e pr
c

c

t k
n

t
=  (10) 

:
pcn  Amount of work cycles of dumper in one shift [cycles] 

te: Effective time in one work shift [s] 

:
pprk  Dumper downtime coefficient in one shift [–] 

:
pct  Average duration time of one dumper work shift [s]. 

Simultaneously it was necessary to determine basic criterion conditions, which shall be 
considered when using the mechanisms unavoidably. The first condition is related to 
performance of loading mechanism and transporters assigned to it. This condition may be 
formulated by means of the relation: 
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1

. .
p pi i

p

e c n
i

t n t
=

≥∑  
(11) 

te: Effective time in one work shift [s] 
:

pcn  Amount of dumper work cycles in one shift [cycles] 

:
pnt  Average time of dumper loading [s] 

p: Amount of dumpers assigned to loading device [pieces]. 

The second condition is related to transport performance and primary crusher as a 
primary element of treating line. It is possible to formulate it according to the following 
relation: 

1
.

c

i

p

p d
i

Q Q
=

≤∑  (12) 

Qp: Hourly performance of dumper [t.h–1] 
pc: Total number of dumpers transporting the raw ore [pieces] 
Qd: Hourly performance of primary crusher [t.h–1]. 

The second condition does not need to be valid provided that even the overburden 
removal is performed, which is then transported to the dump. 

3 Optimisation program 

Optimising program has been created in Java programming language, the advantages of 
which are as follows: safety, ability of scaling, multiplatformity, robustness, etc. The 
program was proposed as desktop application based on priority requirements and shall 
meet the following requirements: 

• simple graphical interface 

• possibility to adjust parameters of individual work mechanisms 

• work cycle duration time of mechanisms used 

• effective time of work our duration 

• primary crusher capacity 

• optima output into files of the .xls type of MS Excel application in the form  
of tables. 

Primary problem solved by the program is the division of dumpers and loading 
mechanisms on individual mining sections. Based on actual requirements stated by the 
user, the optimising program should guarantee the optimum calculation in terms of 
minimum downtimes and simultaneously optimum with respect to maximum transported 
aggregates of stones from the loading place to the crusher. Based on the selected mining 
sections, loading devices and dumpers, each variant of reallocation of mechanisms is 
simulated and the total downtime value and total transported quantity are determined. In 
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the program, there is a possibility to simulate actual situation independent on results of 
the above mentioned optimum. 

The main input data to be selected are: 

• accessible mining sections 

• types of loading devices and dumpers used. 

This adjustment may be performed in the ‘Hlavna’ (main) bookmark (Figure 4) and by 
means of it, it is possible to enter accessibility of disconnected raw ore stockpile on 
individual decks and usability of mechanisms. With respect to the fact that the raw ore 
disconnection by means of drilling and blasting is the most frequent method, it is 
necessary to take account of consecutiveness of their implementation within the quarry 
space and the fact that the stockpiles for removal are not available on all decks. Also, it is 
necessary to take account of non-accessibility of some mechanism for removal from 
various reasons such as necessity of maintenance and repairs, use of mechanism for other 
processes, etc. Clicking on actual mining sections and decks prospectively the user 
references which of the decks are prepared for removal and which are not prepared for 
removal process. Similarly, clicking on individual mechanisms it is possible to enter their 
work preparedness. So, in this folder it is possible to enter actual quarry situation. 

Figure 4 Sample of input parameters ‘Hlavna’ (Main) bookmark (see online version for colours) 

 

Other input data may be entered in the ‘Nastavenia’ (settings) bookmark (Figure 5), 
where data may be specified, which are important from the standpoint of characteristic of 
quarry transporting conditions. By means of the above mentioned settings, it is possible 
to alter transport parameters and accessible mechanisms completely and so the program 
becomes usable even for other quarry operations using the removal by means of loading 
device and transporters. Then, the change of settings in this folder will be projected into 
changed form of the ‘Hlavna’ (main) bookmark, which is updated on the base of 
performed settings of available mechanisms and decks. 

In the ‘Nastavenia’ (settings) bookmark it is possible to change parameters entering 
them into the individual editing fields directly. Basic input parameters which are to be 
entered into this folder and which are used in the calculation and determination of 
optimum solution are:  
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• capacity output of the primary crusher 

• names of mechanisms 

• capacity possibility of transporter 

• average time of transporter loading 

• average time of journey when transporting from individual decks 

• average time of transporter unloading (handling times are included too) 

• effective time of removal in one shift 

• hourly performance of primary crusher. 

After adjusting individual parameters, the program simulates all variants and finds the 
most suitable ones after clicking on the ‘Pocitaj’ (calculate) field in the ‘Hlavna’ (main) 
bookmark. The outputs represent real optimum division of work mechanisms for 
determined input parameters and given prepared decks from the standpoint of maximum 
removed amount of aggregates of stones (Figure 6) and minimum downtimes of 
mechanisms (Figure 7). These are recorded in the .xls file formats and then they are 
displayed by MS Excel in the form of a table and tables prospectively (in the case of 
several solution possibilities). 

Figure 5 Sample of input parameters ‘Nastavenia’ (Settings) bookmark (see online version  
for colours) 

 

Optimisation program also allows the simulation and determination of basic capacity and 
time parameters for reallocation of mechanisms defined by the user. In this case, it is 
possible to use the entering procedure of input parameters in the ‘Nastavenia’ (settings) 
bookmark and then the user performs the reallocation of work mechanisms to desired 
workstations in the ‘simulator’ folder. In this folder, mechanisms to be used are selected 
by clicking and a deck to them is to be selected in the scrolling menu in which  
the mechanisms have to work. After clicking the ‘Simulovat’ (simulate) push-button 
(Figure 8), the program performs recalculation of basic parameters and outputs may be 
monitored in the ‘simulator’ bookmark directly or in created .xls file type of MS Excel 
application. 
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Figure 6 Sample output of optimisation program for determining the maximum quantity 
transported (see online version for colours) 

 

Figure 7 Sample output of optimisation program for determining minimum downtime (see online 
version for colours) 

 

Figure 8 Sample of input parameters ‘Simulator’ bookmark (see online version for colours) 
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4 Conclusion 

The above mentioned system of transport optimisation was put into operation in 
granodiorite quarry ‘Dubna Skala’ in Slovakia. By its introduction, significant 
improvement of monitoring, control, and organisation of technological transport in the 
given quarry operation occurred causing marked transport expenditure reduction. Data 
collection with following statistical evaluation by means of pocket PC–PDA register of 
journeys allows connecting new data to existing ones with immediate possibility of 
update and automatic evaluation through quota tables. Performance parameters of the 
production process such as amount of journeys, downtime durations, and loading times of 
work mechanisms etc. are evaluated by statistical processing of the data. 

Simultaneously the processed data are used as input values for proposed optimisation 
program. The optimisation program allows the user to find optimum variant of 
reallocation of available work mechanisms to individual prepared decks with 
simultaneous evaluation of performance and to simulate actual situation in raw ore 
removal. 

Based on the evaluation of performance of optimum variants and real variants 
acquired by simulation program part it is possible to make the mining plan as well as the 
organisation of the technological transport for further technological procedures when 
mining more effective. Introducing the proposed system, the necessity of permanent 
improvement of control and organisation of transport using the application software has 
been confirmed whereby it is possible to reach even improvement of economical indices 
of mining. 
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Abstract: In order to short reduction period, decrease energy consumption, 
lower labour intensity, come into continuous operation and automobile control 
during the production of magnesium (Mg) reduction, a kind of vertical and fast 
reduction Mg furnace, heated by the inner-multiple-electrode, was developed, 
which is comprised of two condenses, a vertical furnace, a vacuum system, and 
several chambers. After the numerical simulation and experimental analysis, 
the novel vertical magnesium reduction furnace presents obviously several 
stronger merits over the high alloy pots used in horizontal Pidgeon process, 
therefore, the new vertical furnace will possible take the place of the horizontal 
pots in further Mg industry.  

Keywords: magnesium reduction; vertical furnace; inner-multiple-electrical 
heating; Pidgeon process. 

Reference to this paper should be made as follows: Niu, L-b. and Wang, X-g. 
(2015) ‘A novel vertical magnesium reduction furnace by inner-multiple-
electrical heating’, Int. J. Mining and Mineral Engineering, Vol. 6, No. 1, 
pp.14–21.

Biographical notes: Li-bin Niu is an Associate Professor and Dean of 
Materials Science and Engineering, China. His research fields are extraction of 
light metals and alloying, development of new technology and equipment, 
especially forces on the magnesium metal. 

Xiao-gang Wang is a Professor and President of College of Materials Science 
and Engineering, Xi’an University of Science and Technology, China. His 
research fields are metallurgy of metals, compounds and alloying, especially 
forces on the synthesis and preparation of silicon carbide. 

1 Background 

The current growth in the demand for magnesium is primarily driven by automotive 
industry for lightweight automobiles to reduce emissions. China is the largest producer of 
magnesium in the world, and supplies currently 40–50% of the world demand for 
magnesium (Tharumarajah and Koltun, 2007). Magnesium production in China is based 
on a thermal process, known as the Pidgeon process. However, Cherubini et al. (2008) 
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pointed out that the horizontal Pidgeon reduction process currently deployed in China 
possesses a characteristic, i.e., inefficiency of heat and mass transfer occurred in the 
reduction process. This inefficiency always leads to low productivity, high energy 
consumption, labour intensity operation, large floor space, and high capital investment 
Ramakrishnan and Koltun (2004). The current domination of world production by the 
Pidgeon process mainly reflects the economic conditions of China rather than any 
inherent advantages of the Pidgeon process over electrolytic routes (Gao et al., 2008). 
Hence, this horizontal process confines its production scale. 

2 Process of vertical reduction 

2.1 Conception 

To overcome the shortcomings of the horizontal magnesium reduction process, a novel 
vertical and fast magnesium reduction process for large-scale production must be 
developed, in which the rate of heat and mass transfer can be substantially enhanced  
(Yu et al., 2002) during the reduction process. 

After a series of small-scale experiments in the laboratory, the research group puts 
forward a kind of new vertical reduction, by inner-multiple-electrical heating, which can 
shorten reduction time, reduce energy consumption, low the labour intensity, and come 
into automatic control. 

The reactant material reduced in the new process is similar to those of the  
traditional Pidgeon process. The principal raw material is dolomite ore, which is calcined 
at 1300°C in rotary or vertical batch furnaces. The calcining process yields dolime,  
which is then ground and mixed in a specific ratio with finely ground ferrosilicon 
containing 75% of silicon. Calcium fluoride may be added to the mixture as a  
catalyst. The mixture is pelletised to make briquettes for reduction in the reduction 
furnace. 

The new vertical reduction system is mainly comprised of two condenses, a vertical 
furnace, a vacuum system, and several containers. The sketch map and real device of the 
vertical reduction system used in the experiments are shown in Figure 1(a) and (b), 
respectively.

The two cylinder-shaped condenses are made up high alloy stainless steel (marked 7 
and 10 in Figure 1), which are located on both sides of the vertical furnace body  
(marked 3) and can alternately perform during operation. The size of both of the two 
condenses are 700 mm in diameter and 800 mm in length. 

2.2 Numerical simulation 

The heating components, called as multiple-electrical heating sources, parallel to each 
other, inside vertical furnace are made up a series of graphite electrodes in the shape of 
plates. Numerical simulation not only acts as a design verification tool, but also becomes 
an important method to explore novel process. In this research, a mathematical model of 
heat transfer was formulated based on the control–volume finite difference approach 
(Figure 2). The conditions of numerical simulation and thermophysical properties are 
given in Tables 1 and 2. 
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Figure 1 Sketch map: (a) and real device and (b) of the vertical reduction system used in the 
experiments (see online version for colours) 

1: Raw material chamber; 2: Preheating chamber; 3: Vertical furnace body;  
4: Residual chamber; 5, 6, 8, 9: Valves; 7, 10: Condenses. 

Figure 2 Model of heat transfer 

1: Reactant material, 2: Graphite electrode, 3: Firebricks; 4: Zirconium containing fibre 
cotton. 

Table 1 The conditions of numerical simulation for heating system 

Item Amounts 
Thickness of graphite electrodes (mm) 50 
Centre distance between graphite electrodes each other (mm) 320 
Number of graphite electrodes  7 
Simulation time (h) 1 and 3 
Heat powder (KW) 500 
Charge amount (kg/ per furnace) 500 
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Table 2 Thermophysical properties of raw materials before reaction 

Item   
Thermophysical conductivity  (Wm–1·C) Raw materials 0.15 

Firebricks 0.13 
Zirconium containing fibre cotton 0.17 

Specific heat Cp (Jkg–1·C)  1200 
Density  (kg·m–3)  1800 
Emissivity   0.8 

Figure 3(a) and (b) give the results of the numerical simulations about temperature 
distribution between graphite electrodes. It can be seen that when the heating time is 1 h, 
the temperature of the spaces between graphite electrodes is about 600°C, whereas  
when the heating time extends to 3 h, the temperature is over 1200°C. Clearly, it takes  
no more than 3 h to obtain the temperature condition of silicon thermal reduction;  
as a result the heating speed through inner-heating is 2–3 times faster than that outer-
heating used in horizontal Pidgeon process, whose reduction period is in the range  
of 8–10 h. 

Figure 3 Temperature simulation results after heating: (a) 1 h and (b) 3 h (see online version  
for colours) 

2.3 Experimental process 

The process can be carried out as follows:  
Prior to the operational process, the states of the vertical reduction system are: all of 

the chambers are empty, all of the valves are closed, and the vertical furnace is preheated 
up to 600°C at the vacuum of 10–15 Pa. 

Firstly, the reactant material is charged into the raw material chamber, which is under 
normal temperature (25°C) and pressure (1 atm), and then the valve 5 is opened. Under 
the function of gravity, the reactant material can very well drop into the preheating 
chamber. 

Secondly, when a full amount of reactant in the raw material chamber is dropped into 
the preheating chamber, the valve 5 must be immediately shut off. Subsequently, the 
pumping vacuum performs to vacuum degree 10–15 Pa. After about 2 h, the reactant 
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material inside the preheating chamber can be preheated to about 500–600°C by thermal 
cycle from the vertical furnace body or the residual chamber. 

Thirdly, the valve 6 is opened, under the conditions of gravity; the reactant  
material preheated can fall into the vertical furnace 3 which is at the temperature  
of 600°C and a vacuum of 10–15 Pa. When the preheating chamber is empty, the valve 6 
is shut down. 

Fourthly, the vertical furnace can be heated as far as possible to the fullest power.  
No more than 3 h, the temperature of the vertical furnace can reach over 1200°C, and 
then the furnace temperature is kept stably for 2 h. During this time the reduction reaction 
can completely take place. Due to the larger gaps between heat sources arranged 
regularly, the Mg atoms can easily overflow through the several gaps and reach 
condensers, which are located on both sides of the vertical furnace body. Controlling 
effectively the temperature gradients of the two condensers, the magnesium vapour will 
be crystallised into crown Mg inside them. When one condenser is full of crude Mg, the 
other one can be alternated through operating two valves between the vertical furnace 
body and two condensers. 

Fifthly, after 2 h, the reduced reaction can be performed completely. Opening the 
valve 8 (Figure 4 gives the structure of the valve 8 in the semi-industrialisation scale), the 
hot residue can be eliminated from the vertical furnace body with the help of gravity, and 
stored in the residual chamber, which is still at the vacuum of 10–15 Pa. Due to the 
residue having a large amount of heat energy, in order to save and utilise a part of this 
energy, many heat-exchanger tubes are designed inside the residual chamber. By means 
of the heat exchange, the temperature of the hot residue can quickly decrease to about 
200°C or so.  

Figure 4 Structure of the valve 8 used in the semi-industrialisation scale (see online version  
for colours) 

Finally, the valve 8 is closed and the valve 9 is opened. The cooled residue can  
easily be removed from the residual chamber. Figure 5 gives the condition of the  
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removal residue from the residual chamber. Only the hot residue is discharged from  
the vertical furnace body; the new reaction materials preheated from the preheating 
chamber will be filled immediately. According to these steps, the continuous production 
comes true. 

Figure 5 Condition of the removal residue from the chamber 4 used in the semi-industrialisation 
scale (see online version for colours) 

2.4 Crude magnesium extracted 

Figure 6 gives the crude Mg taken from the condensers in semi-industrialisation scale; its 
weight is about 90 kg per unit and almost four times higher than that obtained through the 
horizontal Pidgeon reduction process. The comparison of the products between the 
proposed process and the horizontal Pidgeon process is given in Table 3. It is well known 
that the product quality obtained by the traditional Pidgeon process is up to national 
Grade I (Chinese standards). As for novel process, due to omitting the high alloy pots and 
high heating rate, the amount of Ni and Fe in the product are much less. These results are 
very advantageous to further refine or purify Mg. 

Figure 6 Crude Mg taken from the semi-industrialisation scale (see online version for colours) 
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Table 3 The chemical constituents of the crown Mg from the two processes (wt. %) 

 Si Fe Al Zn Ni Mn Mg Balance 
Horizontal 0.018 0.037 0.036 0.002 0.002 0.039 99.868 0.136 
Vertical 0.013 0.009 0.012 0.001 – 0.004 99.961 0.039 

2.5 Comparison between vertical furnace and horizontal retort reduction 

If the novel vertical magnesium reduction furnace is used in further Mg industry, there 
are several obvious advantages over traditional Pigeon Process. 

• The utilisation of electrical energy inner-heating, instead of direct coal or gas outer-
heating, greatly improves the rate of mass and heat transfer, accelerates the reaction 
rate, shortens the reduction period, reduces the industrial pollution, and modifies the 
work environment. 

• Because the novel reduction furnace is mainly made of refractory materials such as 
firebricks and Zirconium containing fibre cotton, its lifetime can increase to more 
than one year; at same time, the reduction cost can greatly decrease. Comparatively, 
the traditional horizontal retort made of the expensive precious metal comes across 
high temperature corrosion and oxidation, and so the lifetime of the horizontal retort 
is only three months. 

• Continuous process, instead of the batch production in horizontal Pidgeon process, 
easily reaches the automatic control, reduces the labour intensity, and raises working 
efficiency. Therefore, the recovery rate increases, and the material/Mg ratio can 
decrease from 6.0 to 5.0 or so.  

• Removing the limitation of the sizes of the reduction pots, the new vertical furnace 
can charge the considerable amount of reactant material; then, a large quantities of 
crown Mg can be extracted every time. However, using the traditional reduction 
pots, the reaction is performed in batch mode within steel retorts to yield magnesium 
weighted between 18 kg and 22 kg depending upon the size of the charge and the 
process conditions (Ramakrishnan and Koltun, 2004; Du et al., 2010). 

• Due to the better utilisation of heat energy by preheated and heat-exchanged, the 
energy consumption can greatly decrease to 70% of the horizontal Pidgeon process. 
According to our preliminary experimental results, the standard coal consumes about 
2.5–3.0 T/per ton Mg, which is 30–40% lower than that of the traditional Pidgeon 
process. 

