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The amount of energy used to break rock is of interest 
in mine-to-mill operations to minimize energy consumption 
during blasting at the mine site and comminution at the pro-
cessing plant. In this research, a direct energy measurement 
was made using high-velocity impact to cause breakage of 
long granite cores, and to study the energy dissipation along 
the entire bar length. The results show the formation of three 
zones of damage — fragmentation, fracture and elastic — that 
have been characterized in 3D using X-ray tomography. The 
fragmentation zone of the granite bars was studied in de-
tail to describe the particle size distribution and the particle 
shape characteristics. The experimental energy dissipation in 
the fragmentation zone was found to be in close agreement 
with the expected energy calculated from the Bond work in-
dex (BWI) equation [1] when the anisotropic granite particles 
in the fragmentation zone are defined by length rather than 
by sieve size. The results increase our understanding of rock 
breakage and energy consumption and may find future ap-
plications in mine-to-mill operations.

Methods and procedures
The test methods and procedures performed on granite 

bars and their remains from high-velocity impact experi-
ments include the measurement of the applied initial energy 
and the decay of energy along a bar followed by examina-
tion of the bar remains using X-ray tomography imaging and 
3D analysis of the tomographic images, along with particle 
separation. 

Energy measurement results
 The granite bars were tested using a modification of the 

split Hopkinson pressure bar (SHPB) apparatus called the 
Hustrulid bar (HB) [2]. The experiment consists of a gas gun 
that fires a small steel striker bar on a much longer steel bar 
called the incident bar that is placed in direct contact with a 
granite bar. The steel striker and incident bars are required 
for elastic behavior and in the equations used for energy cal-
culation.

The striker bar energy, calculated by the kinetic energy 

Energy dissipation and fragmentation of granite core during high-velocity 
impact
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Fig. 1  Calculated energy versus distance at measurement locations along the length of the granite bar. 
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equation, was 2,629 J. Because the striker and incident bars 
are both made of steel, mechanical impedance is minimized, 
and most (82.5 percent) of the kinetic energy from the strik-
er bar is transferred as strain energy into the incident bar of 
2,168 J. 

When the energy in the incident bar contacts the gran-
ite bar, some of it is reflected by mechanical impedance and 
some enters the granite bar, until damage to the granite bar 
severs contact with the incident bar and the remainder of 
the input energy is reflected. The total reflected energy was 
1,040 J. The difference between the applied and reflected 
energy equals the initial energy applied to the granite bar: 
2,168 − 1,040 J = 1,128 J. 

The energy entering the granite bar decays exponential-
ly as it is consumed in damage. The greatest decay of energy 
occurs in the fragmentation zone 1. The least decay of en-
ergy occurs in the elastic zone 3, where there is no damage. 
Between zones 1 and 3 is a transition damage zone 2, where 
the granite is fractured. All three zones have unique decay 
constants and exponents that depend on rock type. 

Over the fragmentation zone length of 0.225 m, the ini-
tial energy drops from 1,128 J to 280 J (Fig. 1). The absorp-
tion of energy in the fragmentation zone is the difference be-
tween the applied energy and the energy remaining after it 
passed through the fragmentation zone: 1,128 − 280 = 848 J.

X-ray computed tomography (XCT) results
To better understand the fracturing process, a granite bar 

was covered in plastic wrap before testing. While the ma-
jority of the fragmentation zone was severed from the bar, 
some of its fragmented remains were held together in place 
by the plastic wrap. Because of the XCT machine specimen 
size limitations, the remains of the granite bar were cut into 
three 25-cm (10-inch)-long sections. These three sections — 
fragmentation zone 1, fractured zone 2 and elastic zone 3 — 
were shipped to be imaged by X-ray computed tomography 
(XCT) using the Carl Zeiss VoluMax 800 scanner. Figure 2 
shows the volume rendered images from the three cut zones 
of the granite bar — zones 1, 2 and 3 — with half of each 
zone volume removed.

The internal image from Fig. 2 zone 1 shows some of the 
bar remains near the end of the fragmentation zone (left) 
as it transitions to the fracture zone (right). The fragmenta-
tion in zone 1 has well-defined particles in the first 25 cm. 
Fragmentation transitions to linear structures containing 
smaller fragments interspersed among larger fragments. The 
anisotropic particle shape is a feature associated with the 
unidirectional compression wave. Zone 2 is characterized 
by longitudinal cracks propagating in the direction of the 
compression wave that extend an additional 25 cm. In the 
elastic zone 3, cracking is not evident at the voxel resolution 
of 125 μm, and the core appears to be without damage. As 
expected, the extent of damage decreases along the length of 
the core from impact.