• Since the furnace is set vertically, instead of horizontally, not only is less space 
occupied, but also the entire procedures of loading reactants material as well as 
unloading hot residue can operate automatically under the function of gravity.  
These convenient conditions are impossible to achieve in the horizontal reduction 
process. 
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3 Conclusions 

In short, with the help of gravity and effective control of the valves, the vertical furnace 
achieves continuous operation and automobile control during the Mg reduction from the 
dolomite ore. Compared with the horizontal Pidgeon process, the rate of mass and heat 
transfer in reduction stage is speeded up, the reduction period is shortened from 8–10 h to 
2–3 h. Therefore, the new reduction process will have a good perspective and take the 
place of traditional Pidgeon process in future industry. 
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Abstract: Microseismic monitoring is an effective means of forecasting 
instabilities in ruptured rock masses during deep mining. Based on the complex 
geological conditions of a mine in Southwest China, a digital 24-channel 
microseismic monitoring system was established to monitor microseismic 
events during deep mining. In the monitoring period, the focal mechanism 
solutions of roof collapse accidents were analysed using a double couple 
model. The results show that the focal mechanism solutions of the double 
couple model can be used to explain roof ruptures and instabilities. Two 
seismic source events were located at the F4 active fault, and the other seismic 
source event was located at the rock stratums demarcation line between little 
eighth orebody and C1b stratum. It was concluded that the active microseismic 
events were caused by deep mining. The method can be used to forecast roof 
collapse. 

Keywords: deep mining; roof collapse; microseismic monitoring; double 
couple model; focal mechanism solution. 

 



   

 

   

   
 

   

   

 

   

    Focal mechanism solutions for roof collapse in deep mine 23    
 

    
 
 

   

   
 

   

   

 

   

       
 

Reference to this paper should be made as follows: Wang, C-l., Lu, H.,  
Wang, F-l., Li, W-q., Luo, M., Liu, L., Lu, Z-j., Wu, A-x. and Liu, X-h. (2015) 
‘Focal mechanism solutions for roof collapse in deep mine’, Int. J. Mining and 
Mineral Engineering, Vol. 6, No. 1, pp.22–34. 

Biographical notes: Chun-lai Wang has received his PhD in Mining 
Engineering from University of Science & Technology, Beijing, in 2011.  
He has over 13 years work experience in deep mining-induced rock burst  
and rational support design, microseismic monitoring, and deformation 
measurements around the orebody. 

Hui Lu is a postgraduate of Mining Engineering. 

Fu-li Wang is a postgraduate of Mining Engineering. 

Wei-qiang Li is a undergraduate of Mining Engineering. 

Ming Luo is a undergraduate of Mining Engineering. 

Lu Liu is a postgraduate of Mining Engineering. 

Zhi-jiang Lu is a postgraduate of Mining Engineering. 

Ai-xiang Wu is a Professor at the School of Civil & Environment Engineering 
at University of Science & Technology, Beijing. He is currently leading several 
projects in the subject of rock mechanics such as the National Key Technology  
P&D Program supporting project of the ‘Twelfth Five-Year-Plan’ (No. 
2012BAB08B02). 

Xiao-hui Liu is a doctoral student of Mining Engineering. 

 

1 Introduction 

Mining, especially deep mining, can induce microseismic activity. Seismic activities 
caused by underground mining are collectively referred to as mining earthquakes 
(Gibwica, 1990). In deep well safety mining, the prevention of dynamic disasters during 
mining is one of the most serious and difficult issues to resolve. As mining depth has 
increased and the scope of mining projects has expanded, this problem has grown (Brink, 
1988). 

The focal mechanism is a mechanical expression of the seismic source region in the 
seismogenic process (Mcgarr, 1984; Durrheim et al., 1998). Dynamic mining disasters 
caused by faulting are closely related to the direction of the rupture surface and the role 
of stress in the rock mass internal rupture surface. However, it is possible that 
microseismic event waveforms, which are induced by dynamic mining disasters, can be 
analysed to determine the seismogenic rupture surface orientation. Based on the point 
source model of fault rupture, the vibration direction and amplitude parameters of a 
preliminary wave particle were obtained via microseismic monitoring. The principal 
compressive stress and principal tension stress direction were obtained from the strike, 
dip direction, and dip angle of a fault rupture point source model. Then, the fault rupture 
direction, rupture speed, and stress drop parameters were obtained. Microseismic 
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monitoring provides an effective means of expressing the mechanics of mining-induced 
microseismicity. Several studies have been conducted abroad at locations such as a Polish 
coal mine, a South African gold mine, a nickel mine in Canada, and an Australian copper 
mine. Some studies have shown that mining-induced earthquake activity is closely related 
to mining activity by examining the close relationship between mining depth, mining 
process, and mining intensity (Gibowicz and Kijko, 1994; Jan and Alexander, 2008; 
Joughin and Pethö, 2005; Potvin and Hudyma, 2001; Stanislaw and Beata, 2008; Stewart 
et al., 2001; Vallejos and Mckinnon, 2011). In China, studies have been conducted at 
some mines, such as the Huize, Fankou, Sanhejian, Dongguashan, Hongtoushan, and 
Huafeng coal mines; these studies focussed on the relationship between seismic activity 
in the mining process and the engineering space position (Wang et al., 2009; Li et al., 
2005; Ding and Li, 2005; Yang et al., 2007; Zhao et al., 2005; Jiang and Luo, 2002).  
A few studies have found a focal mechanism solution for rock mass rupture and 
instability caused by microseismic events and mining activity. Cao and Dou (2008) 
studied the focal mechanism by using a point source model for the roof fracture 
equivalent; based on the double-couple point source model, the main form was tensile 
failure near the seismic source region. Li et al. (2005) found that the unloading secondary 
stress field induced mine earthquakes from seismic P-waves. He and Dou (2012) and He 
et al. (2012) proposed and built a criterion of rock burst induced by roof breakage 
(RBRB) model and explained the layer dislocation rock burst and analysed the energy 
radiation characteristics. Using focal mechanisms and fracture dislocation theory, this 
research greatly expanded the description of the seismic source and the seismic source 
characteristics associated with structural and mining conditions. However, these studies 
examined the mining process because mining lacks a clear focal mechanism solution. The 
ultimate goal of this study is to describe the mechanical behaviour of dynamic disasters 
using microseismic event parameters. 

At present, several scholars have an accurate understanding of the focal mechanism 
solution for microseismic activity. However, this research in this area is still in its initial 
stages due to the conditions and exploiting activities of ore body; with regard to the focal 
mechanisms of microseismic activity and early warning prevention, further research is 
needed. 

2 The exploitation status and monitoring conditions 

2.1 Mining conditions and method 

The Southwest mine is one of the deepest mines in China. Currently, its depth reaches 
1500 m, the conditions of ore body, such as water infiltration, its depth, and the difficulty 
in accessing it, are extremely complex and without precedent in China. The in situ stress 
is high in this mine, which is located in the valley region of the Yunnan-Guizhou Plateau. 

An overhand horizontal slice paste filling mining method is used and is divided  
into two steps, as shown in Figure 1. One, step stopes are located on the roof drift and 
two sides, and another, stope is located on the next roof drift. The level height is 60 m, 
the sublevel height is 12 m, and the layer height is 3 m. The stopes are vertically layered 
with the strike of the ore body. The widths of the stope and pillar are 5 m and 6 m, and 
the length is equal to the orebody thickness. The pillar is first stoped and then filled with 
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pasting. The room is stoped after the adjacent pillars are stoped. Gob is used to fill the 
pillars, and paste is used to fill the rooms. 

2.2 Monitoring system 

In August 2007, a digital 24-channel microseismic monitoring system (built by the ISSI 
Company in South Africa), which consisted of 12 sensors (6 triaxial geophones and  
six uniaxial geophones, they are velocity geophones) and 4 QS seismic data acquisition 
instruments, was used to monitor microseismic events in deep mining, as shown in  
Figure 2. The MS monitoring system routinely manufactures two kinds of geophones, 
with natural frequencies of 4.5 Hz and 14 Hz. The 4.5 Hz geophone has a usable 
frequency bandwidth of between 3Hz and 2000Hz but must be installed to within 2 
degrees of its preset orientation with respect to the vertical. The 14Hz geophone is omni-
directional and can be installed at any angle, with a usable frequency bandwidth of 
between 8Hz (–3 dB point) and 2000 Hz. The monitoring system was designed, installed, 
debugged, test run, and processed by Wang et al. (2008, 2009, 2010) and Wu et al. 
(2009). The system was applied to the forecasting of rock mass instabilities in deep mines 
under complex geological conditions. The system provided the parameters used for 
identifying early warnings in key rock mass rupture locations. 

Figure 1 The paste filling mining method of overhand horizontal slice (see online version  
for colours) 

 

3 Theoretical basis 

The double couple is composed of two equally sized parts. The single couple is co-planar 
to the double couple but is oriented in the opposite direction with a moment that is 
mutually orthogonal to the force direction. In the same medium, a pair of opposite forces 
is considered in the adjacent two portions under the transient role condition, the 
combination of their forces is zero, and they have the same force magnitude and 
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direction, as shown in Figures 3 and 4. The total displacement is the sum of the 
displacement produced by each force (Pujol and Herrmann, 1990): 

3 3 2 3 2[ ( / 2) ( / 2) / ,i i iu F G e G eε ξ ε ξ ε ε= × + − −  (1) 

where ui is the limit value, F3 tends to infinity, ε tends to zero, and εF3 is a finite value. 
The following relationship can be obtained: 
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Figure 2 Microseismic monitoring system of mine in Southwest China (see online version  
for colours) 
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Figure 3 P wave polarisations along slipping plane (see online version for colours) 

 

Figure 4 The main axial description of double couple model (see online version for colours) 

 

Here, the radiation patterns of the P- and S-wave are given by the following formulas: 
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The amplitude strength of the seismic wave is described as the distance from the origin of 
the focal sphere. This distance can be used to make a radiation rose diagram for seismic 
waves. 

The parameters of the two nodal planes, such as the spatial attitude and the space 
azimuth of the P, B, and T axes, need to be provided for the double couple point source 
model to determine a focal mechanism solution for the seismic source. The B-axis 
represents the intersection line of the two nodal planes, also known as the zero-axis (or 
the N-axis), and the particle displacement is zero on this axis. The P-axis and T-axis 
represent the plane that is perpendicular to the B-axis, and they are equal to the angle of 
the two surfaces, which are located in the expansion wave quadrant P axis and the 
compression wave quadrant T axis. As shown in Figure 4, the P-axis is the pressure shaft, 
and the T-axis is the tension shaft. 
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Double couple point source models, which determine the focal mechanism solutions 
and tectonic stress fields associated with mining-induced dynamic disasters are widely 
used to study natural earthquakes and mine earthquakes (Aki and Richards, 1980; Butler 
et al., 1993). The double couple point source model can objectively reflect the stress 
field, seismic stress, and energy release of a seismic source. The model can provide a 
more objective interpretation of the focal mechanism of the dynamic disaster by 
observing the nearest field. However, in the mining environment, the focal mechanism 
solutions and radiation pattern of the seismic sources in the near-field and intermediate 
field can be analysed. In most cases, mine dynamic disasters are caused by shearing and 
regional fault plane sliding, the planes forced onto one surface. Under deep and high-
stress mining conditions, dynamic disasters result from the unloading of the secondary 
stress field of stress sources. The secondary stress field is produced by the joint action of 
the tectonic stress field and the gravity stress field. Unloading stresses appear more 
importantly, and the performance is more prominent role. It is useful to study the double 
couple focal mechanism, which can be used to judge stress field changes in the mining 
area, the rock mass sliding direction, and any warnings of mining dynamic disasters. 

4 Examples 

In light of the complex geological conditions of the No. 8 ore body, brittle fractures are 
easily produced in the rock mass near the mining area. Therefore, roof collapses are 
induced by mining disturbances. The end of the ore body is located above 1451 m. 
Currently, the 1331 m and 1391 m levels are upward ongoing stoped. Three collapses 
were recorded between August 2007 and December 2007, as shown in Table 1. 

Table 1 Roof collapse records 

No. Time Position 
Collapse 
volume/t Coordinates (x, y, z) 

1 9 August, 2007 5 room, 3 panel, 1511 level 200 (610, 126, 1575) 
2 12 September, 2007 9 room, 2 panel, 1487 sublevel 100 (650, 160, 1496) 
3 20 November, 2007 3 panel, 15 layering, 1499 sublevel 100 (610, 130, 1499) 

x coordinate omits front four digits, and y coordinate omits front three digits. 

5 Results and discussion 

Using the double-couple point source model and the three incidents of roof collapse, 
focal mechanism solutions were analysed for rock mass rupture instabilities. Rupture 
surface fault plane solutions were obtained from the three roof collapses, as shown in 
Figure 5, No. 1 (9 August, 2007). The descriptions of determining nodal planes, P, T, and 
N axis were given as follows. Each geophone’s location relative to the hypocenter was 
then projected onto the circular diagram with a symbol representing the type of motion, 
up (black) or down (white), first recorded there. Geophones that fall within the “missing” 
upper hemisphere (above the horizontal) were translated appropriately onto the low-
hemisphere projection. The first step: the first nodal plane was found by rotating the first 
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motion stereonet plot until a great circle that separates population of open and closed 
circle was found. The second step: this plane was one of the two nodal planes. With the 
plot still rotated, count 90 along the equator away from the plane and make a dot. This 
dot represents the normal to the plane. The third step: next, rotate the first-motion data 
again to find a second plane that separates poplation of open and closed circles. The 
second plane must also pass through the normal to the first plane. The fourth step: now, 
rotate the first motion stereonet until the N tick was aligned with the N tick on the 
Schmidt net. The strike direction of the two planes by counting small circles clockwise 
around the edge was read off. In reality, fault plane solutions were representation of slip 
on a fault and the pressure (P) and tension (T) axed represent the axes of maximum 
shortening and maximum extension. The pressure or P axis was located in the middle of 
the dilatational quadrant, whereas the tension or T axis was located in the middle of the 
compressional quadrant. The B axis was located at the intersection of the fault and 
auxiliary planes. 

As shown in Figure 5, No. 1, the projection of the nodal plane was expressed by an 
FBCG arc; its strike is 39°, its dip is SE, and its dip angle is 40° (N40E). The pole  
of the nodal plane is at the point A, and the angle is 90° from the maximum arc FBCG.  
The first and second section faces are orthogonal, and the maximum arc necessarily 
passes through the point A. This arrangement can be represented by the WBEE arc, 
which has a strike of 257° and dip angle of 57°N. The value of the second node at the 
point C, if the count begins at the WBAE 90° arc, is located in the FBCG arc. The 
intersection of the two sections is at point B, and the B-axis is the zero axis. The axis 
perpendicular to the zero-axis plane is represented by the fourth axis, PATC. This axis is 
perpendicular to the two nodal planes, A and C, as well as the P-axis and T-axis, which 
are the compression and tension axes. The P-axis is inclined at 45° with respect to the A 
and C axes and is in the tension quadrant. 

Figure 5 Focal mechanism solution diagram of roof collapse in deep mining (see online version 
for colours) 

 

As shown in Figure 5 and Table 2, No. 1, the P-axis was determined by a strike angle of 
150° and an elevation angle of 9°, and the T axis was determined by a strike angle of 36° 
and an elevation angle of 69°. It is usually assumed that the P axis is in the direction of 
the maximum compressive stress and that the T-axis corresponds to the direction of 
maximum tension. If the first nodal plane FBCG is a sliding surface, then the point C (the 
axis perpendicular to the auxiliary plane) is a sliding vector and has an inclination of 59°. 



   

 

   

   
 

   

   

 

   

   30 C-l. Wang et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

If the second section plane (WABE) is a sliding surface, then the point A is a sliding 
vector and has an inclination of 113°. Although the two circular arcs are not completely 
separated by the compression and expansion of the recurring quadrant, the quality  
of recognition depends on the number and distribution of the actual trigger sensors;  
it can be used to correct polarity of the speed of the ray tracing model and microseismic 
events recorded. The sliding vector is usually assumed to be parallel to the fault plane 
solution of shear stress. The P-axis and T-axis do not strictly correspond to the 
microseismic stress. In the uneven continuum medium, the relationship between the  
fault plane solution and the direction of the main stress is quite complex. However,  
there are some advantages to using P-axial and T-axial solutions instead of a planar 
solution. The P-axial and T-axial can confirm that a non-fault surface is caused by the 
tension and compression quadrants. This shows that the maximum amplitude direction, or 
even a number of observation points, that correspond to the P-axis compression 
orientation and the T-axis tensioning orientation, given the approximate azimuth, can be 
selected. 

Induced microseismic events are often controlled by the secondary stress field, which 
is caused by the larger tectonic stress field and man-made excavation disturbances.  
As shown in Figure 5, for 9 August, 2007 (No. 1), the hypocenter coordinates are in the 
eighth small ore body and C1b rock formations boundaries. The dividing line has a strike 
angle of 27° and a dip angle of 60°. According to the comprehensive analysis of focal 
mechanism diagrams and focal mechanism solutions, the principal stress direction is 130° 
and the dip direction is 117° along the ore body. The pre-original rock stress 
measurement showed that the maximum principal stress direction is 129° and that the 
stress value is 22 MPa, mainly due to horizontal compression. The stress and 
metallotectonic directions are the same. As shown in Figures 5 and 6, in which section A 
of No. 1 (9 August, 2007) is the FBCG nodal plane, focal mechanism solutions can 
predict accidents caused by the effects of human stoping. As shown in No. 3 of Figure 5 
(12 September, 2007), focal mechanism solutions show that the strike direction of nodal 
plane A (FBCG) is 340°. The nodal plane and the fault F4 are on the same plane,  
which has a strike of 333°. The focal dislocation mechanism was obtained so that the 
focal dislocations were judged by the mainly strike-slip normal faults and supplemented 
dip-slip normal faults, and the direction of dislocation and fault structures is consistent. 
Analysis of the focal mechanism solutions shows that the fault is in an activity state. The 
strike-slip normal faults were generated to the SE by the main compressive stresses, 
impacting the regional tectonic stress field. The P-axis inclination is horizontal, which 
shows that focal NW trending horizontal compression in the focal region is more 
significant and that EW tensile stresses are also important. 

6 Conclusions 

• Using the double couple model, three roof collapses were monitored in the No. 8 ore 
body. Focal mechanism solutions were obtained that consisted of a nodal plane A, 
nodal plane B, P-axis, T-axis, and N-axis. 
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Table 2 Focal mechanism solution of roof collapse in deep mining 
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Figure 6 Location and distribution of focal mechanism solution in deep mining (see online 
version for colours) 

 

• Based on the parameters of the microseismic monitoring events, three roof collapses 
were located, and focal microseismic events were obtained in the active faults or 
rock formations’ dividing line. The law of fault activity motion was determined. 
Microseismic event numbers 1 and 2 were near the fault F4, and number 3 was on 
the eighth small ore body and the C1b rock formation boundaries. The results show 
that the rock formations’ dividing line and fault were caused by microseismic events 
resulting from artificial excavation. 

• Based on the dynamic mining process monitored by the microseismic monitoring 
system, the study of double couple focal mechanisms provides a useful way to 
determine regional stress field changes and the rock mass sliding direction and to 
provide early warnings for dynamic mining disasters. 
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Abstract: Experimental studies were carried out to examine the 
electrochemical modification of montmorillonitic content and its interplanar 
spacing in soft rock. Test samples were wetted with CaCl2 electrolyte of 
different concentrations and then modified by direct current at various electric 
gradients. Measurements were taken of pH values at the anodic, cathodic, and 
intermediate zones of the modified clay samples. Furthermore, X-ray 
diffraction studies were carried out on specimens taken from anodic, cathodic, 
and intermediate zones for their mineralogical contents. The result obtained 
show with increasing CaCl2 electrolyte concentration and electric gradient, the 
montmorillonitic content in the three zones of the soft rock decreases.  
The newly formed minerals in these zones are calcite, gibbsite, and anhydrite. 
The montmorillonitic interplanar spacing in the soft rock is altered by 
electrochemical modification. The d001 spacing exponent increases with 
increasing CaCl2 electrolyte concentration and electric gradient. 

Keywords: montmorillonitic soft rock; electrolyte concentration; electric 
gradient; interplanar spacing. 
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1 Introduction 

In China, the main mineralogical contents of soft rock in coal strata are kaolinite, illite, 
montmorillonite, and illite/montmorillonite mixed layer minerals. The physical, chemical, 
and mechanical properties of montmorillonitic soft rock are degraded quickly with water 
treatment. The mechanism of treatment is inner crystalline swelling and osmotic swelling 
(Madsen and Vonmoos, 1989; Tuller and Or, 2003). Thus the stability of soft rock 
engineering is degraded by two causes: the external one is engineering disturbance and 
rock mass rupture, the inner one is the specific clay minerals and their crystal structures. 
Electrochemical modification of montmorillonitic content in soft rock is proposed to 
change its physical, chemical, and mechanical properties to enhance the stability of soft 
rock engineering. 

A study has been made on the effect of electrochemical modification on changing 
mineralogical contents of soft rock. Titkov et al. (1965) studied new minerals, which 
were formed by application of different electrodes in conjunction with the addition of 
electrolytes in the anodic, cathodic, and intermediate zones. The electrolytes consist of 
0.1% Na2SiO3, saturated CaSO4, 1% AlCl3, FeCl2, and NaCl. The electrode materials 
were fabricated by aluminium, iron, and graphite. Limonite was formed in the anodic 
zone. Allophane and hisingerite were formed in the middle zone. Allophane, 
lepidocrocite, hydrohematite, and gibbsite were formed in the cathodic zone. Adamson  
et al. (1967) performed electrochemical experiments on 100ml of montmorillonitic soft 
rock powder, and the new mineral was hisingerite. Harton et al. (1967) performed a 
similar experiment. The electrolyte was 50% concentrated electrolyte of CaCl2 and 
Al2(SO4)3. The electrode material was iron. The new minerals were calcite, an unknown 
aluminium silicate, iron oxides, and gypsum. Youell (1960) applied electrochemical 
modification to montmorillonite and discovered that montmorillonite was converted to a 
clay mineral with properties similar to chlorite. Sun (2000) ran X-ray diffraction (XRD) 
analysis for clay minerals after electrochemical modification. He found that the crystal 
structure of montmorillonite in the anodic zone had little change, the major diffraction 
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peak was weakened, and the chlorite diffraction peak had completely vanished. 
According to the previous studies in the subject area, there are two main problems: 

• Previous results held that some new minerals were formed by use of different types 
of electrodes and electrolytes. The changing law of montmorillonitic content in soft 
rock still remains unknown. 

• The crystallinity of clay minerals has been simply described from the aspect of sharp 
diffraction peaks under electrochemical modification. However, no one has analysed 
the variation in the montmorillonitic interplanar spacing in progress after 
electrochemical modification. 

In this paper, montmorillonitic soft rock in coal strata was modified by the 
electrochemical method. The modified laws of the montmorillonitic content, newly 
formed minerals, and the d001 spacing of montmorillonite are studied on the basis of 
modified electrochemical experiments in soft rock. 

2 Materials and method 

2.1 Experimental sample 

The sample was sourced from the mines of Wali, province of Shandong, China. The 
chemical composition of the sample was determined by X-ray fluorescence (XRF) 
technique and the results obtained are presented in Table 1. The mineralogical contents of 
the sample were quantitatively analysed by adiabatic method. Findings revealed that the 
montrimollinite sample contains montmorillonite (33%), kaolinite (9%), quartz (47%), 
and albite (11%). The test procedures adopted for the studies are presented in Table 2. 

Table 1 Chemical content of the specimen % 

SiO2 Al2O3 TiO2 TFe2O3 MnO MgO CaO Na2O K2O P2O5 LOI 
60.65 15.92 0.63 5.39 0.09 1.46 0.98 1.96 2.35 0.28 10.29 

Table 2 Experimental scheme 

Scheme 
Electrolyte concentration 

(mol·l–1) 
Electric gradient 

(V·cm–1) 
Modification time 

(h) Sampling point 

1 0 – 120 Random 
2 0 0.5 120 RA, RM, RC 
3 0.05 0.5 120 RA, RM, RC 
4 0.125 0.5 120 RA, RM, RC 
5 0.25 0.5 120 RA, RM, RC 
6 0.5 0.5 120 RA, RM, RC 
7 1 0.5 120 RA, RM, RC 
8 2 0.5 120 RA, RM, RC 
9 4 0.5 120 RA, RM, RC 
10 1 0 120 Random 
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Table 2 Experimental scheme (continued) 

Scheme 
Electrolyte concentration 

(mol·l–1) 
Electric gradient 

(V·cm–1) 
Modification time 

(h) Sampling point 

11 1 0.125 120 RA, RM, RC 
12 1 0.25 120 RA, RM, RC 
13 1 0.5 120 RA, RM, RC 
14 1 1 120 RA, RM, RC 
15 1 2 120 RA, RM, RC 
16 1 3 120 RA, RM, RC 
17 1 4 120 RA, RM, RC 
18 1 5 120 RA, RM, RC 

In the sampling point column the anodic, cathodic, and intermediate zone of the sample 
are indicated by RA, RM and RC, respectively. The scheme 1 is to investigate variations in 
the montmorillonitic content and the interplanar spacing of soft rock while the sample is 
saturated with distilled water. The scheme 2–9 are mainly to investigate the 
electrometrical modified laws with the electrolyte concentration. The scheme 10–18 are 
mainly to investigate the electrometrical modified laws with the electric gradients (Wang 
et al., 2009). 

2.2 Experimental method 

The experimental apparatus mainly consists of beaker, aluminium electrode, red copper 
cathode, sample, distilled water, CaCl2 electrolyte, pH meter, DC power supply, current 
meter, and wire. 

The experimental sample was crushed and ground in a mortar and pestle. It was 
thereafter screened using a 35-mesh decimate sifter. The powder sample was dried for 
24 h at 100°C. The dried powder sample was subsequently wetted for 24 h by CaCl2 
electrolyte of corresponding concentration. During the electrochemical modification, the 
pH value of the three zones was measured by the pH meter at 4-hour intervals. After 
electrochemical modification, the samples taken from the three zones were measured on a 
Shimadzu X-ray diffractometer. 

Based on the powder diffraction patterns, the data was processed with MDITM  
Jade software. The phase analysis and the interplanar spacing analysis were performed. 
The phase analysis consisted of phase search and quantitative evaluation. The phase 
search parameters were height-search, area-search, height-fit, and area-fit. The 
quantitative evaluation was the adiabatic method. Montmorillonite was characterised by 
small-angle X-ray diffraction, the character of interplanar spacing depended mostly on 
the family of (001) crystallographic planes. The interplanar spacing of montmorillonite  
is the interplanar spacing (d001) reflected by the family of (001) crystallographic planes 
(Jin et al., 2000). 
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3 Results and discussion 

3.1 Montmorillonitic content 

Figure 1 indicates the variation of montmorillonitic content (Q) from scheme 2 to  
scheme 9 in the anodic, cathodic, and intermediate zone under electrochemical 
modification. 

Figure 1 Content of montmorillonite vs. CaCl2 electrolyte concentration 

 

When the CaCl2 electrolyte concentration (C) is zero the contents of three zones are 29%, 
18%, and 33% respectively. When the concentration increases to 1 mol·L–1, the contents 
in the three zones are 13%, 9%, and 18% respectively. The contents undergo little  
change when the concentration exceeds 1mol·L–1. When the electrolyte concentration  
is 2 mol·L–1, the electrolyte in the intermediate zone cannot participate in the 
electrochemical reaction and antarcticite of 15%. When the electrolyte concentration is 4 
mol·L–1 the electrolyte cannot react in the three zones at all, and antarcticte is 31%, 22%, 
and 14% respectively in the three zones. The following equations are concluded from 
Figure 1: 

( )11.50 15.75exp 2.3 anodic    Q C= + −  (1) 

( )9.03 8.78exp 10 cathodicQ C= + −  (2) 

( )16.95 16.41exp 5.88 intermediate.Q C= + −  (3) 

The coefficient correlation is 0.96, 0.99, and 0.95 respectively. The montmorillonitic 
content in the three zones exponent decreases with increasing CaCl2 electrolyte 
concentration. The X-ray diffraction patterns for the powder samples in scheme 1 and 
scheme 9 in intermediate zones are shown in Figure 2. 

Figure 3 indicates the variation of montmorillonitic content from scheme 10 to 
scheme 18 in the anodic, cathodic, and intermediate zones under electrochemical 
treatment. 



   

 

   

   
 

   

   

 

   

   40 D. Wang et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 2 XRD patterns of the samples in scheme 1 and scheme 9 in RM 

 

Figure 3 Content of montmorillonite vs. electric gradient 

 

When the electric gradient (P) is zero, the content of montmorillonite is 28%.  
By comparison with Figure 1, there is a similar trend between the two figures. At the 
range of the electric gradient from 0 to 1V·cm–1, the contents in the three zones largely 
change: the range in the anodic zone was 28% to 12%, the range in the cathodic zone  
was 28% to 6%, and the range in the intermediate zone was 28% to 9%. At the range  
of the electric gradient from 1V·cm–1 to 5V·cm–1, the contents in the anodic and cathodic 
zones were little changed. However, the content in the intermediate zone was still 
decreasing. The law in Figure 3 can be expressed by: 

( )11.95 16.29exp 5.56 anodicQ P= + −  (4) 

6.33 21.32exp( 5.26 ) cathodicQ P= + −  (5) 

( )9.45 19.19exp 4.76 intermediate.Q P= + −  (6) 

The coefficient correlation is 0.99, 0.97, and 0.91 respectively. The montmorillonitic 
contents in the three zones are negative exponential curves. 
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3.2 New minerals 

The electrochemical modification generates new minerals, and these contents from 
scheme 2 to scheme 9 are shown in Figure 4. As shown in Figure 4, under the different 
electrolyte concentrations, there are not newly formed minerals in the anodic zone and 
the new minerals are gibbsite and calcite in the intermediate and cathodic zones. Figure 5 
shows new minerals and their contents form scheme 10 to scheme 18. Under the different 
electric gradients, the new minerals are calcite, anhydrite, and gibbsite. The new minerals 
are calcite and anhydrite in the intermediate zone, and the new minerals are calcite and 
gibbsite in the cathodic zone. Figure 6 shows the X-ray diffraction patterns for newly 
formed minerals in sample 7 and scheme12. 

Clay minerals are a complex physico-chemical system, and under electrochemical 
modification the electrolysis results in the change in the montmorillonitic content in the 
powder sample. The electrolysis respectively generates lots of H+ and OH– in the anodic 
and cathodic zones, which causes the variance over the pH value of the powder sample. 
The pH value in the anodic zone is reduced, which indicates acidity, and the pH value in 
the cathodic zone goes up, which indicates alkalinity. A large pH gradient is established  
in the powder sample where the OH– and the H+ meet. The value of pH in the anodic zone 
is 1.5 to 4, in the intermediate zone is 3 to 5.4, and in the cathodic zone is 12.5 to 13 for 
the period of the electrochemical modification. The pH value has a significant effect on 
mineralogical content and crystal structure of the powder sample (Baraud et al., 1997; 
Jayasekera and Hall, 2007), as clay minerals are unstable at extreme values of pH (Gray 
and Schlocker, 1969; Schramm et al., 1991). As shown in Table 1, the main chemical 
contents of the powder sample are SiO2 and Al2O3. In the anodic zone, where the pH 
value is less than 4, the acidification of clay minerals leads montmorillonite, silicate, and 
alumina hydroxide to be decomposed or hardened by aluminium hydroxide; in the 
intermediate zone, clay minerals are hardened by silicon dioxide and hydrated alumina to 
generate gibbsite and anhydrite; in the cathodic zone, where the pH value is more than 9, 
Al3+ generated by metal oxide reaction of the aluminium anode converses the hydroxide 
precipitation on the clay-mineral-particle surfaces, and this hydroxide precipitation is 
crystallised to generate gibbsite, and the carbonate is basified to generate calcite. 

Figure 4 New minerals and its contents from scheme 2 to scheme 9: (a) gibbsite and (b) calcite 

 
 (a) (b) 
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Figure 5 New minerals and its contents from scheme 10 to scheme 18: (a) calcite; (b) anhydrite 
and (c) gibbsite 

 
 (a) (b) 

 
 (c) 

Figure 6 XRD patterns for new minerals under electrochemical modification: (a) new minerals  
in sample 7 and (b) new minerals in sample 12 

 
 (a) (b) 
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3.3 Montmorillonitic interplanar spacing 

The d001 spacing of montmorillonite in the powder sample varies with CaCl2 electrolyte 
concentration and the electric gradient, which is shown in Figure 7. The d001 spacing of 
montmorillonite in the original powder sample is 1.40 nm before electrochemical 
modification. The d001 spacing of the three zones all increase from scheme 2 to scheme 9; 
the increment of the d001 spacing of the anodic zone is greatest, its maximum is 1.58 nm; 
the d001 spacing of the intermediate zone is greater with a maximum of 1.54 nm; and the 
d001 spacing of the cathodic zone is small, with a maximum of 1.52 nm, as shown in 
Figure 7(a). Comparing Figure 7(a) with Figure 7(b), it is concluded that the d001 spacing 
of all the three zones is also increased, and the sequence of increment is identical  
to Figure 7(a). The difference between these two figures is that the d001 spacing of  
Figure 7(a) is larger than the ones of Figure 7(b). 

Figure 7 Curves of the d001 spacing of montmorillonite in the powder samples under 
electrochemical modification: (a) the d001 spacing from scheme 2 to scheme 9  
and (b) the d001 spacing from scheme 10 to scheme 18 

 
 (a) (b) 

Under electrochemical modification, the positive charges of Al3+ and Ca2+ transport and 
enrich in the cathodic zone, the lattice substitution occurs on the surface of the powder 
sample particles, and the cations osmose the electric double layer of the particle surfaces. 
These phenomena increase the d001 spacing of montmorillonite, so the spacing in the 
powder sample after modification is larger than the original ones before electrochemical 
modification. As shown in Figure 7, with increased electrolyte concentration, the Ca2+ 
concentration also increases, and the Ca2+ quantity that osmosed the electric double layer 
is incremental, which results in the d001 spacing of montmorillonite in Figure 7(a) being 
larger than that in Figure 7(b). The studied result of Velde and Meunier (2008) illustrated 
that the d001 spacing of the cation was larger when the ionic radius was smaller. The Ca2+ 

ionic radius is 0.13 nm, and the Al3+ ionic radius is 0.54 nm. In the anodic zone of the 
powder sample, the main cations are H+ generated by electrolysis, and the H+ ionic radius 
is much less than the Ca2+ ionic radius, so the montmorillonite has the largest d001 
spacing. In the intermediate zone, the cations are mainly Ca2+ and Al3+ contained by the 
new minerals of calcite and anhydrite. In the cathodic zone, the main cations are Al3+ in 
gibbsite and Ca2+ in calcite. What is more, a large amount of gibbsite is generated in this 
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zone so that the content of Al3+ is greatly increased. The d001 spacing of montmorillonite 
in the cathodic zone is less than the one in the intermediate zone. 

Montmorillonitic soft rock has the swelling-shrinkage characteristics. The swelling-
shrinkage characteristics of montmorillonite were correlated with the moisture content  
of the powder sample but had no connection with the lattice substitution of the crystal 
interlayer exchangeable cations when the incremental d001 spacing is less than 1.9 nm 
(Norrish and Quirk, 1954; Tan, 2002; Tan and Kong, 2001). In the experiment, the d001 
spacing of montmorillonite of the three zones in the powder sample is augmented  
by the electrochemical modification; however it is still smaller than 1.6 nm. Thus the 
incremental amplitude is insufficient to reinforce the swelling-shrinkage characteristics of 
montmorillonitic soft rock. 

4 Conclusions 

The electrochemical method can modify mineralogical contents of soft rock. The 
montmorillonitic content is decreased and new minerals are formed. Under CaCl2 
electrolyte and direct current conditions, the new minerals are calcite, gibbsite, and 
anhydrite in montmorillonitic soft rock. After treatment, calcite and gibbsite are 
generated in the cathodic zone; calcite, gibbsite, and anhydrite are generated in the 
intermediate zone. The electrochemical method can modify the montmorillonitic d001 
spacing. The change in electrolyte concentration has a greater effect on the 
montmorillonitic d001 spacing than the change in the electric gradient. 
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Abstract: Predicting soilcrete column diameter in jet grouting operations is one 
of the challenging tasks of engineers. By being able to determine the diameters, 
number of required columns and their spacing needed for activities such as cut 
off walls, soil improvement and slope stability activities can be calculated. 
However, there is no precise method to calculate and design the diameter 
before the operations. Therefore authors attempt to present a mathematical 
model using sum of squared-deviations (SSDs) method to estimate the diameter 
of soilcrete created by triple fluid jet grouting system. To do so, the actual data 
where soilcrete diameters have been measured, is used to prove and test the 
mathematical model. The effective jet grouting operational parameters that 
impact the diameter have been determined according to literature review of 
previous studies. On the basis of the results of modelling, the presented 
equation can predict soilcrete diameters with error range of 3–20%. 
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1 Introduction 

Stability of the ground can be improved using various methods. Most of the times jet 
grouting is used when trying to water proof the ground and/or to improve the overall 
strength parameters of soils and rock masses. Being able to predict how far the grout is 
going to penetrate the ground during the jet grouting process is one of the most important 
issues when trying to predict the performance of the designed jet grouting process.  
The jet grouting method has been frequently used for ground improvement, especially in 
shield tunnelling, mining industry, and in many ground foundation treatments in recent 
years (Yoshitake et al., 2004). 

In this method, injecting the ground with cementations grout slurry under high-
velocity excavates soil structure where the excavated soil grains are removed from the 
borehole and replaced with the cement slurry. The grains, which remain in the borehole 
and are mixed in situ with cement slurry, create modified soil mass which is called 
soilcrete. The soilcrete mass has special characteristics such as usually higher strength 
than the original soil strength, low deformability and low permeability. In this method, 
the grout mixture penetrates into pore spaces, joints, cracks and voids of rocks and soils 
structures and changes the physical and mechanical characteristics of these structures. 
Therefore, the penetrability and deformability of layers decrease while their strength 
increases (Nonveiller, 1989; Nikbakhtan et al., 2007a, 2007b, 2008, 2010; Nikbakhtan 
and Pourrahimian, 2008; Nikbakhtan and Nikbakhtan, 2008; Nikbakhtan and Goshtasbi, 
2008). Nowadays, jet grouting is known as one of the most flexible methods for soil 
improvements. Generally, this method can be used in almost all type of soils such as 
granular, cohesive and non-cohesive soils (Figure 1). 