Because of the anisotropic shape, particles from the frag-
mentation zone were sized by length as the characteristic 
dimension, and the results are presented in Table 1, which 
reveal an 80 percent passing size of 60 mm.

Comparison of measured energy to that calculated 
from the BWI equation

The energy consumed in the fragmentation zone was 
compared to the energy required for breakage using the 
BWI equation that requires the work index for granite and 
the 80 percent passing size for feed (F, initial size, in µm) and 
product (P, final size, in µm). 

The bond energy calculation is sensitive to how particle 
size is defined, especially in this case for the anisotropic par-
ticles in zone 1. If the particles are defined by the length, 
the product 80 percent passing size is 60 mm, and the Bond 
energy is found to be 899 J. These calculations of Bond en-
ergy are consistent with the energy of 848 J measured for 
fragmentation during high-velocity impact. 

Fig. 2  Sectional views of volume rendered images from 
fragmented zone 1, fracture zone 2, and elastic zone 3, from 

granite bar test after removing half of its volume.

Table 1 — Particle size analysis of granite core fragmen-
tation zone, with length as the characteristic dimension.

Particle length 
class (mm)

Weight (percent)
Cumulative  

percent passing

>100  3.91 100.00

100 × 70  8.31   96.09

70 × 50 14.65   87.78

50 × 35   6.16   73.12

35 × 25   8.11   66.96

<25  58.85   58.85
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This investigation of the petromineralogical studies of  
the late Paleocene–middle Eocene phosphatic nodules in the 
Dati-Dib area of Solan District is an attempt to study and 
observe the mineralogical characters, distribution pattern, 
texture and optical behavior of phosphate-bearing miner-
als and associated gangue in order to interpret the mode of 
their formation and depositional environment of the basin. 
The findings obtained from thin-section, X-ray diffraction 
(XRD) and scanning electron microscopy with energy-dis-
persive X-ray spectroscopy (SEM with EDX) studies indi-
cate that the minerals’ different forms, textures and distribu-
tions in phosphatic nodules might be due to environmental 
vicissitudes in oxidizing to reducing conditions followed 
by replacement processes. Various separation methods and 
flowsheets are used to separate phosphate from gangue min-
erals in phosphate nodules. Based on the phosphate and 
gangue minerals present in the nodules, low-temperature 
roasting at 400 to 600 °C, combined with dry magnetic sepa-
ration and high-intensity electrostatic separation, are used 
to separate phosphate from organic matter, sulfide minerals 
and quartz. The most important fertilizers produced are sin-
gle and triple superphosphates (SSP, TSP) and ammonium 
phosphates (MAP, DAP).

Background
The Subathu Formation in Solan District of Himachal 

Pradesh, northwest Sub-Himalaya, is famous for various 
geological and palaeobiogeographical aspects. The Subathu 
Formation has phosphorites that are found to occur in the 
form of pellets, ovulates, bone and replacement fragments, 
and phosphatic nodules (Fig. 1). Due to the paucity and high 
requirement of phosphorite, Dati-Dib and its adjoining ar-
eas have attracted prospecting from time to time.

The Subathu Formation is bounded by thrust on both 
sides, which appear as narrow strips. This formation is under-
lain by Kasauli Formation on the western and southwestern 
sides, and on the other side, it is underlain by the Basantpur 
Formation, which is folded in a synclines structure (Fig. 2). 
The Subathu Formation consists of limestones, shales and 
green mudstones. The rocks are rich in fossils, indicating 
a shallow marine environment. The Kasauli Formation is 
mainly characterized by predominant variegated sandstone 
and clay, whereas the Basantpur Formation comprises hard 
and massive dolomitic limestone and shale.