Figure 1 Jet grouting working area (see online version for colours) 

 
Source: Hayward Baker Inc. (2004) 
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A common method to determine the soilcrete diameter is doing in situ trial and error test 
where several columns are first jet grouted in the field in various soil types and with 
using various jet grouting operational parameters. Then, these test columns are dug out 
and their diameter and mechanical properties are measured. On the basis of results of 
such testing, the diameters and spacing between the columns is optimised for each 
individual project. Obviously, such method is very expensive and time-consuming and it 
does not allow for modification of parameters when new ground conditions are 
encountered. In addition, some of the projects utilising the method may not lead to the 
desired results. 

2 Basic information about Shahriar dam 

A case study for current research was the Shahriar dam. It is a double-curvature concrete 
arch dam which was under construction near the Mianeh City in Northwestern Iran. The 
alluvial sediments in the riverbed of the dam are underlain by low-strength clay and 
therefore were likely to cause slope stability failures. Foundation of the main dam 
requires excavation of the alluvial deposits down to competent bedrock. The average 
ground elevation of the alluvial plain is about 975 metres above sea level (masl). The 
elevation of the bedrock at its deepest point is about 920 masl. Hence, ~55 of alluvial 
ground had to be excavated at the deepest section of the valley (Figure 2). Excavation of 
~55 m deep alluvium is not possible without some strengthening and ground 
improvement activities. The reasons for such activities are the presence of a clay layer 
with relatively low shear strength and limited space between the upstream cofferdam and 
the main dam requiring relatively steep excavation slopes (Nikbakhtan et al., 2007a, 
2007b, 2008, 2010; Nikbakhtan and Pourrahimian, 2008; Nikbakhtan and Nikbakhtan, 
2008; Nikbakhtan and Goshtasbi, 2008; Report No.6, 1995). Three approaches to ensure 
the stability of the planned excavation were considered. These were the soil-modification 
that would require strengthening the soil by either mixing it with some other materials 
such as lime or cement to increase its shear strength (mainly its cohesion component) or 
reinforcing it with some mechanical devices (e.g., net, grid, strips, etc.). Another 
approach would require supporting the potentially unstable soil mass by structures such 
as retaining walls with or without anchoring. The third approach which was the 
combination of the first two approaches is often used to achieve the best economic 
solution. An economic evaluation was performed to compare theses three approaches and 
revealed that soil reinforcement by jet grouting together with a retaining wall at the toe of 
the excavation slope yields the best economic solution and would create the least 
uncertainties when implemented. 

To perform the jet grouting, six boreholes were excavated and jet grouted. Jet 
grouting parameters such as grout pressure, lifting speed, rotation speed, water pressure, 
water flow rate, grout flow rate and water to cement ration (w/c) in jet grouting boreholes 
are changed to consider their influence on created soilcrete columns specification. 
Therefore, after doing the jet grouting, excavation around the soilcrete columns and 
observation of the results are possible. Figure 3 shows a vertical section of the excavated 
soilcretes (Nikbakhtan et al., 2010; Report No.6, 1995). 
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Figure 2 Jet grouting area with cofferdam and main dam body structures 

 
Source: Report No.6 (1995) 

Figure 3 Vertical section of excavated soilcretes 

 
Source: Nikbakhtan et al. (2007) 

3 Effective factors on soilcrete column diameter 

As mentioned before, one of the most important parameters in designing and performing 
of jet grouting is the soilcrete diameter. By determining the diameters, the number of the 
required columns and their spacing for activities such as cut-off walls, soil improvement, 
and slope stability in civil and mining applications, and roof strengthening in mining 
applications can be calculated. Moreover, the grout volume for building the soilcrete 
columns can be computed. Unfortunately, there is no economic method to calculate and 
design these parameters. This research has attempted to present a mathematical model 
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which can be used to calculate and estimate the diameter of soilcrete column created in 
the triple fluid jet grouting system. Before using any mathematical methods to develop 
the prediction model, the effective parameters which impact the column diameter should 
be determined. The most important thing about impacting parameters is that the operation 
results depend on many parameters which are closely interconnected. Therefore, separate 
studying of them may create an error in the final results and decision-making.  
To determine the impacting parameters, a literature review of previous studies  
on the subject was conducted, and summarised. On the basis of the American Society of 
Civil Engineering’s (ASCE), important factors that impact jet grouting are soil type, the 
amount of grout mixing with soil, jet nozzle energy output, grout discharge, lifting speed 
and rotation speed (Covil and Skinner, 1992). In addition, Xanthakos (Xanthakos et al., 
1994) and Greenwood (Covil and Skinner, 1992) showed that the effective diameter of 
soilcrete decreases with increasing the standard penetration test N values in soft and 
cohesive ground. Greenwood (Covil and Skinner, 1992) suggested a nozzle with 4 mm 
diameter to prevent obstruction. Yahiro (Covil and Skinner, 1992; Xanthakos et al., 1994) 
showed that the soil slicing efficiency can be improved with a compressed air cone 
around a water jet. Increasing pressure or decreasing lifting speed causes an increase in 
the soilcrete diameter (Xanthakos et al., 1994). In granular and argillaceous soils the 
diameter decreases with increasing the lifting speed. Furthermore, Nikbakhtan and 
Osanloo (Nikbakhtan and Osanloo, 2009) discussed the effects of jet grouting process on 
the soil properties before and after the operations and the effects of grout pressure and 
grout flow on soilcrete’s uniaxial compression strength (UCS). According to the 
numerical results obtained from their experiments, by increasing the grout pressure and 
flow, the UCS of soil increases logarithmically. In addition, jet grouting dramatically 
increases properties such as cohesion and friction angle (Nikbakhtan and Osanloo, 2009). 
Nikbakhtan and Ahangari (2010) have stated that with increasing grout pressure and 
cement to water ratio (c/w), unconfined conmpressive strength and diameter of soilcrete 
increase logarithmically; and with increasing lifting and rotation speed of grouting 
monitor, unconfined compressive strength and diameter of soilcrete decrease. Finally, 
according to the reviewed studies and conclusions, it was determined that several 
parameters impact the geometrical, physical and mechanical specifications of the 
soilcrete, which can be divided into two main categories. The first category which is 
related to the jet grouting system, grout specifications and jet grouting machine, can be 
defined as water pressure (Pw), grout pressure (Pg), air pressure (Pa), lifting speed (Ls), 
rotating speed (Rs) and grout density (γg). The second group is parameters which are 
related to the physical and mechanical properties of ground/soil and can be defined as soil 
permeability coefficient (K), cohesion (C), soil conductivity (Cg) equation (1) and soil 
groutability ratio (GR) equation (2). 

2
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where D10, D90, and D60 are the diameters corresponding to 10%, 90% and 60% finer in 
particle-size distribution curve of the soil, and d100 cement is the largest cement particle 
diameter. 
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According to the literature review and from the field observations water pressure, 
grout pressure, air pressure, soil permeability coefficient, soil conductivity coefficient 
and groutability rate have direct impact on the soilcrete column diameter and other 
parameters such as lifting speed, rotating speed, grout density and cohesion have reverse 
relationship with soilcrete diameter changes. 

4 Sum of squared-deviations (SSDs) mathematical model 

In statuses of engineering science, an experiment generates a set of data such as  
{(x1, y1), …, (xn, yn)} with various lengths {Xk}. One of the purposes of mathematical 
methods is defining an equation {y = f(x)} for relating the variables. A group of allowable 
equations is usually selected and the coefficients are determined. There are numerous 
possibilities for each function. The difference between the actual (measured soilcrete 
diameter, xi) and theoretic (predicted soilcrete diameter, yi) values is called error (SSD) 
which could be positive or negative. To prevent the omitting of positive parameters by 
negative ones, it should be raised to second power. 

2SSD (pm ) .xi yi= ∑ −  (3) 

To correlate the diameter of soilcrete columns (D) with its impacting parameters, the 
following equations should be solved. These relationships have 11 unknown parameters. 
For determining these parameters, SSD method was utilised. 

1 1 1 1[ ],s w a g g R gD Ls R P P P K C G Cα γ− − − −× × × × × × × × ×  (4) 

1 1 1 2 1 2[ ( ) ( ) ],s w a g g R gD A Ls R P P P K C G Cγ− − − −= × × × × × × × × × ×  (5) 

1 1 1
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g h i j
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′ ′−

= × × × × × ×

× × × ×
 (6) 

where 2g′ = g; 2h′ = h; and A, a, b, c, d, e, f, g, g′, h, h′, i, and j are constants, so: 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1 1 1

1

( )
a b ec d f

s w a g g

h jg i
R g

D A Ls R P P P

K C G C

γ− − −

−

= × × × × × ×

× × × ×
 (7) 

Ln  Ln – Ln – Ln Ln Ln Ln

– Ln Ln – Ln Ln Ln
s w a g

g r g

D A a Ls b R c P d P e P

f d g K h C i G j C

= + + +

+ + +
 (8) 

( )2Ln  ;  Ln Ln ,A B SSD D D′= = ∑ −  (9) 

where B is a constant, D is theoretic soilcrete column diameter and D′ is actual measured 
diameter. 
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After writing 11 equations between theoretical and actual diameters of the soilcrete,  
it was attempted to decrease the error of each parameter in equations. To achieve this 
goal, equations should be derived by each parameters such as ∂SSD/∂B = 0, ∂SSD/∂a = 0, 
∂SSD/∂b = 0, ∂SSD/∂c = 0 and so on. 

After solving 11 relationships with 11 unknown parameters with Matlab software, 
below relationships were considered. The amount of the A, a, b, c, d, e, f, g, h, i and j are 
7.459E(–10), –0.1353, 0.3363, 0.4678, –0.2914, –0.0138, –2.1720, –0.0275, 1.6572, 
3.2038 and –1.8489, respectively. 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1 1

1 1( ) .

a b ec d
s s w a g

h jg if
g R g

D A L R P P P

K C G Cγ

− −

− −

= × × × × ×

× × × × ×
 (14) 

5 Results and discussion 

According to relationships and effective parameters, which determined for presenting the 
influences on soilcrete columns diameters, below results can be considered: 

• The bigger the difference between D10 and d100cement in the GR equation, the bigger 
the amplitude of jet grouting into the soil and the larger diameter. So based on the 
desired soilcrete column diameter, the type of cement and grain size distribution can 
be determined during designing. 
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• If the soil is uniform, then the value of Cg is one and this is an ideal situation for the 
jet grouting. However, the value of this parameter is usually less than one.  
This matter reduces the amplitude of the jet grouting into the soil and decreases the 
diameter of soilcrete column. 

• By increasing water pressure, the rate of soil damage increases and cohesion  
of soil grains decreases. Therefore, columns with large diameter could be produced. 
In ideal case, if the water pressure is infinite, then the diameter of the column is also 
infinite. 

• The higher the cohesion of soil grains, the lower the amplitude of the jet grouting 
into the soil. Thus, more water pressure is needed for breaking the cohesion of the 
soil grains. 

• By increasing the amount of the cement in slurry, the density and viscosity  
of it increases. The increase in the viscosity causes to decrease the effective  
radius of jet grouting. Therefore, soilcrete columns with small diameters should be 
produced. 

• By increasing the grout pressure, the amplitude of the jet grouting into the  
soil increases. In this case, soilcrete columns with large diameters should be  
created. 

• One of the most important parameters for determining the amplitude of the jet 
grouting during the high-pressure operation is soil permeability. Increasing the soil 
permeability provides appropriate conditions for obtaining columns with large 
diameters. 

• Other most significant parameters in the jet grouting method are the lifting and 
rotating speeds of grout rod. By decreasing these two parameters, the diameter of 
soilcrete columns increases. Therefore, by reducing these two parameters, the 
amplitude of the jet grouting increases and columns with larger diameters could be 
created. 

As it was discussed before any increase in water, grout and air pressure, soil permeability 
coefficient, soil conductivity coefficient and groutability ratio will increase the diameter. 
However, increasing the lifting and rotating speed, grout density and cohesion will 
decrease the diameter of the soilcrete column. On another hand, we have ended up with 
some coefficients such as A, a, b, c, d, e, f, g, h, i and j which can indicate the type of 
relations between each corresponding effective parameter and the column diameter. 
Although Table 1 shows reasonable error to predict the soilcrete diameter before jet 
grouting operations, there are some issues with the mathematical model. All of the 
mentioned coefficients would be positive to have the same relationship as discussed 
before between effective parameters and diameter but a, d, e, f, g and j coefficients are 
negative that can change the type of the relation between corresponding parameter and 
diameter. Since a, d, e and g are really small they can be neglected, but there is still 
problem with the f and j. This is one of the short coming of the mathematical modelling 
that can be resolved by future researches by compiling using neural network or genetic 
algorithm. 
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Table 1 Comparison between calculated and actual diameters 

Actual D′  
(cm) 

Calculated  
D (cm) 

Error 
(cm) Error (%) 

Actual 
D′ (cm) 

Calculated 
D (cm) 

Error  
(cm) Error (%) 

122.0 117.0 5.0 4.1 127.0 141.7 14.7 11.6 
117.0 113.9 3.1 2.6 127.0 141.7 14.7 11.6 
108.0 114.4 6.4 6.0 104.0 125.2 21.2 20.3 
114.0 114.9 0.9 0.8 114.0 125.3 11.3 9.9 
143.0 135.4 7.6 5.3 132.0 123.0 9.0 6.8 
141.0 133.2 7.8 5.5 137.0 125.8 11.2 8.1 
137.0 133.2 3.8 2.8 134.0 125.3 8.7 6.5 
131.0 133.0 2.0 1.5 105.0 113.3 8.3 7.9 
128.0 135.4 7.4 5.8 99.0 112.5 13.5 13.6 
127.0 133.0 6.0 4.7 114.6 111.1 3.5 3.0 
96.0 103.8 7.8 8.1 123.6 110.9 12.7 10.2 
96.5 103.7 7.2 7.4 113.8 106.1 7.7 6.8 
104.5 105.3 0.8 0.8 105.5 109.4 3.9 3.7 
109.5 104.3 5.2 4.7 103.8 114.2 10.4 10.0 
108.0 108.2 0.2 0.2 95.0 90.9 4.1 4.3 
149.0 137.7 11.3 7.6 110.0 107.1 2.9 2.6 
146.5 130.3 16.2 11.1 93.0 104.5 11.5 12.4 
143.0 129.4 13.6 9.5 113.5 107.1 6.4 5.7 
146.0 141.7 4.3 2.9 110.0 102.4 7.6 6.9 
150.0 141.5 8.5 5.6 112.0 106.1 5.9 5.3 

To produce equation (14) the real data were used, so there should be some limitations for 
parameters which the model can work. Table 2 shows the best compatible limits for 
parameters where the mentioned model can be used. 

6 Conclusion 

The absence of a method for calculating and estimating the diameter of the produced 
columns is one of the weakest points of the jet grouting method. A mathematic model is 
presented for calculating and estimating the diameter of soilcrete column created in the 
jet grouting with three fluids system. Soil parameters (type of grains, cohesion and 
permeability) and three-fluid jet grouting operational parameters (water pressure, grout 
pressure, lifting speed and rotating speed of grout rod) are used in the model that is based 
on the Sum of Squared-Deviations (SSDs) mathematical model. With having soil 
properties and jet grouting operational parameters, theoretic diameter can be calculated 
using mathematical model. In the mathematical model, the relation between soil 
conductivity and grout density did not match with literature and the field observations. To 
solve these discrepancies, complicated calculations using neural network or genetic 
algorithm may be required. If such numerical and analytical solutions cannot help the 
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procedure, the physical modelling should be implemented. By the way, after calculating 
the value of diameter (D), in construction stage (after grouting into the borehole), and 
recording the grouting parameters during the jet grouting operation, the diameter of the 
created soilcrete column could be estimated. 

Table 2 Compatible limits for proposed mathematical model 

Parameter Unite Usage limit 
Water pressure Kg/cm2 350 < Pw < 450 
Grout pressure Kg/cm2 3 < Pg < 25 
Air pressure Kg/cm2 6 < Pa < 8 
Lifting speed cm/s 0.08 < Ls < 0.2 
Rotating speed cm/s 2 < Rs < 4 
Grout density N/cm3 0.01 < γg < 0.02 
Soil permeability cohesion cm/s 0.001 < K < 0.2 
Cohesion Kg/cm2 0.05 < C < 0.4 
Soil conductivity coefficient  – 9 × 10E-6 < Cg < 5 × 10E–5 
Groutability ratio – 0.4 < GR < 0.9 
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Abstract: Previously authors attempted to predict soilcrete diameter using Sum 
of Squared-Deviations mathematical model (Part I). It has been shown that the 
mathematical model cannot relate all impacting parameters with the diameter 
where the relation between soil conductivity and grout density did not match 
with literature and field observations. Therefore, in this paper an approach 
based on artificial neural network (ANN) with a wider range of data are used to 
calculate the diameter. ANN is a useful predictive method because it utilises 
both extensive computerised database and existing knowledge of what 
influences the diameter. This paper attempts to evaluate potential as well as 
limitations of ANN for predicting the diameter and to develop optimal neural 
network models to reduce the need for trial jet grouting as much as possible. 
One of the most significant results of this study is the optimisation of the costs 
and time needed for mining and civil projects. 
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1 Introduction 

Jet grouting is a relatively new method for stabilising soil, which can be used for different 
mining and civil projects. The applications of this method are presented in Figure 1. This 
method can be used in various soil types due to its ease of use and low cost compared 
with other ground improvement methods. In this method, high water pressure (~40 MPa) 
and velocity causes damage to the soil structure. Excavated soil grains are then removed 
from the borehole and replaced with cement slurry. The grains remaining around the 
borehole are mixed with grout and produce an improved soil mass which is called 
Soilcrete (Xanthakos et al., 1994; Nikbakhtan et al., 2007a, 2007b, 2008; Nikbakhtan and 
Pourrahimian, 2006, 2008; Nikbakhtan and Ghoshtasbi, 2008; Nikbakhtan and 
Nikbakhtan, 2008; Nikbakhtan, 2007; Gunaratne, 2006; Warner, 2004; Moseley and 
Kirsch, 2004). The diameter and physical and mechanical properties (i.e., permeability, 
porosity, water content, strength, elastic modulus, etc.) of the soilcrete column are highly 
soil-type dependent (Figure 2) and are the most important parameters which need to be 
identified (Gunaratne, 2006). In many cases, a lack of precise knowledge about the 
physical and geo-mechanical properties of the soilcrete lead to designs with a high risk of 
failure or over-conservative designs, resulting in unnecessary extra expenses. Thus, 
understanding soilcrete characteristics is critical for effectively applying jet grouting in 
mining and civil operations. The objective of this paper is to determine the diameter of 
soilcrete columns created by jet grouting using artificial neural network (ANN) models. 
Being able to predict how far the grout will penetrate the ground during jet grouting is 
one of the most important issues for predicting the performance of the designed  
jet grouting process. By determining the column diameter, the number of required 
soilcrete columns, their spacing, volume of injected grout and cement needed for 
activities, such as cut-off walls, soil improvement and slope stability, can be calculated. 
In the previous paper (Nikbakhtan et al., 2015) (Part I), the authors attempted to  
predict the economics of jet grouting designs and other parameters in relation to the 
column diameter using a Sum of Squared-Deviations mathematical model. It has been 
shown that the mathematical model cannot accurately relate all of the impacting 
parameters with the soilcrete diameter, and the relation between soil conductivity and 
grout density did not match with the literature and field observations. 