Materials and methodology
Using a polarizing microscope, a thin-section study was 

Conclusions
High-velocity impact tests performed on granite bars 

were used to study damage as a function of energy dissipa-
tion. The results are of interest to explain blasting and com-
minution phenomena encountered in the mineral industry. 
XCT examination of the damaged bar revealed that damage 
occurred in three distinct zones identified as the fragmenta-
tion, fracture and elastic zones. The size and shape of particles 
in the fragmentation zone were found to be anisotropic, with 
elongation in the direction of energy propagation as the dis-
tance from impact increased. When the particles are defined 
by length rather than by sieve size, the energy absorbed is in 

agreement with that calculated from the BWI equation to 
about 5 percent. While good agreement of experimental en-
ergy for fragmentation and calculated BWI energy was found 
for the granite core, such agreement was not found for materi-
als with porous textures such as limestone and concrete core 
bars. Results suggest that the texture of the core material is an 
important factor in the energy analysis. ■
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performed to explore the optical behavior and mineralogi-
cal characters of the phosphorite nodules collected from the 
Dati-Dib area. The powdered nodule samples, of approxi-
mately 200 mesh size, were run through an XRD instrument 
to obtain diffractograms that were used to interpret mineral-
ogy. The stub-fixed, freshly broken samples were coated with 
a thin coating of gold using a gold sputter coater. Prepared 
samples at diverse magnifications were examined under a 
JEOL JSM-6400 SEM attached with an energy-dispersive 
X-ray microanalyzer to interpret the crystal morphology, 
shape, size and nature of the mineral grains.

Results and discussion
Mineralogical studies of the phosphatic nodules reveal 

that phosphate minerals are found in the form of pellets or 

nodules and as a matrix of apatite in the groundmass com-
posed essentially of the mineral fluorapatite (Ca

5
(PO

4
)

3
F), 

which is the dominant phosphate mineral of phosphatic nod-
ules typically found in cryptocrystalline nature in the Dati-
Dib area. The phosphatic nodules contain organic matter, 
which imparts a brown to brownish-black color to the nod-
ules. Dark-brown radiolaria, approximately 0.2 mm in size, 
are completely phosphatized. The test of the planktonic for-
aminifera is completely replaced by the silica material, and 
the internal part of the chamber is still preserved. Irregular 
grains or masses of pyrite are disseminated throughout the 
entire mass. Diffractometric analyses of selected phosphatic 
nodules reveal that the dominant minerals are fluorapatite 
and quartz with a minor amount of hydroxyl apatite. SEM ob-
servation of phosphatic nodules was performed on fractured 

Fig. 2  Modified geological map of a part of Solan District, Himachal Pradesh (modified from [1]). 

Fig. 1  Photographs of phosphate nodules from the Dati-Dib area of Solan District, Himachal Pradesh:  
(a) Hand specimen of phosphate nodules (b) Halves cut nodule sections. 
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Incident investigation is of utmost importance in most 
high-risk industries and is often used to improve organiza-
tional safety. This study was undertaken to examine the con-
tent of past incident investigation reports to determine the ef-
fectiveness of the incident investigations. The study develops 
a semi-quantitative method to assess the effectiveness of inci-
dent investigations in the Ghanaian mining industry by evalu-
ating the quality of past investigation reports. The assessment 
tool consists of five elements with several indicators and rat-
ing scales for assessing the quality of an investigation report 
as an indicator of the effectiveness of the investigation. The 
method was applied to 304 investigation reports of three Gha-

naian large-scale gold mines, and the results correlated with 
incidence rates of the mines to determine if any relationship 
existed. The results showed that the mines differ significantly 
in the quality of their investigation reports, suggesting differ-
ences in the effectiveness of their investigations. In addition, 
the incidence rates of the mines negatively correlated with 
some elements of the assessment tool. In general, the method 
was found to be practically useful, as it is able to identify areas 
where incident investigation improvements are needed. 

Background
The learning-from-incidents process models the plan-

surfaces to observe the internal texture of the nodules. The 
presence of crystalline apatite in these nodules indicates that 
in initial stage, the phosphate was deposited as noncrystalline 
or least crystalline metastable phase, but later on, it was trans-
formed into crystalline apatite, depending on the saturation 
of phosphate minerals. At places, independent rod-shaped 
detrital apatite grains, approximately 20 μm in size, are seen 
that might be a part of earlier formed phosphorites. Micro-
bial filaments and phosphatized planktonic foraminifera are 
observed in the groundmass of cryptocrystalline apatite that 
indicate the initial stage of formation of phosphatic nodules in 
shallow marine environmental conditions. Later on, organic 
matter was decomposed, and dissolved sulfate reacted with 
detrital iron minerals, forming pyrite, which occurs as equi-
granular euhedral microcrystals. All of these findings indicate 
that the reducing depositional conditions were prevailing at 
the time of formation of these phosphatic nodules.