On the basis of previous paper (part I) (Nikbakhtan et al., 2015) and the literature 
review (Covil and Skinner, 1992; Nikbakhtan and Osanloo, 2009; Nikbakhtan and 
Ahangari, 2010), it was determined that several parameters impact the geometrical, 
physical and mechanical specifications of the produced soilcrete and can be divided into 
two main categories. The first group of parameters is related to the jet grouting system, 
grout specifications and jet grouting machine, which include water pressure (Pw), grout 
pressure (Pg), air pressure (Pa), lifting speed (Ls), rotating speed (Rs) and grout density 
(γg). The second group of parameters is related to the physical and mechanical properties 
of the ground/soil and includes the soil permeability coefficient (K), cohesion (C), soil 
conductivity (Cg) and soil groutability ratio (GR). According to the literature review and 
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field observations, water pressure, grout pressure, air pressure, soil permeability 
coefficient, soil conductivity coefficient and groutability rate have direct impact on the 
Soilcrete column diameter, and other parameters such as lifting speed, rotating speed, 
grout density and cohesion have a reverse relationship with Soilcrete diameter changes. 

Figure 1 Applications of jet grouting methods in civil and mining projects: (a) foundations  
and cofferdams; (b) underpinning, excavations, shafts and soft ground tunnelling  
and (c) anchorages, slope stabilisation and new Australian tunnelling method  
(see online version for colours) 

 
Source: Trevi brochure (2010) 

Figure 2 The relationship between the strength of soilcrete columns and soil type (see online 
version for colours) 

 
Source: Gunaratne (2006) 

2 Design of optimum ANNs 

The terms ‘neural’ and ‘network’ represent neuron and graph-like structures, 
respectively. ANN is a computing system with a central theme that is analogous to 
biological neural networks, or in other words, ANN is an assembly of simple processing 
elements, units and nodes, which are based on biological neurons. The processing ability 
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of each ANN is related to the inter-unit connection strengths, or weights, obtained by a 
process of adaptation to, or learning from, a set of training patterns. A general assembly 
of ANN is shown in Figure 3, where a neuron or node is such as a processing element 
and takes a number of inputs, weighs them down and sums them up, and the result is then 
used for the transformation function. The feed-forward neural network is the most 
popular neural network, where neurons are grouped into layers and signals flow from 
input to output layers via connections. It is important to mention that neurons are inter-
connected from one layer to the next, but never in the same layer. A multi-layer feed-
forward ANN consists of an input layer, one or multiple hidden layers and an output 
layer. Using the popular back-propagation algorithm, the multi-layer ANN can be trained 
to solve many difficult and complicated problems. ANN learns the relationship between 
the input and output data through the learning algorithm; then, after the training pattern, 
ANN can be applied. Generally, there is no precise method to determine the number of 
the neurons in each hidden layer, and this problem becomes more complicated with more 
hidden layers. But the concept of ANN proves that with increasing numbers of hidden 
neurons the potential of ANN to solve complicated problems increases, and its solution 
fits closely to the training pattern due to the increase in the number of function 
calculations. ANN can provide acceptable solutions to the set of problems for which it 
was trained, but may fail to produce precise solutions for new problems, which is the 
result of over-fitting (Suwansawat and Einstein, 2005; Haykin, 1999; Hertz et al., 1991; 
Philippe, 1997; Rumelhart et al., 1986; Kartam et al., 1997). 

Figure 3 General details of ANN 

 
x: input, w: weight, Σ: summation, f: transformation function. 

Source: Suwansawat and Einstein (2005) 

In the pilot experiment, ANN is trained and tested with a subset of all datasets, which is 
important to establish an optimal ANN to predict the soilcrete column diameter. The pilot 
experiment is based on a certain number of samples, and they are divided into training 
and validation stages, which include a set of input data (affecting parameters) and the 
measured soilcrete column diameter. Then, the performance of the network with different 
numbers of hidden neurons and layers is examined to converge the training and 
validation stages, and this ANN is used for the whole dataset. The data shown in Table 1 
were used as part of the pilot experiment (for training and validation) and thus 
determined the optimal model. Figure 4 shows the ANN model used to predict the 
soilcrete column diameter, where the input layer consists of 10 input nodes and represent 
all influencing factors. The process attempts to find the optimal ANN and appropriate 
number of training epochs to prevent any over-fitting as well as to make a precise 
prediction based on the new data. Variables of the process include the architecture of the 
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neural networks (i.e., number of hidden layers and number of hidden nodes in each 
hidden layer) and the number of training epochs. 

Figure 4 Structure of a two-layered artificial neural network model for predicting soilcrete 
column diameter 

 

Many datasets from various projects worldwide were used to train the ANN model 
described in this paper. It is important to note that different jet grouting operation 
parameters and the environmental conditions of the various projects can affect the 
determination of the soilcrete column diameter. Therefore, the ANN model’s ability  
to predict column diameter based on five different data training and testing datasets was 
investigated, and the datasets (cases) are summarised in Table 2. For this pilot 
experiment, 125 ANN models were designed. These models were characterised by the 
number of hidden layers (1 or 2), the number of hidden nodes in each hidden layer  
(4, 10, 15 or 20) and the number of training epochs (500, 1000, 2000 or 3000). All of the 
125 models were trained using sample sets to reach the abovementioned number of 
training epochs, and then they were tested with validation sample sets. Finally, the ANN 
model output (predicted soilcrete column diameter) was compared with the actual 
measured diameter using Root Mean Square Error (RMSE, centimetres), which is a 
popular method for comparing networks. The definition of RMSE is given below: 

2
1
( )

RMSE ,
N

i ii
o t
N

=
−

= ∑  (1) 

where N is the number of patterns in the validation set, o is the output produced by the 
network and t is the measured output. In this study, o is a diameter value predicted by the 
neural networks and t is an actual diameter measured in the field. 
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As an arbitrary example, Table 3 has been chosen to show the performance of the 
ANN models using the dataset from Case 4. It can be seen that the number of hidden 
layers and neurons are important variables. With an increase in the number of hidden 
layers and neurons, the ANN model fits much better with the training data. However,  
this might lead to over-fitting. It can be also concluded that the model with a large 
number of hidden layers and neurons has a larger RMSE for predicting the diameter  
of the validation set, which is not good. The optimal ANN models with the lowest 
validation set RMSE for each case are shown in Table 4. The ANN models in Table 4 
were used against a large number of datasets to investigate the performance and 
limitations of the ANN method in predicting soilcrete column diameter during jet 
grouting operations. 

Table 1 Data samples used for artificial neural network training and validation 

Parameters 

 

Case  
studies 

Ls Rs Pw Pa Pg γg C K Cg Gr 
True  

diameter 

cm/sec cm/sec kg/cm2 kg/cm2 kg/cm2 N/cm3 kg/cm2 cm/sec – – cm 

Shahriar dam 
(1995) 

0.108 3.93 350 6.80 3.0 0.0155 0.40 0.001400 4.35374E-05 0.40 121.00 

0.125 3.93 350 6.80 5.0 0.0155 0.40 0.001400 4.35374E-05 0.40 117.30 

0.125 3.98 350 6.80 5.0 0.0155 0.40 0.001400 4.35374E-05 0.40 109.00 

0.138 4.19 350 6.80 5.0 0.0155 0.40 0.001400 4.35374E-05 0.40 113.00 

0.138 4.19 350 6.80 5.0 0.0155 0.40 0.001400 4.35374E-05 0.40 115.00 

0.083 2.62 400 6.40 5.0 0.0155 0.40 0.013500 4.35374E-05 0.40 143.00 

0.083 2.62 400 6.80 4.5 0.0155 0.40 0.013500 4.35374E-05 0.40 141.00 

0.083 2.62 400 6.80 4.5 0.0155 0.40 0.013500 4.35374E-05 0.40 137.00 

0.083 2.62 400 6.80 5.0 0.0155 0.40 0.013500 4.35374E-05 0.40 133.00 

0.083 2.62 400 6.40 5.0 0.0155 0.40 0.013500 4.35374E-05 0.40 127.00 

0.083 2.62 400 6.80 5.0 0.0155 0.40 0.013500 4.35374E-05 0.40 127.00 

0.083 2.62 400 6.80 25.0 0.0172 0.40 0.014000 4.35374E-05 0.40 96.00 

0.083 2.62 400 6.80 27.0 0.0172 0.40 0.014000 4.35374E-05 0.40 97.00 

0.083 2.62 400 6.50 22.0 0.0172 0.40 0.014000 4.35374E-05 0.40 100.00 

0.083 2.62 400 6.80 17.0 0.0172 0.40 0.014000 4.35374E-05 0.40 109.00 

0.083 2.62 400 6.00 17.0 0.0172 0.40 0.014000 4.35374E-05 0.40 108.00 

0.125 3.93 400 6.00 15.0 0.0160 0.40 0.014000 4.35374E-05 0.40 149.00 

0.142 3.93 400 6.90 13.0 0.0160 0.40 0.014000 4.35374E-05 0.40 145.00 

0.108 3.40 400 6.80 12.0 0.0160 0.40 0.014000 4.35374E-05 0.40 143.00 

0.092 3.40 400 6.80 13.0 0.0155 0.40 0.014000 4.35374E-05 0.40 145.00 

0.092 3.40 400 6.80 14.0 0.0155 0.40 0.014000 4.35374E-05 0.40 150.00 

0.138 3.93 400 6.80 8.0 0.0155 0.40 0.014000 4.35374E-05 0.40 131.00 
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Table 1 Data samples used for artificial neural network training and validation (continued) 

Parameters 

 

Case  
studies 

Ls Rs Pw Pa Pg γg C K Cg Gr 
True  

diameter 

cm/sec cm/sec kg/cm2 kg/cm2 kg/cm2 N/cm3 kg/cm2 cm/sec – – cm 

Shahriar dam 
(1995) 

0.138 3.93 400 6.80 8.0 0.0155 0.40 0.014000 4.35374E-05 0.40 127.00 

0.083 2.62 350 6.40 16.0 0.0155 0.40 0.135000 4.35374E-05 0.40 104.00 

0.083 2.62 350 6.40 15.0 0.0155 0.40 0.135000 4.35374E-05 0.40 114.00 

0.083 2.62 350 6.80 16.0 0.0155 0.40 0.135000 4.35374E-05 0.40 132.00 

0.083 2.62 350 6.30 15.0 0.0155 0.40 0.135000 4.35374E-05 0.40 137.00 

0.083 2.62 350 6.40 15.0 0.0155 0.40 0.135000 4.35374E-05 0.40 134.00 

0.125 3.93 400 6.30 3.0 0.0153 0.40 0.014000 4.35374E-05 0.40 104.00 

0.125 3.93 400 6.30 5.0 0.0153 0.40 0.014000 4.35374E-05 0.40 102.00 

0.125 3.93 400 6.30 5.0 0.0153 0.40 0.014000 4.35374E-05 0.40 97.00 

0.125 3.93 400 6.00 4.5 0.0155 0.40 0.014000 4.35374E-05 0.40 118.00 

0.125 3.93 400 6.20 6.0 0.0155 0.40 0.014000 4.35374E-05 0.40 117.00 

0.125 3.93 400 6.20 6.0 0.0155 0.40 0.014000 4.35374E-05 0.40 111.00 

0.125 3.93 400 6.00 5.0 0.0155 0.40 0.014000 4.35374E-05 0.40 120.00 

0.125 3.93 400 7.00 5.0 0.0155 0.40 0.014000 4.35374E-05 0.40 110.00 

Nian dam 
(1996) 

0.142 3.90 355 3 to 6 4.0 0.0167 0.05 0.010000 0.000009 0.90 106.00 

0.144 4.14 355 3 to 6 4.0 0.0167 0.05 0.010000 0.000009 0.90 114.50 

0.150 4.00 355 3 to 6 4.5 0.0167 0.05 0.010000 0.000009 0.90 111.75 

0.146 4.05 358 3 to 6 3.8 0.0167 0.05 0.010000 0.000009 0.90 113.75 

0.145 3.90 335 3 to 6 4.0 0.0167 0.05 0.010000 0.000009 0.90 112.00 

0.127 4.00 345 3 to 6 3.5 0.0167 0.05 0.010000 0.000009 0.90 107.50 

0.148 4.40 360 3 to 6 4.5 0.0167 0.05 0.010000 0.000009 0.90 108.50 

0.145 4.10 350 3 to 6 3.5 0.0167 0.05 0.010000 0.000009 0.90 110.75 

0.146 3.90 355 3 to 6 4.5 0.0167 0.05 0.010000 0.000009 0.90 111.00 

0.143 4.10 360 3 to 6 4.5 0.0167 0.05 0.010000 0.000009 0.90 109.25 

0.146 4.00 360 3 to 6 3.5 0.0167 0.05 0.010000 0.000009 0.90 97.50 

0.097 3.07 365 6.00 3.2 0.0167 0.05 0.010000 0.000009 0.90 105.50 

0.142 4.10 365 6.00 4.0 0.0167 0.05 0.010000 0.000009 0.90 103.80 

0.120 2.00 355 6.00 3.0 0.0167 0.05 0.010000 0.000009 0.90 95.00 

0.145 3.96 330 6.00 4.7 0.0167 0.05 0.010000 0.000009 0.90 110.00 

0.142 4.20 300 6.00 5.5 0.0167 0.05 0.010000 0.000009 0.90 93.00 

0.150 4.42 310 6.00 6.0 0.0167 0.05 0.010000 0.000009 0.90 113.50 

0.120 3.35 320 6.00 4.6 0.0167 0.05 0.010000 0.000009 0.90 110.00 

0.120 3.90 310 6.00 5.0 0.0167 0.05 0.010000 0.000009 0.90 112.00 
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Table 1 Data samples used for artificial neural network training and validation (continued) 

Parameters 

 

Case  
studies 

Ls Rs Pw Pa Pg γg C K Cg Gr 
True  

diameter 

cm/sec cm/sec kg/cm2 kg/cm2 kg/cm2 N/cm3 kg/cm2 cm/sec – – cm 

Worldwide 
Data 
(Xanthakos  
et al., 1994; 
Poh and 
Wong, 2001; 
Newman and 
Essler, 1992; 
Wong and 
Poh, 2000) 

0.127 2.33 300 3 to 6 300.0 0.0157 5.00 0.000001 0.0004 0.02 180.25 

0.170 2.33 300 3 to 6 300.0 0.0157 5.00 0.000001 0.0004 0.02 168.50 

0.080 2.33 300 3 to 6 300.0 0.0157 5.00 0.000001 0.0004 0.02 245.50 

0.080 2.33 300 3 to 6 300.0 0.0157 5.00 0.000001 0.0004 0.02 153.00 

0.080 2.33 400 3 to 6 1.0 0.0157 1.70 0.010000 0.008 0.20 275.00 

0.080 2.33 400 3 to 6 1.0 0.0157 1.70 0.010000 0.008 0.20 266.00 

0.080 2.33 400 3 to 6 1.0 0.0157 1.70 0.010000 0.008 0.20 262.50 

0.080 4.66 400 3 to 6 1.0 0.0157 1.70 0.010000 0.008 0.20 227.50 

0.234 4.66 400 3 to 6 15.0 0.0176 1.60 0.100000 4.16667E-06 0.10 120.00 

0.013 1.62 450 3 to 6 100.0 0.0162 6.00 0.000006 0.002139037 0.02 180.50 

Table 2 Selection of data for the precise assessment of each site 

Case Objective Trained samples 
Tested 
sample/prediction 

1 Using data from the Shahriar dam to predict the 
diameter in the Nian dam 

Shahriar dam Nian dam 

2 Predicting the optimal Soilcrete column diameter Shahriar dam Shahriar dam 
3 Nian dam Nian dam 
4 Shahriar and Nian 

dam  
Shahriar and 
Nian dam  

5 All of the data All of the data 

Table 3 Performance of the artificial neural network models in Case 4 

No. Network architecture 
Training 
epochs 

Training 
RMSE (cm) 

Validation 
RMSE (cm) 

1 2 hidden layer, 10 hidden nodes for 1st and 4 hidden 
layer for 2nd layer 

500 6.34 6.87 

2 2 hidden layer, 10 hidden nodes for 1st and 4 hidden 
layer for 2nd layer 

1000 5.16 6.50 

3 2 hidden layer, 10 hidden nodes for 1st and 4 hidden 
layer for 2nd layer 

2000 4.75 8.34 

4 2 hidden layer, 10 hidden nodes for 1st and 4 hidden 
layer for 2nd layer 

3000 4.60 12.95 

5 2 hidden layer, 10 hidden nodes for 1st and 10 hidden 
layer for 2nd layer 

500 5.74 8.82 

6 2 hidden layer, 10 hidden nodes for 1st and 10 hidden 
layer for 2nd layer 

1000 5.60 8.27 
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Table 3 Performance of the artificial neural network models in Case 4 (continued) 

No. Network architecture 
Training 
epochs 

Training 
RMSE (cm) 

Validation 
RMSE (cm) 

7 2 hidden layer, 10 hidden nodes for 1st and 10 hidden 
layer for 2nd layer 

2000 5.39 7.20 

8 2 hidden layer, 10 hidden nodes for 1st and 10 hidden 
layer for 2nd layer 

3000 4.47 15.21 

9 2 hidden layer, 10 hidden nodes for 1st and 15 hidden 
layer for 2nd layer 

500 5.85 11.14 

10 2 hidden layer, 10 hidden nodes for 1st and 15 hidden 
layer for 2nd layer 

1000 5.20 10.31 

11 2 hidden layer, 10 hidden nodes for 1st and 15 hidden 
layer for 2nd layer 

2000 5.00 10.98 

12 2 hidden layer, 10 hidden nodes for 1st and 15 hidden 
layer for 2nd layer 

3000 4.31 11.22 

13 2 hidden layer, 10 hidden nodes for 1st and 20 hidden 
layer for 2nd layer 

500 6.51 12.03 

14 2 hidden layer, 10 hidden nodes for 1st and 20 hidden 
layer for 2nd layer 

1000 6.50 8.93 

15 2 hidden layer, 10 hidden nodes for 1st and 20 hidden 
layer for 2nd layer 

2000 4.92 11.54 

16 2 hidden layer, 10 hidden nodes for 1st and 20 hidden 
layer for 2nd layer 

3000 4.45 12.75 

17 1 hidden layer, 10 hidden nodes 500 6.17 10.46 

18 1 hidden layer, 10 hidden nodes 1000 5.55 11.55 

19 1 hidden layer, 10 hidden nodes 2000 5.38 11.60 

20 1 hidden layer, 15 hidden nodes 500 6.51 11.93 

21 1 hidden layer, 15 hidden nodes 1000 5.56 8.43 

22 1 hidden layer, 15 hidden nodes 2000 4.96 14.66 

23 1 hidden layer, 20 hidden nodes 500 5.69 12.75 

24 1 hidden layer, 20 hidden nodes 1000 5.63 7.80 

25 1 hidden layer, 20 hidden nodes 2000 4.90 7.80 

Table 4 The optimal artificial neural network that gives the lowest RMSE 

Case Network type 
No. of input 

nodes 
No. of hidden 

layers 
No. of hidden 

nodes 
No. of training 

epochs 
1 Feed-forward back-

propagation 
10 2 4 500 

2 10 2 15 500 
3 10 2 10 1000 
4 10 2 4 1000 
5 10 2 10 2000 
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3 Discussion 

It was revealed that not one geological condition or jet grouting operational parameter 
singularly had a major effect on the soilcrete column diameter, indicating that several 
parameters together influence the soilcrete column diameter. Thus, an ANN-based 
approach was used to develop predictive relations, since ANN enables the mapping of all 
influencing parameters on the soilcrete column diameter. 