Conclusion
The phosphatic nodules of the Dati-Dib block of Solan 

District, Himachal Pradesh, are solely confined to the green 
facies of the Subathu Formation of Sirmur group. Thin-

section, XRD and SEM with EDX studies reveal that flu-
orapatite is the dominant phosphate mineral of the apatite 
family. Silt-size silica is the predominant gangue mineral, 
whereas pyrite and muscovite are minor gangue minerals. 
The presence of organic matter gives a brown to brownish-
black color to the phosphatic nodules. Phosphatized radio-
laria and incomplete pyritized planktonic foraminifera were 
noted. The phosphate minerals appear as pellets, oolites and 
cryptocrystalline apatite in the groundmass. Original phos-
phatic matrix is replaced by the network of silica veins. Or-
ganic matter in the form of microbial filaments as revealed 
by SEM studies indicates the role of microorganisms in the 
formation of phosphatic nodules. 

It is concluded from the thin-section, XRD and SEM 
with EDX studies that the mineral assemblages in the phos-
phatic nodules may have been initially formed in shallow 
marine environmental conditions, followed by reducing con-
ditions with some environmental changes, replacement pro-
cesses and biogenic activities. ■
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act-check-do approach of management systems, often con-
sisting of four major stages: (1) data collection and incident 
analysis, (2) planning interventions, (3) implementing inter-
ventions and follow-ups, and (4) evaluation. Incident investi-
gations and analyses have been recognized as one of the vital 
stages of the learning process, because it is the stage where 
lessons are identified [1-3]. It has also been reported in the 
literature that results of the previous stage of the learning 
process are important for the next stage [1]. For instance, in-
effective incident analyses could result in the planning of in-
effective remedial measures, which subsequently may affect 
safety. One of the primary aims of incident investigations 
is to identify lessons from previous incidents which, when 
implemented, can prevent future recurrences or minimize 
the effects of future incidents. Organizations therefore need 
to assess the quality of their investigations periodically, as it 
is one of the notable means for improving workplace safety. 
Over the years, there has been a lack of focus on the effec-
tiveness of incident investigations. This study was therefore 
initiated to contribute to this gap, focusing more closely on 
the quality of past incident investigation reports.

Method
An assessment tool was developed based on the works 

of Jacobsson, Ek and Akselsson [2] and Itoh, Omata and An-
dersen [4] and by adding elements specific to incident inves-
tigation reports collected from six large-scale Ghanaian gold 
mines. The assessment tool consists of: (1) elements, (2) indi-
cators of each element and (3) a rating scale for assessing the 
effectiveness of each element based on the indicators. 

The elements are various components of an investigation 
report, and five elements were defined after reading through 
450 investigation reports. The elements, in turn, contain sev-
eral indicators that should be covered in an investigation re-
port. To be able to analyze an incident to determine what the 
causes were and recommend measures for preventing future 
events, a good description of the incident with relevant data 
is a prerequisite. Therefore, as a minimum, an investigation 

report should contain information on the incident itself, the 
circumstance surrounding the incident, the causes of the 
incidents and recommendation of measures for preventing 
future events. The first element — general information — fo-
cuses on the characteristics of victims, incident, equipment 
involved and those conducting the investigation. The second 
— incident description — consists of a detailed description 
of the incident and the circumstances surrounding it. The 
third — time-band description — focuses on details of the 
sequence of events leading up to and when the incident was 
resolved. The fourth and fifth elements, respectively, concern 
the causal factors and the corrective measures proposed fol-
lowing the identified causes. In order to assess and express 
the quality of an investigation report for the various ele-
ments numerically, a semi-quantitative rating scale of 1 to 10, 
divided into four quality levels, was developed. In using the 
scale, the assessor compares the information in the actual 
investigation report with the description in the scale, and the 
level best matching the actual description is selected. The as-
sessment tool was then applied to 304 investigation reports 
of three large-scale Ghanaian gold mines to determine the 
quality of their investigations and the usability of the assess-
ment tool.

Results
Figure 1 shows a distribution of the quality of investiga-

tion scores for each of the five elements of the assessment 
tool and the global score. The figure exemplifies character-
istics from the lowest (1-2 Poor) to the highest (8-10 Excel-
lent) quality level of the investigation reports. Across all the 
mines, the elements measuring the causal factor and correc-
tive measures exhibited the most characteristics of the lower 
levels (Poor to Fair) and the least characteristics of the high-
est level (Excellent). 

Discussions and conclusions
Across all the mines, the general information element 

scored highest, while causal factors and corrective measures 

Fig. 1  Comparison of the quality of investigation levels across the three mines. 
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Diesel particulate matter (DPM) has been classified as a 
carcinogen to humans by the International Agency for Re-
search on Cancer. DPM exposure is therefore regulated by the 
U.S. Mine Safety and Health Administration (MSHA). The 
current monitoring process takes days or weeks for exposure 
levels to be known, and a real-time monitoring device is need-
ed. It is believed that infrared spectroscopy has potential for 
use in a real-time, field-portable device. This paper presents a 
method for measuring organic carbon (OC) and elemental 
carbon (EC) in DPM for a broad range of OC/EC ratios. 

Introduction
A permissible exposure limit (PEL) for DPM of 160 µg/

m3, in terms of time-weighted average over eight hours, of 
total carbon (TC) was instituted for U.S. mines by MSHA in 
2008. Although typical levels in mines have been decreasing 
since the implementation of the PEL, DPM overexposures 

continue to occur (Fig. 1). 
Previous efforts have sought to develop a real-time 

DPM monitor [1-3], resulting in several commercially avail-
able instruments that measure light extinction in the optical 
regime which, under ideal circumstances, can be attributed 
to EC. To obtain TC from EC, one must assume that OC is 
proportional to EC with a known constant of proportional-
ity. OC/EC ratios have been shown to be roughly constant 
for aerosols derived from different sources [4]. In principle, 
this implies that TC may be estimated, given knowledge of 
EC for a particular source, to the first approximation. How-
ever, it is important to pay close attention to OC/EC ratios 
as there is evidence they may deviate due to the use of diesel 
exhaust after-treatment technologies and the increasingly 
widespread use of biodiesel [5]. 

In this study, diffuse before transflection infrared spec-
troscopy is used to quantify OC and EC as defined by the 

scored the lowest. This indicates that across the mines, there 
is a focus on describing an incident scenario and identifying 
those involved in an incident. However, when it comes to 
the most important stage of identifying the causes of an in-
cident and proposing solutions, there is less focus. The iden-
tified causes often had a local view, focusing on the proxi-
mate causes in contrast to the distal causes. Again, the result 
further suggests that, even when distal causes are identified, 
the solutions proposed remain shallow, addressing mostly 
the immediate causes, leaving the distal causes unaddressed. 
Furthermore, the mines underutilize timeline when describ-
ing an incident. There was often no description of the events 
leading up to the incident, when the incident happened, and 
when the incident was resolved. The use of timelines to de-
scribe the incident events have been found to be a key fea-
ture of effective investigations [5]. This is because describing 
an incident with a timeline is an effective means of summa-
rizing relevant information about the incident. Particularly, 

when the timeline description is represented graphically, 
it has been found to be useful in identifying data gaps, en-
abling an effective analysis of the incident during the search 
for causes. ■
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NIOSH 5040 method of the U.S. National Institute for Oc-
cupational Safety and Health (NIOSH). It should be noted 
that there have been other successful quantifications of car-
bonaceous aerosols by way of Fourier transform infrared 
(FT-IR) spectroscopy. However, the data presented here are 
unique in that they represent the first FT-IR prediction of 
OC and EC as defined by the NIOSH 5040 method. Further, 
in this study, collocated samples were not needed — rather, 
the same filter on which the 5040 analysis was performed 
was analyzed directly by way of FT-IR. In this way, artifacts 
such as the loss of semivolatile organic carbon are avoided. 

Research method
DPM sampling. To simulate the evolving nature of DPM 

— specifically, the potentially more diverse array of OC/
EC ratios [6] — several different sampling methods/sources 
were used in this study. Some of the data were generated us-
ing a laboratory-based system, specifically designed for col-
lecting tailpipe samples from a variety of diesel engines. In 

addition to these laboratory-generated samples, 60 samples 
were obtained from within two different operating mines. 