The following information about the site conditions for the datasets facilitates the 
discussion of the cases. According to the data collected from the Shahriar dam, the jet 
grouting parameters are almost consistent in a constant range; however, jet grouting is 
done in coarse and fine-grained soil. In the Nian dam, both the jet grouting parameters 
and geological conditions are constant and jet grouting is done in fine-grained soil. The 
jet grouting machines used in the Shahriar and Nian dam projects are the same. The jet 
grouting data collected worldwide indicate different type of soils and jet grouting 
machines in each project. 

Case 1: Using data from the Shahriar dam to predict the diameter in the Nian dam 

The ANN model was trained with Shahriar dam data samples. The training results show 
that the model closely fits the measured data from the Shahriar dam (RMSE = 5.95 cm). 
Then, when ANN was tested with the Nian dam validation samples, the optimal network 
indicated a low error (RMSE = 6.35 cm). Both the training and testing results of the 
model are plotted in Figure 5. This case implies that contractors can train the ANN model 
in one project and then use it as a predictive tool for the soilcrete column diameter in 
other projects. In this case, the parameters related to jet grouting and the machine used 
are the same in both training and validating datasets. Two types of soils were used in the 
ANN training stage; however, one type of soil was used in the validating stage. 

Figure 5 Performances of neural networks on trained and tested data in Case 1 (see online 
version for colours) 
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Cases 2–5: Using data from each selection to predict the diameter in the same selection 

In Cases 2–5, the ANN model is trained and validated with the same group of data. 

In Case 2: The jet grouting parameters and the machine used were the same in both the 
training and validating stages. However, using fewer datasets (in both stages) and two 
different types of fine and coarse-grained soils increased the RMSE in the validation 
stage (Figure 6). It seems that the accuracy increases by increasing the number of 
datasets, which was observed in the results of Case 4. 

Figure 6 Performances of artificial neural networks on trained and tested data in Case 2  
(see online version for colours) 

 

In Case 3: The RMSE in both the training and validating stages were very low since all 
conditions, such as jet grouting parameters, the machine used and soil type, were the 
same in both stages (Figure 7). 

In Case 4: All of the conditions were the same as in Case 2, but the number of datasets 
was increased. Therefore, using two types of soil in both stages did not increase the 
RMSE, which was less in this case than in Case 2 (Figure 8). Thus, the greater the 
number of samples, the better the model can establish the relationship between the input 
parameters and soilcrete column diameter. 

In Case 5: The model was trained and validated using all of the data collected, and the 
results are shown in Figure 9. It can be seen that the model mapped all of the data in the 
training dataset quite well. In comparison with the other cases, the overall RMSE was 
still statistically high (RMSE = 10.51 cm). This may have been affected by the 
differences between the jet grouting machines used, soil conditions, jet grouting 
parameters and jet grouting method (single, double and triple fluid) in different projects. 
Therefore, the ANN model may need more inputs regarding jet grouting machines and jet 
grouting methods, which can increase the model’s predictive accuracy. 

Table 5 shows the optimal network for each case based on the obtained results. 
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Figure 7 Performances of artificial neural networks on trained and tested data in Case 3  
(see online version for colours) 

 

Figure 8 Performances of artificial neural networks on trained and tested data in Case 4  
(see online version for colours) 

 

Table 5 Results of the optimal networks for all cases 

Case Trained samples Tested sample/prediction
Training samples 

RMSE (cm) 

Validation 
samples RMSE 

(cm) 
1 Shahriar dam Nian dam 5.95 6.35 
2 Shahriar dam Shahriar dam 5.59 7.9 
3 Nian dam Nian dam 1.61 1.10 
4 Shahriar and Nian dam Shahriar and Nian dam 5.16 6.50 
5 All of the data All of the data 11.85 10.51 
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Figure 9 Performances of artificial neural networks on trained and tested data in Case 5  
(see online version for colours) 

 

4 Conclusions 

The unavailability of extensive field instrumentation data and continuous observation of 
operational factors presents major challenges to the study of soilcrete column diameter. 
Comprehensive information, including geological conditions, reliable soilcrete diameter 
measurements and operational records of jet grouting parameters, is needed to understand 
the mechanism of jet grouting. Therefore, the data collected from jet grouting projects 
worldwide provide an excellent opportunity to evaluate the performance of jet grouting in 
soft ground. 

It was observed that there was no strong or unique relationship between the 
geological conditions and jet grouting parameters with the soilcrete column diameter and 
that several parameters interact and influence the magnitude of the soilcrete column 
diameter. For this reason, ANN was used to relate several parameters to the soilcrete 
column diameter. Using a trial-and-error process, various networks were trained and 
tested with the validation set. The feed-forward back-propagation ANN models 
successfully learned from the training samples such that their outputs converged to values 
very close to the desired outputs in the validation stage. In addition, the number of hidden 
layers and the number of hidden nodes were important variables: the higher the number 
of hidden layers and nodes, the better the network fits into the training data. However, 
this may lead to over-fitting. As the validation results illustrated, the model with a large 
number of hidden layers and hidden nodes failed to predict the soilcrete columns 
diameter in the validation set. This concept held true for the number of epochs: the 
greater the number of epochs, the better the RMSE. In addition, according to the results, 
the greater the number of samples used, the better the networks can establish the 
relationship between the input parameters and soilcrete column diameter. Finally, this 
study revealed that ANN could be used:  
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• to train the model using data from one project to predict the diameter in the same 
project 

• to train the model using data from one project to predict the diameter in other 
projects 

• to a lesser degree, to train the model using data from several projects to predict the 
diameter in any of the projects. 

The research involving ANN has not developed any input nodes to consider the influence 
of different jet grouting machines and jet grouting systems on the model’s predictive 
abilities. It is assumed that the machines are made by one producer for all sites and that 
the jet grouting system is triple fluid in all projects. Therefore, it is recommended to 
develop input nodes to specify the machine type and jet grouting system. ANN is highly 
data sensitive: the accuracy of the data affects the model results and predictive ability. 
Thus, to obtain an accurate model, all of the data should be collected in the same manner 
in which the sites should have similar geotechnical conditions. The strength of the 
soilcrete is another important parameter in jet grouting projects that has not been 
discussed in current research and should be considered in future works. 
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1 Emergency mining C&T systems and their requirements 

The passage of the Mine Improvement and New Emergency Response (MINER) Act of 
2006 has placed a requirement for underground mining companies to implement 
communications and tracking (C&T) systems for use during emergency situations. While 
there is a significant amount of literature available that investigates the performance and 
implementation of the C&T systems themselves, there has been less focus on the battery 
systems that will be required to power such systems, both during regular and emergency 
operations. For this reason we have provided a summary that is to serve as an 
introduction to the battery systems that will likely be used for C&T equipment, as well as 
the performance and safety concerns and considerations that will need to be taken into 
account. Readers looking for a more detailed analysis of battery systems for C&T 
equipment are recommended to consult the reports prepared by QinetiQ North 
America/Foster Miller Inc. (2009) and the Pennsylvania State University (Beck et al., 
2012a, 2012b). 

When considering C&T equipment there are two general categories: portable and 
stationary devices. Portable devices are those that are expected to be carried or 
transported regularly by mine personnel, while stationary devices are rarely moved once 
installed or setup in a mine. The types of devices and their expected power requirements 
are detailed in the following sections. Table 1 provides a summary of the main 
requirements.  

1.1 Portable devices 

Portable tracking devices are used to keep a record of personnel locations within the  
mine in the event of an emergency. One of the most common tracking methods is through 
the use of a radio frequency identification device (RFID). An RFID can be implemented 
as a passive device, where a portable tag responds to the radio field generated by a 
stationary reader, or active, where a tag generates its own signal that is received and 
recorded by a stationary receiver. Passive devices would not require any power source  
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and would rely solely on the stationary reader. An active tag is expected to sustain a 
continuous, low-current draw from its battery. Primary, or non-rechargeable, batteries are 
recommended for small tracking devices. They typically provide higher specific energy 
(energy capacity per unit weight) and energy density (energy capacity per unit volume) 
with minimum self-discharge, which allow small tracking devices to be employed with 
minimum maintenance other than checking the remaining battery potential at regular 
intervals. Many active RFID tags utilise small button cell primary batteries capable of 
running for long periods between replacements, often on the order of years.  

Table 1 Summary of requirements for portable and stationary battery selection 

 Portable  Stationary  
Specific energy/
Energy density  

Higher specific energy and energy 
density preferred to minimise size and 
weight of battery packs 

Size and weight not an issue as long as 
packs can fit inside system enclosure 

Total capacity  Low to moderate; devices are expected 
to draw low to moderate currents for 
limited periods 

High; systems may be expected to draw 
considerable amounts of current to 
power stationary receivers, amplifiers, 
and repeaters  

Power output  Generally low, though communication 
receivers will see periods of increased 
output during transmission and 
reception 

Can be moderate to high depending on 
whether stationary power is distributed 
or centralised 

Form factor  Small; likely button or cylindrical 
cells, potentially small prismatic cells 

Moderate to large prismatic cells, 
potentially larger cylindrical cells for 
distributed systems 

Safety concerns  Small total capacity expected to 
reduce risk of overpressure or thermal 
buildup; may have small risks of 
exposure to electrolyte solutions; if 
located in the mine, charging area 
must be properly equipped and 
ventilated 

Large energy capacities increase risk of 
thermal buildup, thermal runaway, and 
overpressure; may have significant risk 
of cell rupture or explosion; larger 
danger from electrolyte leakage, but 
exposure may be limited by system 
enclosure; charging area must be 
properly equipped and ventilated 

Communication devices include a range of equipment such as radio transceivers, pagers, 
and other handheld communicators. Energy consumption is often estimated using the 
5/5/90 model common in industry. This model assumes a typical time cycle of 5% 
transmitting, 5% receiving, and 90% idle. Thus, portable communicators typically see 
long periods of low current draw with intermittent periods of high current draw during 
transmission or reception. Current guidelines from the Mining Safety and Health 
Administration (MSHA) recommend C&T devices to have an emergency capacity of 
shift plus 4 h, or a 12 h minimum operation. Specific energy (energy capacity per unit 
weight) and energy density (energy capacity per unit volume) must be considered when 
designing and selecting battery packs, as overly heavy or large devices can quickly 
become uncomfortable and cumbersome during both regular and emergency use. 

As with tracking devices, communication devices can operate for long periods using 
primary batteries. However, the low initial cost can easily be outweighed by the steady 
replacement costs as each drained pack is replaced. Additionally, it is likely that a battery 
pack could drain beyond use in the middle of a shift or emergency situation. This would 
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require replacement of the drained pack with a spare, which introduces an unnecessary 
risk of sparking which should be avoided in mine atmospheres that may contain 
flammable levels of methane and coal dust. Secondary, or rechargeable, battery packs can 
reduce long-term costs and make up for lower capacities by ensuring a full charge at the 
beginning of every shift, reducing the concern over having to replace the battery pack in 
the middle of a shift or emergency operation. 

The battery pack for any C&T device must also be examined for safety concerns. 
Exposure to abusive conditions could result in leakage or rupture of the battery cells, 
which could expose toxic materials dangerous to personnel or reactive materials capable 
of igniting fires or explosions. Pressure and temperature buildups from abusive 
environments or improper handling could also result in bodily harm or damaged 
equipment. Such safety issues must always be considered when selecting battery 
chemistries and pack designs. 

1.2 Stationary devices 

Stationary battery systems are designed to provide backup power for medium to large 
devices such as RFID readers or receivers, radio receivers, and signal amplifiers. MSHA 
guidelines recommend stationary C&T components are equipped with standby capacities 
of at least 24 h. When combined with the fact that such devices often consume moderate 
to high currents, the energy capacities required from stationary battery systems quickly 
surpasses the requirements for portable equipment. However, since it is unlikely for 
stationary systems to be regularly moved the requirements for specific energy and energy 
density can be drastically reduced. 

Safety considerations change when the battery pack size is increased for stationary 
systems. The increase in total energy capacity means that more energy is available for 
release in the event of failure, either through short-circuit currents or exposure of active 
material. However, stationary systems are less limited by size and weight concerns, 
which allows the use of stronger and more protective casing and additional safety devices 
and circuits. 

2 Battery candidates 

When considering battery safety there are two main areas of concern: overpressure and 
thermal buildup. Overpressure can result from gas buildup during normal or improper use 
or from the expansion of cell materials from increasing temperature. This can cause 
leakage, rupture, or explosion of the cell. Leakage involves the release of small amounts 
of electrolyte or gas and is often a more benign failure. Common causes are seal failures 
or venting from safety devices. Rupture of the cell is similar to leakage, but on a much 
larger scale. In both cases the major dangers are injury to personnel from exposure to 
toxic or reactive materials and potential for fire if hydrogen or flammable electrolytes are 
released. Certain active materials, particularly lithium, can react violently with exposure 
to the environment and produce excessive heat and hydrogen gas. Certain cells can 
continue to operate in the event of a leak but generally fail if a rupture occurs. Explosion 
is the rarest and serious failure, and the resulting pressure wave can injure personnel, 
damage equipment, and potentially ignite reactive materials. Additionally, puncture of 
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the cell can result in leakage or rupture, but in some cases it can also cause internal 
shorting. 

Thermal buildup within a cell can pose a variety of hazards. It is often one of the 
common causes of overpressure. Thermal buildup can be caused by heat generated during 
normal operation, heat generated during cell charge or overcharge, and from large current 
draws due to low resistance loads or short-circuits. Batteries that achieve high case 
temperatures can cause burns for personnel, damage equipment, or lead to possible 
ignition of reactive materials either inside the cell or in the environment. Another concern 
is thermal runaway, where elevated temperatures induce spontaneous reactions of the 
active material inside the cell. These reactions are often exothermic, which can result in 
further increase of the cell temperature, further promoting thermal runaway. The total 
danger depends on the case temperature reached, which is a factor of the rate at which 
heat is generated and is vented into the environment. 

2.1 Primary batteries 

Primary batteries often have higher specific energy and energy density and low rates of 
selfdischarge. Self-discharge is the rate at which spontaneous reactions occurring inside 
the cell reduce the remaining amount of active material. The tradeoff is that once a 
battery falls below its useable potential it must be disposed and replaced, though they 
typically have much lower replacement costs. The following details were gathered from 
the QinetiQ North America/Foster Miller Inc. (2009) and multiple texts covering battery 
safety and design (Levy and Bro, 1994; Pistoia, 2008; Reddy and Linden, 2011; Root, 
2010). 

2.1.1 Alkaline 

Zinc-manganese dioxide, or more commonly alkaline, batteries generally contain a zinc 
powder for the negative electrode and a manganese dioxide powder mixed with 
conductive carbon and a binder for the positive electrode. The electrolyte is an aqueous 
potassium hydroxide solution containing zinc hydroxide and a gelling agent. The half-cell 
reaction for discharge at the negative electrode is the oxidation of zinc to zinc hydroxide, 
while the reaction at the positive electrode is the reduction of manganese: 

2 2 2( ) 2 ( ) ( ) ( ) 2 ( )Zn s MnO s H O Zn OH s MnOOH s+ + → +  (1) 

The zinc and manganese hydroxides can chemically decompose into ZnO and Mn2O3, 
respectively, and water. The typical electrical potential for a fresh alkaline cell is 1.5 V, 
and during discharge cells can see a sloped profile from 1.5 V down to 0.9 V at end of 
life. 

Alkaline cells have a history of benign failure and only rare occurrences of fire or 
explosion. The inherent safety means that typical cells are not designed with any safety 
features other than robust cell casings. Leakage or rupture of the cell can allow leakage of 
the electrolyte, which can be harmful to the skin and eyes. The negative electrode cap and 
positive electrode case are usually separated with a plastic seal. A membrane vent is 
incorporated to allow safe venting in the event of overpressure. In this case a slow leak of 
electrolyte would be expected, though this would be safer than a moderate or large leak 
that could result from cell rupture if substantial overpressure was reached. 
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Over discharge or accidental charge can lead to hydrogen evolution, which can  
in turn lead to cell pressurisation and possible release of electrolyte and hydrogen gas. 
Use of low quality materials, which can sometimes be found in lower priced batteries, 
can contain higher levels of impurities in the zinc powder. These impurities can lead to 
breakdown of the water electrolyte into hydrogen. This risk is generally reduced by 
limiting the amount of impurities and with the presence of additives such as ZnO or other 
oxides and organic inhibitors including polyethylene oxide. Due in part to the low 
internal resistance, cells can be capable of high current pulses under short-circuit 
conditions. This can lead to high temperatures and occasional venting as pressure 
increases. However, it has been shown that some batteries can sustain short-circuit 
currents up to 8 A with no case venting and a case temperature of 90°C. 

2.1.2 Zinc-air 

The negative electrode for the zinc-air battery also uses a zinc powder. The positive 
electrode is atmospheric oxygen, which removes the need for the cell to store additional 
active material and results in some of the highest specific energies and energy densities of 
any commercially available battery. Potassium hydroxide solution with zinc oxide and a 
gelling agent is used for the electrolyte. The discharge reaction for the zinc electrode is 
the same as that for the zinc-manganese cell. The positive electrode features the reduction 
of oxygen:  

22 ( ) ( ) 2 ( )Zn s O g ZnO s+ →  (2) 

The open circuit potential for a primary zinc-air cell can be around 1.2 V when sealed for 
storage and 1.4 V when exposed to air. The discharge profile is relatively flat around  
1.2 V until quickly dropping to 0.8 V at end of life. No major safety concerns were found 
outside of those already discussed for alkaline batteries. 

2.1.3 Lithium-manganese dioxide 

Of all of the commercial primary cells based on lithium, lithium-manganese dioxide is 
the most common. The positive electrode is manganese dioxide powder, just as with 
alkaline batteries. The negative electrode is a foil or sheet of lithium metal. Lithium is 
much more chemically active than zinc, and lithium-manganese oxide cells can have a 
specific energy and energy density on par with that of a zinc-air cell. The cell uses an 
intercalation process where lithium metal dissolves and is inserted into the manganese 
dioxide. The negative and positive electrode reactions during discharge are, respectively, 
the oxidation of lithium and the reduction of manganese:  

2 2( ) ( ) ( ).xxLi s MnO s Li MnO s+ →  (3) 

New cells generally have open circuit potentials between 3.0 V and 3.3 V. A flat 
discharge profile is observed around 2.8 V to 3.0 V before dropping down towards 2.0 V 
at the end of life. 