Infrared spectrometry. The mid-infrared spectrum of 
each DPM-loaded quartz fiber filter was measured immedi-
ately prior to the filter being placed into a Sunset Laboratory 
Inc. organic carbon/elemental carbon laboratory instrument 
model 5L for analysis. The spectra were measured using a 
Bruker Alpha FT-IR spectrometer equipped with a diffuse 
reflection accessory that incorporated a gold mirror backing.

Processing of infrared spectra for determining organic 
carbon. It was observed previously [7] that the aliphatic C-H 
stretching bands were a good candidate for quantification of 
organic carbon. In an effort to improve the model, a Monte 
Carlo algorithm was used (within the aliphatic region) to 
develop an improved linear regression model. The result-
ing model correlates quite well with the 5040 OC, having r2 
= 0.96 for the diverse range of OC/EC ratios for samples 

Fig. 1  (a) Number of DPM compliance samples taken by MSHA 
per year and (b) percentage of those samples with TC > 160 µg/m3.

(a)

(b)
Fig. 2  Correlation between OC and the multiple regression peaks. 

The color bar represents the ratio of OC to EC.

Fig. 3  Transflection spectra normalized to the 822 cm−1 peak.  
OC and EC are in µg/cm2.

Fig. 4  Correlation between the height of the baseline,  
after normalization, and the 5040 EC values.  

The color bar represents the ratio of OC to EC.
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collected in mines or in the laboratories ( ). Therefore, one 
calibration may be used to measure OC over a large range 
of OC/EC ratios. Note that the color bar in   represents the 
ratio of OC to EC.

Processing of infrared spectra for determining elemental 
carbon. When processing infrared spectra to determine EC, 
the particle size of DPM is typically so small (approximately 
100 nm) and the layer of DPM so thin (less than 2 μm) that 
the deposited DPM contributes minimally to the scattering, 
most of which arises from the quartz fiber filter. Because the 
morphology of these filters varies slightly from sample to 
sample, their scattering coefficient, and hence the baseline 
of the transflectance spectrum, will also vary. Thus, the spec-
trum must be normalized prior to quantifying the OC and EC 
contents. In this study, the spectra of quartz fiber filters were 
normalized to the silica peak at 822 cm−1 as illustrated in Fig. 3.

When this normalization is performed, it is found that 
the broad electronic absorption band of deposited polycyclic 
aromatic hydrocarbons and graphitic material increases the 
value of the apparent baseline between 3,900 and 4,000 cm−1, 
and that the average value of −log

10
        in this region cor-

relates with EC loading on the filter, as can be seen in Fig. 4.

Summary
This result opens the door to a potential FT-IR-based 

device that collects an air sample onto a filter medium and 
analyzes it for EC and OC in near-real time. In essence, the 

selection of a few bands also sets the stage for a multichan-
nel device based on an infrared source and detector that tar-
get the bands of interest.  ■

Disclaimer
The findings and conclusions in this report are those of 

the authors and do not necessarily represent the official po-
sition of the National Institute for Occupational Safety and 
Health, Centers for Disease Control and Prevention. Men-
tion of any company or product does not constitute endorse-
ment by NIOSH.
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This study aims to investigate the reduction thermody-
namics of ilmenite and pre-oxidized ilmenite, and reveals the 
isothermal reduction kinetics of pre-oxidized ilmenite con-

centrate by carbon monoxide. The results indicate that the 
ilmenite concentrate and pre-oxidized ilmenite concentrate 
can be selectively reduced by controlling the temperature. 
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The pre-oxidation process leads to the breakage of complex 
mineral structure, and the formation of porous simple oxides, 
which is an effective method to increase the reduction and 
leaching rate. 

Background
Ilmenite is the main source of material for the production 

of metallic titanium and titanium-containing compounds [1]. 
Panzhihua, located in Sichuan in southwest China, has one 
of the largest ilmenite resources in the world, with an esti-
mated ilmenite reserve of about 870 million tons, accounting 
for more than 90 percent of the total reserve in China and 
more than 35 percent of the total reserve in the world [2-3]. 
As sources of high-grade titaniferous ores are decreasing in 
the world, the reduction and utilization of low-grade ilmen-
ite (40–50 percent TiO

2
) has attracted attention. This paper’s 

aim is to evaluate the isothermal reduction kinetic models of 
pre-oxidized ilmenite, and to investigate the influence of re-
duction temperature on the reduction degree, kinetic model 
and apparent activation energies.

Materials and methodology
The ilmenite concentrate was provided by Panzhihua 

Iron & Steel Co. (Sichuan Province, China). The reduction 
experiments are carried out on a Setaram Evo TG-DTA 
1750 thermal analyzer. The reduction of samples (pre-oxi-
dized ilmenite concentrate) was performed in the furnace, 
and the weight losses were measured by a thermo-balance 
with a sensitivity of ±10−4 g in order to determine the extent 
of the reactions. The samples were put in the Al

2
O

3
 crucible 

and the weight of each sample was 30 ± 0.5 mg. When the 
samples were heated to the required temperature at a heat-
ing rate of 25 K/min, the samples were reduced in a flowing 
carbon monoxide (CO, 6 mL/min) and nitrogen (N

2
, 14 mL/

min) atmosphere, and the isothermal reduction tempera-
tures were 1,073, 1,123, 1,173 and 1,223 K, respectively. 

Key results
Effect of pre-oxidized process on mineral composition. 

The pre-oxidation process leads to the breakage of the com-
plex mineral structure of ilmenite concentrate, and the for-
mation of porous simple oxides. The original ilmenite con-
centrate was oxidized into a mixture of rutile (TiO

2
), pseu-

dobrookite (Fe
2
TiO

5
) and magnesium titanate (MgTi

2
O

5
) 

with a steady flow of air for 2 h at 1,100 °C.

Effect of pre-oxidized process on isothermal reduction. 
The pre-oxidized ilmenite concentrate has higher reducibil-
ity than the original ilmenite in a carbon monoxide atmo-
sphere. The reaction finishing time of pre-oxidized ilmenite 
concentrate was 50 percent less than that of the ilmenite 
concentrate. 

Isothermal reduction process can be divided into three 
stages. In the first stage, the conversion degree increases 
sharply with increasing time. The reduction process is con-
trolled by the random nucleation and subsequent growth 
model (A

2
 model). In the second stage, the conversion de-

gree increases slowly with increasing time. The reduction 
process is controlled by the diffusion of carbon monoxide 

in the reduced layer (D1 model). In the third 
stage, the conversion degree increases sharply 
with increasing temperature. The temperature has 
a greater effect on the reduction mechanism. The 
reduction processes at different temperatures are 
controlled by the diffusion of carbon monoxide in 
the reduced layer (1,073 K and D1 model), phase 
boundary chemical reaction (1,123 K and R

2
 mod-

el), random nucleation and subsequent growth 
(1,173 to 1,223 K, A

2
 and A

3
 models), respectively. 

For the whole reduction process, the average ap-
parent activation energies obtained by the iso-
conversional method and model-fitting method 
are 71.72 and 31.92 kJ·mol−1, respectively. ■
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The velocity of detonation (VOD) is a significant prop-
erty considered when rating an explosive, and it is quantified 
as a confined or unconfined velocity. The confined velocity is 
more significant as explosives are usually used under a defi-
nite degree of confinement. This study evaluates the stepwise 
increment of the air-deck volume from 10 to 30 percent, and 
its effect on the VOD. The VOD estimation in the 172-mm-di-
ameter explosive column was conducted using the Dáutriche 
technique. The air-deck volume increment has an attenua-
tion effect on the steady-state VOD, and detonation failure is 
high at 30 percent air-deck volume. This attenuation effect is 
directly linked to the explosive’s rating and efficacy. The air-
decking approach in this study is different from conventional 
air-decking techniques in that it does not employ the fixed bl-
asthole parameters, air-deck volume and specific VOD. 

Background
VOD is the rate at which detonation waves travel 

through an explosive column. For emulsion explosives, it 
varies between 4,000 and 5,500 m/s [1], depending on pa-
rameters such as blasthole diameter, confinement, particle 
size and explosive density. When an explosive detonates, a 
high-velocity shock wave and a tremendous release of gas 
that propagates  within the  native  medium are induced. 
This process  is a four-phase, rapid decomposition compris-
ing initiation, deflagration, deflagration to detonation, and 
detonation [2]. The VOD values of a variety of commercial 
explosives are usually nonideal and are affected by factors 
such as the interface between fuel and oxidizer, charge diam-
eter, degree of confinement and particle size [3-6]. This study 
evaluates the effects of increasing the air-deck volume on 
the VOD. The VOD is estimated in blastholes with different 
top air-deck volume using the simple Dáutriche technique. 
The top air-deck volume is increased stepwise by reducing 
the stemming height.