In addition to higher initial costs, one of the biggest concerns for any lithium battery 
is safety. One of the main dangers with lithium-manganese dioxide cells is accidental 
recharging. Forced recharge can result in a rapid rise in cell temperature and pressure, 
which could lead to rupture or explosion. Cell structures can generally handle  
short-duration overloads, but case temperatures can still quickly reach over 100°C.  
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Cells should include a safety vent to safely relieve pressure, and many high-current 
batteries include built-in safety devices. A common example is a positive temperature 
coefficient device. Also termed a PTC, these devices separate the reactive components 
and increase in resistance as temperature increases, limiting the output current. Separators 
can be coated with polymer to reduce the risk of internal short-circuits with only a slight 
increase in internal resistance. Auto-shutdown separators can also be used, which are 
designed to deform or melt above a set temperature, often around 130°C, and impede ion 
flow between electrodes to greatly reduce the reaction rate. Caution must be taken in the 
event of electrolyte leakage due to the potentially flammable nature of the organic 
electrolyte solution. Caution must also be taken with consideration to cell rupture, as the 
highly reactive lithium metal can react violently with moisture to produce flammable or 
explosive levels of hydrogen gas and large amounts of heat. 

2.2 Secondary batteries 

Secondary batteries often have higher initial cost and lower energy capacity than similar-
sized primary packs, but the ability to recharge and reuse the packs can dramatically 
reduce operating costs in the long-term. The total number of useable charge cycles will 
ultimately depend on the total abuse the cells endure both during discharge and recharge. 
The information was gathered from the same sources used in Section 2.1 (Levy and Bro, 
1994; Pistoia, 2008; QinetiQ North America/Foster Miller Inc., 2009; Reddy and Linden, 
2011; Root, 2010). 

2.2.1 Lead acid 

The lead acid cell has been one of the most common and mature battery technologies 
used for a variety of communications and emergency systems; however, due to its low 
specific energy and energy density it is now being replaced by newer chemistries. Both 
electrodes are made of lead, with the positive electrode coated in lead oxide. The 
electrolyte is an aqueous solution of sulphuric acid. Flooded cells are typically 30–40% 
sulphuric acid by weight at full charge, dropping to about 15% after full discharge as both 
electrodes are converted into lead sulphate. The discharge reaction at the negative 
electrode is the dissolution of lead metal, while the reaction at the positive electrode is the 
reduction of the lead oxide. The final result is the formation of lead sulphate from the 
ions. This gives an overall reaction of: 

2 2 4 4 2( ) ( ) ( ) 2 ( ) ( )Pb s PbO s H SO aq PbSO s H O l+ + → +  (4) 

A typical open circuit potential is 2.0 V at full charge, which can drop down to between 
1.8 V and 1.2 V at full discharge. The discharge profile can be flat or sloped, depending 
on the battery type and discharge load. 

A newer design referred to as valve regulated (VRLA) or sealed (SLA) features either 
an adsorbed glass mat (AGM) or fused silica as a separator. The glass mat holds 
electrolyte like a sponge, whereas the fused silica behaves more as a gelling agent. The 
result is that the electrolyte is immobilised, which both reduces the amount of electrolyte 
required and reduces risk of spills or leakage and allows almost any battery orientation. 
These batteries also tend to be smaller and lighter than their flooded equivalents. In either 
case lead acid batteries are usually much heavier than other battery types, and are not 
expected to see much use for portable C&T equipment.  
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Leakage is always a safety concern since concentrated acid is used. Valve regulated 
and sealed designs greatly reduce this risk by immobilising and reducing the volume of 
the electrolyte. One of the more common failures of lead acid batteries is due to internal 
shorting from separator failure. Shorting can also occur as the plates change size and 
shape due to material deposition after multiple charge/discharge cycles. This failure mode 
is said to occur eventually in all battery designs and should be considered in establishing 
regular maintenance. The batteries are capable of large short-circuit currents. While the 
batteries will not likely be damaged by these currents, they could result in high 
temperatures being reached. Another major concern is the production of hydrogen and 
oxygen gases that is a regular result of the charging process due to the large potentials 
required. Most of the gas recombines safely. However, at the end of the charge cycle 
overcharge can occur, and the production of excess gas can result in the reduction of 
water level and pressure buildup. Vented batteries will release these gases into the 
environment, which can be dangerous in underground mining environments. Valve 
regulated and sealed batteries do not regularly vent to atmosphere and have been found to 
have a good tolerance to float charging. The use of glass mat or fused silica designs 
further reduces gas production and better facilitates safe recombination. It should be 
noted that due to the toxicity of lead proper disposal procedures need to be implemented. 
However, since use of lead acid batteries is so common commercial battery recycling and 
disposal services are readily available.  

2.2.2 Nickel-cadmium 

The negative electrode of nickel-cadmium cells is cadmium metal, though it can also 
contain iron, nickel, and graphite. The positive electrode is nickel oxyhydroxide and can 
contain cobalt oxide and carbon. Aqueous potassium hydroxide with a concentration 
between 20 and 32% by weight is used for the electrolyte. Up to 2% lithium hydroxide 
may also be added. The discharge reaction for the negative electrode is the dissolution of 
cadmium, while the reduction of nickel oxyhydroxide to nickel hydroxide occurs at the 
positive electrode:  

2 2 2( ) 2 ( ) 2 ( ) ( ) ( ) 2 ( ) ( )Cd s NiOOH s H O l Cd OH s Ni OH s+ + → +  (5) 

The cell potential is typically around 1.4 V at full charge and holds steady around 1.2 V 
for most of the discharge profile, in some cases up to 85% of their capacity. 

One of the safety concerns with nickel-cadmium cells is overcharge, which has two 
main dangers: venting due to pressure buildup and an increase in internal cell 
temperature. Charging produces oxygen at the nickel electrode which diffuses over to the 
cadmium electrode where it reacts with water to form cadmium hydroxide, Cd(OH)2. 
Recombination with hydrogen eventually reduces cadmium hydroxide back to pure 
cadmium. Cells are built with excess cadmium to prevent water decomposition. If the 
charging current exceeds the rate of oxygen reduction the cell can pressurise. Cells are 
usually equipped with a one-time or reversible vent to release this internal gas pressure. 
Significant venting will result in the loss of electrolyte, which decreases battery 
performance over time. Sealed batteries are typically charged at constant low current to 
better tolerate overcharge. In these conditions the charger can also respond better to the 
end of charge signals of accelerated temperature increase and negative potential slope.  

The gradual degradation of the separator can lead to short-circuit conditions inside the 
cell. The case can handle the resulting current, but the case temperature can increase by 
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70–80°C at the cell wall. These temperatures could cause burns to personnel or 
equipment damage. In some extreme cases short-circuiting could lead to extreme 
temperatures and bursting of the cell. Another concern is that cadmium is considered a 
toxic heavy metal and must be disposed of appropriately. This has lead to nickel-
cadmium batteries currently being phased out in Europe.  

2.2.3 Nickel-metal hydride 

Like nickel-cadmium cells, nickel-metal hydride batteries use nickel oxyhydroxide for 
the positive electrode material. An aqueous solution of potassium hydroxide, possibly 
containing lithium hydroxide, serves as the electrolyte. The difference is the use of a 
mixed metal, also termed mischmetal, hydride for the negative electrode. The discharge 
reaction at the positive electrode is the same as that for the nickel-cadmium cell. In this 
case, the negative electrode reaction is the oxidation of hydrogen adsorbed to the 
mischmetal (M) surface:  

2( ) ( ) ( ) ( ) ( )MH s NiOOH s M s Ni OH s+ → +  (6) 

The open circuit behaviour and discharge profile are very similar to what is observed for 
nickel cadmium cells, with the cell potential dropping down to 1 V at full discharge. 

Over discharge can result in hydrogen gas production at the negative electrode due to 
reversal. Reversal occurs on over discharge when the potential of the positive electrode 
becomes more negative than the mischmetal electrode. If the rate of production is not too 
high the hydrogen can usually diffuse to the positive electrode and recombine with 
oxygen to form water. Cells are limited by the positive electrode to produce oxygen on 
overcharge, which recombines with hydride at the negative electrode. The low internal 
resistance can lead to large short-circuit current similar to nickel-cadmium cells. Most 
cells can withstand a great deal of short-circuit abuse, but this can result in very high case 
temperatures high enough to cause burns or ignite flammable material. Many modern 
batteries contain integrated safety devices. These can include positive temperature 
coefficient resistors, thermal fuses, and thermistors to remotely sense pack temperatures. 

2.2.4 Lithium ion and lithium polymer 

Unlike other lithium battery types, lithium ion batteries do not use lithium metal as an 
active material. Instead, the negative electrode is typically carbon with 
polyvinyldienedifluoride binder coated on thin copper foil. Lithium transition metal 
oxides or phosphate compounds can also be suitable. The positive electrode is a lithium 
metal oxide or phosphate mixed with carbon and polyvinyldienedifluoride coated  
on thin aluminium foil. The most common materials are LiCoO2, LiNiCoO/LiNiCoAlO/ 
LiNiCoMnO compounds, LiMn2O4, and LiFePO4. The electrolyte for regular cells is 
lithium hexafluorophosphate (LiPF6) dissolved in a mix of organic solvents. Additives 
are used to modify the negative electrode reactivity and reduce electrolyte flammability. 
Like lithium-manganese dioxide cells, discharging lithium polymer cells utilise the 
intercalation of lithium ions into a metal oxide matrix for the positive electrode. The main 
difference is that instead of the dissolution of lithium metal the lithium ions are obtained 
for discharge by de-intercalation from a carbon matrix:  

1 2 2( ) ( ) ( )x xLi s Li MO s LiMO s−+ →  (7) 
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The open circuit and operating potentials of lithium ion cells range between 3 V and 4 V, 
depending on the selection of the positive electrode material. Discharge profiles can be 
flat or sloped, depending on the cell materials.  

Lithium polymer cells are a subset of the lithium ion chemistry and use an electrolyte 
that consists of a lithium salt in a polymer, glassy, or ceramic matrix formed into a thin 
film. These films are solid, contain no flammable organic liquids, and may also serve as 
the separator in some cases. These electrolytes can have conductivities similar to those of 
liquid electrolytes. Gel-polymers are the most commercially common electrolytes, though 
some commercial products use polymer films. Solid polymer cells exist but are relatively 
rare.  

Like other lithium chemistries, the use of organic electrolytes for lithium ion cells 
creates possible fire and toxicity hazards in the event of cell rupture. This danger is 
reduced in lithium polymer cells where the organic solvent is replaced with a gelled 
solvent or solid polymer material. The use of ionic lithium in place of lithium metal 
significantly reduces the hazards of exposing the electrode materials to the environment. 
The decreased chemical kinetics of the intercalation process combined with lower 
conductivity electrolyte materials in some lithium polymer cell designs can lead to 
reduced short-circuit currents.  

The main safety issue with lithium ion cells is the risk of thermal runaway. This risk 
is decreased as the state of charge decreases. The effect on the runaway limit is nonlinear 
but dramatic: it can increase from 150°C at full state of charge to above 230°C at low 
state of charge. Calendar aging and cycling also tend to increase this limit over time. 
During overcharge excessive insertion or plating of lithium occurs at the negative 
electrode and can make both electrodes less thermally stable. Overcharge also increases 
system temperature. This heating combined with reduced thermal stability can lead to 
thermal runaway and fire on overcharge. 

3 Intrinsic safety standards 

A recommended method for ensuring safe operation of equipment in emergency 
situations is to use devices that are rated as intrinsically safe (IS). While the definition for 
IS may vary between standards documents the general concept is that the battery should 
be incapable of causing an ignition or an explosion in hazardous environments under 
standard operating conditions, with no faults, and potentially up to conditions with one or 
two system faults. In the USA, IS for mining equipment is established by the Mine Safety 
and Health Administration (MSHA) and is detailed in ACRI2001, “Criteria for the 
evaluation and test of intrinsically safe apparatus and associated apparatus” (Mine Safety 
and Health Administration, 2008). Outside of the USA, many countries have adopted the 
IEC60079-11 standard prepared by the International Electrotechnical Commission 
(1999). 

3.1 MSHA standard 

The purpose of ACRI2001 is to establish the criteria used by MSHA to test an electrical 
apparatus and its components in order to meet IS requirements set by Title 30 of the Code 
of Federal Regulations. An intrinsically safe circuit is defined as  
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“one in which any spark or thermal effect produced either normally or under 
specified fault conditions is incapable, under the test conditions prescribed in 
these criteria, of causing an ignition of a methane-air atmosphere or a coal dust 
layer.” 

IS circuits are required to be incapable of releasing enough electrical or thermal energy to 
cause ignition under normal operation and with up to two faults. The test environment is 
the most easily ignitable methane-air mixture and is specified for each test. Coal dust is 
also considered as a possible ignition pathway, and the surface temperature of any 
component or its enclosure that may be exposed to coal dust, either under normal 
operation or under fault conditions, should not reach temperatures capable of thermal 
ignition of the coal dust layer. 

Section 9.3 of ACRI2001 defines the specific requirements for cells and battery 
packs. Specific attention is given to the nature and storage of the electrolyte in the battery 
cell. No battery type is allowed where there can be significant risk of electrolyte spillage. 
The battery should be enclosed to prevent any attack of circuits affecting IS by the 
electrolyte in the event of leakage. Any compartments containing batteries which may 
emit flammable gases is required to be ventilated to prevent accumulation of dangerous 
gases. Primary batteries should never be recharged, and there should be no mixing of 
primary and secondary batteries in an IS device. Specifications on the design and 
implementation of energy-limiting devices are detailed with a requirement that these 
components cannot be bypassed when operating the device. Even when designated as IS, 
equipment should be marked with warnings against replacement of batteries in hazardous 
locations. 

Additional safety requirements are detailed for lithium chemistries. Such batteries 
shall not explode or catch fire according to Underwriters Laboratory (UL) 1642 
“Standard for Lithium Batteries” in their intended application for technician-replaceable 
batteries. The intended use of lithium batteries shall also meet all applicable engineering 
considerations and conditions of use included in the UL 1642 report. Lithium cells shall 
be designed to be replaced only by a qualified technician and not by users. 

MSHA also provides a document titled “Understanding and Expediting the MSHA 
Intrinsic Safety Approval Process” (Mine Safety and Health Administration, 2009) to aid 
applicants in applying for MSHA IS certification. Section 4.1 of this document addresses 
common pitfalls of battery cell and pack design. Section 4.9 details issues common to 
designing IS lithium batteries. 

3.2 IEC standard 

IEC 60079-11 is an international standard often used for establishing IS for battery 
systems in mine environments. Versions of IEC standards are typically used as a starting 
body and adapted where necessary for specific countries or regions. Both the 
International Society of Automation (ISA) and UL have adapted a version of  
IEC 60079-11 for their use in determining IS of devices. IEC uses a definition for IS 
similar to that used by MSHA, where it is defined as  

“type of protection based on the restriction of electrical energy within apparatus 
and of interconnecting wiring exposed to the potentially explosive atmosphere 
to a level below that which can cause ignition by either sparking or heating 
effects.” 
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An IS circuit is, in turn, a circuit in which any spark or any thermal effect, produced 
under normal operating conditions or conditions up to the specified level of faults, is not 
capable of causing ignition of a representative explosive gas atmosphere. The relevant 
test atmosphere is dependent on the desired application and level of protection. The 
safety compliance is determined through both spark and thermal ignition compliance. 

A fault is defined as  
“any defect of any component, separation, insulation or connection between 
components, not defined as infallible by IEC 60079-11, upon which the 
intrinsic safety of a circuit depends.” 

A countable fault is one which occurs in parts of the electrical apparatus conforming to 
the constructional requirements of the IEC standard. A non-countable fault is one which 
occurs in parts of the electrical apparatus not conforming to the constructional 
requirements of the IEC standard. Normal operation is then defined as the operation of 
the device conforming electrically and mechanically within its design specifications and 
is used within the limits established by the manufacturer.  

IEC 60079-11 Section 7.4 is devoted specifically to IS requirements for battery  
cells and packs. Many of these requirements are similar to those found in ACRI2001 
Section 9.3. Cells shall be of a design where there can be no spillage of electrolyte; 
otherwise, the cells shall be enclosed to prevent damage to safety components by the 
electrolyte. If cells are encapsulated in accordance with IEC 60079-11 Section 6.6, they 
shall be tested after encapsulation. Secondary cells must be demonstrated by the 
manufacturer to have a concentration of hydrogen in the free volume of the battery 
container that does not exceed 2% by volume. The alternative is to arrange degassing 
apertures such that the escaping gases are not vented into any enclosure of the device 
containing electrical connections or components. 

Unlike ACRI2001 there is no section specifically addressing lithium batteries. 
However, Section 10.5 specifically addresses test procedures for battery cells and packs. 
These tests include electrolyte leakage, spark ignition and surface temperature, and 
battery container pressure. 

4 Charging systems 

When planning for the use of secondary battery systems in potentially hazardous 
environments, it is important to consider the charging systems to maximise both safety 
and performance of the C&T devices. Such considerations should include the applied 
charge method, monitoring of battery pack state of charge and state of health, and 
location of the charge systems. 

There are two main safety concerns to consider for battery charging systems. The first 
is the chargers serving as a source of ignition or explosion. This could occur due to 
shorting of equipment, overheating, or generation of hydrogen gas when recharging 
batteries with aqueous electrolytes. For portable equipment all of these risks can be 
mitigated by locating the charging equipment in a fresh-air environment. When possible, 
it has been recommended to locate stationary battery systems in fresh air, allowing IS 
power to be supplied to C&T equipment in the event of loss of main mine power 
(QinetiQ North America/Foster Miller Inc., 2009). 
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The second safety concern is the release of flammable or explosive materials. While it 
is not as much of a concern for lithium batteries, the recharging of aqueous electrolyte 
batteries often results in the production of hydrogen gas as a by product. This is generally 
due to the breakdown of the water electrolyte from recharge voltages well above the 
decomposition potential of the water. While the amount of gas generated during low-rate 
charging is usually diluted enough to be of minimal danger, a very small hydrogen 
explosion could be enough to ignite a surrounding methane environment. For this reason 
it should be considered a risk for stationary systems, since portable systems are expected 
to be charged in fresh-air environments. 

5 Disposal 

One of the most relevant regulations for battery disposal is 40 CFR 273, “Standards for 
Universal Waste Management” (United States Environmental Protection Agency, 2012). 
Section 273.2 describes the applicability of this regulation to batteries. Subsections B and 
C cover the standards for small and large waste handlers, respectively. While many of the 
regulations focus on manufacturing issues such as proper labelling of battery packs and 
designing for removability of the batteries to aid in disposal, it will ultimately be up to 
the end user to make certain that batteries are properly disposed once they have reached 
end of life conditions. 

For portable systems, particularly battery packs under 5 kg or 11 lbs. in weight,  
there are many locations that offer battery collection services. Such locations  
are expected to be accessible for most mining operations, though operations in more 
remote environments may need to establish internal procedures for collecting and 
transporting batteries to proper disposal or collection facilities. Always refer first to the 
labelling and instructions from the battery manufacturer, followed by those for the 
communications and tracking devices themselves. Stationary systems with large battery 
packs will require greater planning for their ultimate disposal. It is recommended that  
this be discussed with the equipment manufacturer or distributor prior to purchase of the 
equipment. 

6 Conclusions and recommendations 

6.1 Portable devices 

Based on the reviewed literature, it is expected that aqueous electrolyte battery 
chemistries would provide little risk of catastrophic failure resulting in ignition or 
explosion. The main risk would be potential internal or external shorting of battery cells, 
which could lead to high currents being drawn. However, it is felt that these concerns are 
adequately addressed in C&T equipment if IS standards are applied. The more likely 
concern would be the premature failure of batteries. Lithium battery chemistries provide 
energy and power densities that more easily meet the 48 h operating requirements 
recommended by MSHA. However, these batteries also see significant safety issues due 
to the high reactivity of the battery materials should the cells be exposed to high 
temperatures or allowed to rupture. Safety measures exist for implementation in lithium 
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batteries, through the tradeoff of this safety is that these batteries are expected to have 
significantly higher initial costs for equipment. 

Aside from safety in the event of failure, the other main concern for portable devices 
is ensuring that the batteries have the energy storage capacity to operate for the 48 h 
recommended by MSHA. Most secondary batteries see significant reduction in maximum 
charge cycles when they are completely discharged. In most cases, the requirement for 
48 h operating capabilities should ensure that portable devices avoid complete discharge 
during regular shifts. When selecting appropriate battery packs, mine operators should 
consider that it is common practice to replace a secondary cell when its maximum state of 
charge drops to 80% of its initial capacity. As such, batteries should be selected so that 
80% of the initial capacity would still provide enough energy to power C&T devices 
through an entire shift plus any expected emergency operation. 

6.2 Stationary devices 

Moderate-sized battery systems, such as those that may be used for communication 
repeaters or nodes for distributed power layouts, may benefit from using lithium ion cells. 
In these cases the size and weight limitations of the equipment may benefit from the high 
energy and power densities. However, large battery systems, such as those that would be 
employed for centralised emergency power, would not be expected to use lithium 
chemistries due to the increased cost and safety risks. Lead acid batteries will likely be 
the economical choice for stationary systems where the size and weight of the battery is 
not a primary concern. 
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Abstract: China is the biggest coal producer and consumer in the world. Coal 
is the dominant fuel source in China. Coal production in China is estimated to 
increase and peak at 4.5 billion tons in 2030. However, coal in the energy 
consumption structure is expected to reduce to less than 50% in 2025. The 
efficient coal capacity should be three billion tons and the reasonable capacity 
is 3.3–5 billion tons. So the annual rate of increase should be controlled at 
about 3%. The security situation has been improved persistently. It is estimated 
that the number of accidents could be controlled less than 50 in 2016 and  
the casualties could be decreased to less than 500 in 2018. It is proposed that 
the coal distribution should be optimised and the production should be limited. 
The scientific, green and low-carbon energy development strategy could 
promote the sustainable development of coal industry. 
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1 Introduction 

During the depression of the Chinese coal industry, the demand for coal was  
increasing slowly, and the coal imports increased significantly. As a result, the coal 
stockpiles grew consistently but the coal price and the profit in the coal industry 
decreased dramatically. Most of the coal enterprises faced difficulties in their business 
operation. In spite of that, the coal industry has been developing rapidly in China which 
has remained as the largest coal production country during the past decade. China is now 
also the leader of coal consumption, and therefore highly influential in the global coal 
industry. 

However, coal consumption growth rate suffered a setback due to the explosive rise 
in production and the slowing economic growth, which greatly impacted on enterprise 
interests, workers’ benefits and also the price of coal. The problems of imbalance 
between energy supply and demand, low resource utilisation rate and the limitation posed 
by environmental considerations are becoming more and more severe. Therefore, the coal 
industry is facing numerous challenges in achieving sustainable development. Coal is the 
primary energy source in China, so its mining, washing and utilisation must be improved. 
Also, the production growth rate should be slowed down and accordingly the percentage 
of total energy consumption that coal accounts for should be reduced. Achievement of 
rapid development, improvement of produce quality and a close correlation of coal 
production with economy growth should be emphasised (Gao, 2012). 

With the help of the polynomial fitting data in the 2013 energy statistics (Jarret, 
1979), the composition of energy consumption in China is analysed. In addition, the trend 
of the energy composition is predicted according to the middle- and long-term plans. 
Based on the coal demand per capita, the total production is calculated. Also, with the aid 
of cubic polynomial fitting analysis of the coal production data of the past decade, coal 
production and its span of control are predicted for the next 20 years. In accordance with 
the number of accidents in coal mines and the trend of the safety conditions (Wei, 2011; 
Yu and Zheng, 2005), the achievement and the target of safe production are forecasted. 
Overall, the energy composition, coal production and the safety condition trends in this 
paper would be a reference for the development and planning of the Chinese coal 
industry in the future. 

2 Major coal producers in the world 

China, the United States, India, Australia, Indonesia, Russia and South Africa are the 
main coal producers in the world, and together consistently occupy over 82% of the total 
global production. From 2009 to 2011, this figure exceeded 87% and peaked at 87.52% 
in 2010, as shown in Figure 1 and Table 1. 

Figure 1 describes coal production in eight countries from 2001 to 2011. In this 
figure, the y-axis represents number of millions of tonnes of oil equivalent (MToe).  
As can be seen, China has been the largest producer and it virtually had a linear growth 
pattern in the past decade (BP, 2011). In spite of the production reaching 44.5% in 2009, 
China became a net importer of coal at the same time. The USA has been a net exporter  
of coal and kept coal production stable at one billion tons for decades. India has been a 
net importer of coal and its coal production keeps increasing, yet staying at a relatively 
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low level (only approximately 8% in 2009). Other countries have similar production 
levels, namely around 4%–7%, and all of them are net exporters. 

Figure 1 Coal production by country or area (see online version for colours) 

 
Source: China Energy Statistical Yearbook (2013) 

Table 1 Coal production unit: Mtoe 

Years China USA India Australia Indonesia Russian 
South 
Africa 

Percent 
of world 

2002 752.6 555.1 156.8 184.4 63.6 117.8 124.3 82.29 
2003 876.9 526.1 166.3 185.2 70.9 127.3 134.8 82.91 
2004 1033 553.2 176.4 192.6 86 130.1 137.1 84.14 
2005 1145.4 564.2 187.3 202 103.7 142.5 138.4 84.98 
2006 1234.5 576.8 197.9 201.4 137.5 143.3 138.3 85.33 
2007 1312.2 568.5 210.2 227.4 157.9 163 139.9 86.02 
2008 1452.9 579.3 225.1 231.9 165 167.2 142.5 86.77 
2009 1537.8 530.1 244.2 236.6 166.8 153.6 141.7 87.28 
2010 1623.2 531.9 244.5 237.3 186.3 180 143 87.52 
2011 1823.4 536.4 252.2 222.6 206.9 180 142.7 87.37 

3 Energy consumption composition in China and its trends 

China’s GDP occupies 7% of the global GDP in 2008 but is responsible for 17.7% of 
total energy consumption. Via preliminary analysis, this is because of the large number of 
high-energy consumption industries, unrefined industrial structure, high percentage of 
energy consumption accountable by coal and low system efficiency. 
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Figure 2 illustrates the percentages of primary energy consumption from 2001 to 
2013 for various energy sources and the expected figures from 2014 to 2030 according to 
the middle- and long-term energy source development strategies. As can be seen, coal is 
the primary energy source in China, whereas oil, gas, nuclear power and hydroelectric 
power together contribute a smaller percentage. According to the strategies of energy 
development, natural gas will become an increasingly important fuel source in the 
upcoming 2–3 decades. The development prospect of energy sources is the coexistence of 
coal, oil, natural gas and renewable energy sources. However, since 2001, the percentage 
of coal in energy consumption has consistently been more than 67% and peaked at 71.1% 
with the average being 69.4%. Hence, coal is and will still be the primary energy source 
in the next decade. From the economy’s point of view, coal is the most important  
non-renewable resource and could not be replaced in the short term. Regarding readily 
available sources of fuel, coal is still the most reliable compared to alternatives in China. 
Therefore, a thorough exploitation of the alternative aforementioned sources of energy in 
addition to the use of coal as a foundational resource is a key to the resolution of the 
current energy crisis (Wang et al., 2013; Wang, 2010). 

Figure 2 China’s energy consumption ratio and prediction (see online version for colours) 

 

As low-carbon economies are gaining popularity all over the world, environmentally 
friendly, efficient and clean energy is becoming the focus of the future. It is predicted that 
oil, gas, coal, nuclear energy and renewable energy sources will be the most important 
components of energy production in the decades to come. Coal production should be 
based on demand and should have scientifically sound regulations. Lowering the 
percentage of coal in energy consumption and facilitating the use of low-carbon energy 
should become the priority. 

Table 2 describes the expected percentage of energy consumption accountable by 
coal from 2014. As can be seen, this percentage would be reduced to less than 50% by 
2025 (Chen, 2011). In addition, the percentages of total consumption due to the use  
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of hydraulic power and nuclear power would be increasing consistently and it is predicted 
to reach 20% by 2030. Undoubtedly, clean energy would keep developing and would 
occupy more than half of the total energy in the long run. 

Table 2 Percentages of energy consumption that coal accounts for in China 

Years 2013 2014 2015 2016 2017 2018 2019 2020 2021 
Percentage 65.8 64.6 63.2 61.8 60.5 59 57.5 56 54.6 
Years 2022 2023 2024 2025 2026 2027 2028 2029 2030 
Percentage 53 51.7 50.2 48.9 47.6 46.4 45.1 44 43 

4 Analysis of the current condition and the prediction of future coal 
production in China 

4.1 The current condition 

Coal production in China has been increasing steadily at an average rate of 225 million 
tonnes per year for the past decade and it has reached 3.65 billion tones, which account 
for nearly 50% of the total coal production in the world.  

If it continued to increase at this speed, as shown in Figure 3, coal production could 
be expected to peak at eight billion tonnes by 2030. The rapidly increasing production of 
coal promoted the economic boost but also substantiated a great burden on the 
environment. Various problems have become increasingly prominent, including 
occupational health and safety, the deterioration of water resources, ground subsidence, 
low energy efficiency and environmental degradation. Therefore, the growth rate of coal 
production should be closely monitored and controlled so that an economical, safe, clean 
and sustainable form of production is accomplished. 

Figure 3 Trends for China’s coal production (see online version for colours) 
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4.2 Calculation and prediction on the coal quantity demanded 

In a typical modern lifestyle, 1.2–1.6 tonne standard coal is demanded per person. For 
China that has a population of 1.4 billion, this translates to around 2.0–2.7 billion tonnes. 
The data in Table 3 show that the production in 2008 could still meet this demand. 
However, to reach the lifestyle of a typical developed country, standard coal production 
should be 2.8–4.2 billion tonnes and raw coal production should reach 3.3–5 billion 
tonnes based on an approximation of 2–3 tonnes per capita. This denotes that the coal 
production in 2011 could potentially meet the demand of building a well-off society. 

Table 3 China’s coal production and predictions (unit: 100 million tons) 

Years 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

Coal production 19.5 21.1 23.25 25.23 28.2 30.5 32.4 35.2 36.5 37.1 38 38.5 
Years 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 
Coal production 40.7 41.2 41.7 42.1 42.5 42.9 43.2 43.5 43.9 44.2 44.6 45 

To optimise the development of the economy in China, coal output should be reasonably 
controlled to a range of 3.4–5.0 billion tonnes. To achieve the target of doubling resident 
income in 2021 compared to that in 2010 as set in the 18th national congress of the 
Communist Party of China, raw coal production should be controlled under 4.2 billion 
tonnes. In 2012, the net import of coal reached 0.3 billion tonnes (Huang, 2012). Hence, 
the upper limit should be set at five billion tonnes and this is marked by the pink curve in 
Figure 3, whereas the lower limit is 3.5 billion tonnes that is marked by the blue curve 
(Lin and Liu, 2010). Therefore, there is still much room for further increase in coal 
production but the rate of growth must be controlled within 3%, equivalent to 150 million 
tonnes annually (Cristina et al., 2011). According to China’s middle-term energy 
development strategy, the energy consumption should be controlled to around four billion 
tonnes by 2020 and 4.5 billion tonnes by 2030. Based on these data, the coal production 
trend is marked as the red curve in the Figure 3 and detailed data are illustrated in  
Table 3. 

4.3 The distribution of coal in China and analysis of supply and demand 

The distribution of coal reserves in China is extremely non-uniform. Generally, the coal 
reserves in northern China are much more abundant than that in southern China. To be 
exact, more than 90% are distributed in the northern provinces, especially in Xinjiang, 
Inner Mongolia and Shanxi, whose coal reserves exceed 50 billion tonnes. Only 10% are 
distributed in southern China like Yunnan and Guizhou. Moreover, the geological 
conditions of coal seam in the south are more complicated than that of the north (Moritz 
and Johannes, 2011). 

On the other hand, the patterns of supply and consumption of coal in China are also 
extremely uneven (Tian et al., 2006). As described in Figure 4, in eastern China, 87% of 
the coal reserves are distributed in the provinces of Anhui and Shandong, while Shanghai 
and Yangtze River Delta Economic Zone dominated consumption. In Central China, the 
province of Henan possesses 72% of the coal reserves but Wuhan and Pearl River Delta 
Economic Zone consumed the most. In southern China, 67% of coal reserves are found in 
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the province of Guizhou but the industrial zone is mainly located in Sichuan. In the 
northeast, with 52% of the coal reserves are located in Heilongjiang, whereas the 
industrial zone is primarily in Liaoning. 

Figure 4 Geographical distribution of coal in China (see online version for colours) 

 

5 The current condition and predictions regarding safety of the Chinese 
coal industry 

Safety in the coal industry has been constantly improved in recent years. However, the 
coal production is still an overloaded operation. 

It is obviously from Figure 5 that the numbers of casualties and accidents have seen a 
steady decline due to the emphasis on coal mine safety and safety system investment.  
To be specific: 779 accidents occurred and 1384 people were killed in 2012, and these 
numbers are 1642 and 2402 less, respectively, compared to 2007. Even though the safety 
level keeps improving, there were still 1300 victims last year. Compared to coal mine 
safety in developed countries, whose death rates stand at about 0.02–0.03 per million 
tonnes, the complicated geological conditions, high gas content and coal mining water 
inrush in Chinese coal mines create much pressure in safe production. Generally 
speaking, the safety conditions in state-owned coal mines are much better than the 
township coal mines and the level of mechanisation in the northern area is higher than 
that of the south. The death rate per million tonnes decreased from 0.749 in 2010 to 0.564 
in 2011, seeing a 24.7% reduction, whereas the death rate for state-owned coal mines saw 
a 41.4% reduction, going down from 0.278 in 2010 to 0.163 in 2011. On the contrary, 
this figure for local coal mines grew 29.6% from 0.507 in 2010 to 0.657 in 2011. The 
township coal mines witnessed the biggest death rate, though this figure decreased from 
1.414 to 1.104, a 21.9% reduction. 

It is easy to find out that the vast majority of the accidents and deaths happened in the 
local and township-owned coal mines. Therefore, accountability for safety should be 
emphasised to raise mining safety awareness, and investment for safety should be 
increased to improve mining technology. In addition, fairer legal systems are needed  
(Wu et al., 2011). The six systems in coal mines should also be put forward: monitoring 
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and controlling, personnel positioning, communication, emergency protocols in face of 
imminent danger, forced air self-rescue devices and water rescue systems. In this way, 
safe production could be achieved in these mines. The safety achievements in the future 
are forecasted in Table 4. Specifically, the number of accidents will be controlled to 
within 50 by 2016 and the victims are expected to reduce to less than 500 by 2018. 
Eventually, the death rate for each million tonnes would be controlled to around 0.1 so 
that safe and efficient mining could be achieved. 

Figure 5 Trends and statistics of coal mine safety (see online version for colours) 

 

Table 4 Coal mining safety situation and forecast in China 

Years 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 

Number of 
casualty 

3215 2631 2433 1973 1384 1186 934 737 896 511 482 

Number of 
accidents 

1954 1616 1403 1201 779 591 383 203 50   

Death rate 1.14 0.86 0.75 0.56 0.38 0.31 0.24 0.19 0.15 0.13 0.11 

6 Remodelling of the coal industry 

With the rapid development and the remarkable achievement of the coal industry, people 
pay more and more attention to safety and more restrictions are being imposed. At the 
same time, dramatic changes, such as technological advances, safety devices, and public 
perception of the coal industry, have taken place. More and more highly educated people 
start to work on-site. According to the survey in 2006, those with middle school 
education are the main labour source in coal mines, which is quite different to the past 
situation. At present, the governments put emphasis on the fundamental theories and 
advanced technology in coal production. More and more scientific research institutions 
and universities are conducting research on efficient mining, comprehensive control of 
gas, 1000 m deep mine, technology and equipment for 10-million tonne coal mines, 
which promote the safety conditions and the level of mechanisation. The strongest 
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hydraulic support is manufactured in China and the 10 million production working face is 
designed by China. Mechanical mining in the thin seam, coal and gas outburst 
prevention, full-seam mining and top-coal caving mining technologies are world-leading 
at the moment. 

The cooperation between the coal industry and the universities and the scientific 
research institutions accelerate development (Hao, 2011). Lots of outstanding on-site 
employees obtain opportunities to pursue further education and many professors in 
universities could go to the coal mines to partake in management. School-enterprise 
cooperation in management promotes the improvement of personnel quality. More and 
more university graduates are willing to work on-site, and the employees are expected to 
become better-educated, more professional, more competent and younger in age. 

7 Conclusions 

• Based on current energy consumption and trends, it is predicted that the percentage 
contributed by coal resources would decrease annually in the future, with the figure 
dropping from 67% now to 49% by 2025. Clean energy, such as hydro-energy and 
nuclear energy, would keep developing and occupy about 20% of the total energy by 
2030. On the other hand, the percentage of oil would show little change in the next 
20 years and that of gas would increase by a small margin. 

• With the rapid increase of coal production, it is important that this is controlled using 
sound scientific principles. Based on a scientific, green and low-carbon strategy, the 
coal resources should be exploited and utilised in a energy-saving way. It is 
predicted that coal production would peak at 4.5 billion tonnes by 2030 and the 
reasonable production should be between 3.3 and 5 billion tonnes. The annual rate of 
increase should be controlled to under 3%. 

• Through the investments into safety and the application of six systems, the safety 
conditions in coal mines would be improved constantly. It is predicted the number of 
accidents will be controlled to within 50 by 2016 and the victims would be reduced 
to less than 500 by 2018. Eventually, the death rate for each million tonnes of coal 
mined would be controlled to around 0.1 so that safe and efficient mining could be 
achieved. 

• The next 20 years for the Chinese coal industry are teemed with important 
developmental opportunities. Also, it is a revolutionary period for promoting the 
rational exploitation of resources, regional economic and social development and 
also ecological and environmental conservation. The coal industry is expected to 
gradually evolve to become increasingly digitalised, informationalised, automatic, 
safe and highly mechanised. 
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