The VOD indicates the shock energy generated by the 
explosive that is used for rock fragmentation, also convert-
ed into seismic energy, acoustic energy and heat [7]. Berta 
[8] suggested that the transfer of this energy is a function 

of rock and explosive characteristics. Feng and Ze-gong [9] 
showed that when explosive blasting is conducted and the 
hole depth is below the critical depth, the blast energy ac-
counts for 1/40th of the entire explosive energy. Only 23 to 
37 percent of the rest of the blasting energy is used to expand 
the cavity of joints in a rock mass. The rest is transformed 
into other forms. The conventional practice of blasthole ex-
plosive is to charge to about two-thirds of the hole depth 
and stem the remaining one-third for explosive confinement 
(Fig. 1). Keeping the explosive level lower than two-thirds 
results in poor collar zone fragmentation [10-11].

Methodology 
The blast trial was conducted using 18 blastholes charged 

with booster-sensitive bulk emulsion HEF100. Top column 
air-decks that served as stemming enhancers and prevented 
energy and gases from escaping from the blasthole were 
then introduced (Fig. 2). The energy that would otherwise 
have been lost was directed into the material being blasted 
and used more efficiently for stemming zone fragmentation. 

Influence of air gap volume on achieving steady-state velocity of 
detonation
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Fig. 1  Blast fragmentation using (a) conventional and  
(b) air-deck blast.
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The air-deck volume was increased by the reduction of the 
stemming volume while keeping the emulsion explosive vol-
ume and density constant. The air-deck occupied 1.5 m of 
the blasthole depth (12.5 percent of air-deck volume) as the 
standard procedure. In this study, the air-deck was initially 
set at a depth of 1.2 m (10 percent of volume), which was 
increased in steps to 3.6 m (30 percent). 

Using the Dáutriche technique, the VOD estimation was 
attained with a detonating fuse bound onto an aluminium 
plate where detonation waves collide. A 0.005-m2 aluminium 
plate was used to estimate the detonation waves by mark-
ing their impact. The difference between the mid-mark and 
impact mark obtained from the collided detonation waves 
was measured on the aluminium plate. The advantage of 
this technique is that it is suited to unconfined spaces where 
cartridge-form explosives are used [12].

 
Results and discussion

The trials were performed by replacing 10, 15, 20, 25 and 
30 percent by volume of the blasthole with air-decks. The 
results are presented in Table 1 and Fig. 3.

The aim was to investigate the influence of the air-deck 
volume on the VOD in order to obtain optimum values for 

both the steady-state VOD and the air-deck 
volume while keeping the cost of the blasting 
consumables as low as possible. It was observed 
that the VOD measured at 3,450 m/s was opti-
mum and corresponded to 20 percent air-deck 
volume (2.4 m depth). This further reduced the 
stemming volume to about 66 percent (1.8 m) 
which, in turn, reduced the blasting costs. Em-
ploying air-decks improves collar zone frag-
mentation, reduces overpressure and vibration 
levels, and lessens overall blasting costs. It also 
influences the VOD. 

Conclusion
The study conducted based on a specific 

site, specific blasthole parameters and HEF100 
emulsion explosives led to the following con-
clusions: (1) The VOD of the explosive column 
decreased with increasing percentage of the air-
deck. The average VOD of the explosive at 20 

percent air-deck replacement was about 3,450 m/s. (2) The 
reduction in the VOD was prominent after 20 percent air-
deck volume, dropping to 3,053 m/s at 25 percent due to the 
cooling down of the reaction zone by the rarefaction from 
the air-decks. (3) The replacement with air-decks must be 
limited to 25 percent or less, depending upon the rock type, 
in order for this method of charging with air-decks to pro-
duce a stable detonation. ■
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Table 1 — Average VOD estimation with air-deck volume.

Air-deck (percent) Average VOD (m/s)

10 3,795

15 3,612

20 3,445

25 3,053

30 3,010

Fig. 2  Top air-deck column blast hole design.

Fig. 3  Average steady-state VOD versus air-deck volume..




