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1   INTRODUCTION 
 
The quantification of blasted rock is an objective 
way to rate the quality of the underlying blast. 
Such blast may be quantified by several              
parameters, and by certain volumes (e.g. blasted 
volume vs. bank volume) or the resulting        
fragmentation of the muck pile. The quantitative 
assessment of the fragmentation of broken rock at 
larger scale is an elaborate task. For a complete 
description of a muck pile, only sieving would   
deliver the true fragment size distribution but the 
required efforts make it impractical for regular  
application. 
     A reasonable compromise between high-effort 
and no-quantification at all is using contact-free 
measurement techniques. Although these         
techniques analyse just the visible part of a muck 
pile, they allow doing that at relatively low efforts 
but deliver objective comparisons between        
different blasts. 

     Existing methods usually apply 2D image   
processing algorithms on digital imagery. Due to 
the nature of the images, there are shadows and 
occlusions which make automatic 2D analyses 
prone to errors when it comes to delineating single 
particles. In doing so, there is a tendency to    
combine smaller particles to larger clusters and  
erroneously divide larger blocks into smaller 
fragments at edges that are due to shadows or rock 
structures. 
     Furthermore, existing 2D analysis software 
usually rely on some user intervention and     
therefore apply just on (representative) parts of the 
muck pile rather than the entire one. What if the 
chosen parts are not representative? 
     In contrast, three-dimensional models describe 
the surface of a muck pile in a comprehensive,   
detailed way. This data forms a proper basis for a 
more complete analysis of the visible fragments of 
a muck pile. A new algorithm uses such detailed 
3D models and applies a combined 3D - 2D    
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analysis. It detects larger particles based on their 
shape and uses image processing for refinement 
and the delineation of smaller particles which in 
principle already describes the presented method. 
     The general procedure includes the following 
steps: (i) (aerial) imaging of the area of interest 
(the muck pile), (ii) 3D model generation, and (iii) 
application of the new automatic fragmentation 
analysis algorithm. These steps are outlined in the 
following sections. 

2 DATA ACQUISITION - DRONE FLIGHT 

Image data is the basis for all subsequent analyses, 
so obviously their quality is of prime importance. 
This applies both to the image quality itself     
(contrast, sharpness) as well as to the geometric  
arrangement of the photos. Some basic rules to  
pay attention on the geometric arrangement        
include: 
 
-  Provide a definition for the smallest       

fragments to be detected as it will mainly 
drive the flight planning resp. the required 
ground sample distance (GSD) which then 
links to the flying altitude 

-  Take images with similar GSDs and view  
angles 

-  Ensure sufficient image overlap. 

2.1     Ground sample distance (GSD) 

The ground sample distance is the size of a pixel 
on the ground, or in other words the resolution of 
the images. It is the principal parameter for the 
flight planning, i.e. which geometric conditions 
shall be compiled when flying the drone. As for 
fragmentation analysis the ground sample distance 
directly links to the fines threshold, i.e. the size of 
particles which can be detected as single distinct 
elements. Thus, it is necessary to define to which 
level of detail the analysis shall be done, i.e.    
what is the size of the smallest particle that     

needs to be detected (Xmin). The presented   
method requires the following relationship for the 
image resolution: 
 
GSD = 1/3 * Xmin                               (1) 
 
Where, GSD = ground sample distance (mm/px). 
     And Xmin = size of the smallest particle to be 
detected (mm). 
     So imaging/flight planning shall be in a way 
that the average ground sample distance is three 
times smaller than the smallest particle to be      
detected. 

2.2    Drone altitude 

In general, 3D model generation shows improved 
performance if GSD is consistent in the photos. 
This means that the camera/drone has the same 
distance to the object surface. In case of objects 
with significant shape variations it is required to 
adapt the flight path accordingly (see Figure 1 
left). However, in case of drone flights it might be 
sufficient to fly the drone at a single altitude see 
Figure 1 right) and keep the camera looking      
vertically downwards (aka nadir flight). 
     The following equation is valid for nadir 
flights: 
 
D = f * GSD / (PS * 1000)                      (2) 
 
Where 
D  = distance to the object’s surface (m) 
f  = focal length (mm) 
GSD..= ground sample distance (mm) 
PS  = pixel size (mm) 

2.3     Image overlap 

The overlap between images provides the required 
redundancy that enables comprehensive 3D model 
generation. Experience showed that each surface 
point shall be visible in at least 5 photographs. 

Figure 1. Objects with large variations in depth require adapted flight paths (left); in case of a muck pile 
simplified flights at constant altitude may be possible (right); D is the distance between the object’s surface 
and the camera; note that D equals the flying altitude only in case of ‘nadir’ flights, i.e. with the camera 
looking vertically downwards. 
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This means that subsequent photos overlap by at 
least 80%. In case of muck piles it is often       
convenient to fly the area in a grid path (see Figure 
2). If the overlap between photos in flight direction 
(interphoto distance Dp) is 80% of the field of 
view (image area) then the overlap in lateral       
direction (intertrack distance Dt) might be      
75%-80%. 
     In order to estimate the distance between     
subsequent photos the following relationships may 
be used: 
 
Dp < 0.2 * #pixelsY * GSD                  (3) 
 
Where 
Dp  = interphoto distance (m) 
#pixelsY  = number of pixels vertically (1) 
GSD  = ground sample distance (mm) 
 
Dt < 0.2 * #pixelsX * GSD               (4) 
 
Dt  = intertrack distance (m) 
#pixelsX  = number of pixels horizontally (1) 
GSD  = ground sample distance (mm) 
 
     Practical values from a quarry example using a 
drone with 20 MPix and f = 8.8 mm (rounded). 
 
Xmin  = 3 cm smallest particle to be detected 
GSD  = 1 cm ground sample distance 
D  = 40 m flying distance to the muck pile          
(altitude) 
Dp  = 6 minterphoto distance 
Dt  = 14 m intertrack distance 
 
     On many drones, the time between subsequent 
photos can be set to an automatic interval.     
Complementary to the example: if the photo-
interval is set to 3 s, then the drone needs a travel 
speed of 2 m/s to get a photo every 6 m. For a 
higher level of automatic drone flights these       
parameters can be used to set-up a flight plan     
using dedicated flight planning tools. 

2.4     Registration 

The images for 3D model generation from drones 
need to have additional information for scaling and 
positioning of the result. This information can be 
either visible one in the images in form of targets 
on the ground (ground control points GCP) or by 
storing positional data from the drone while taking 
the photo. 
     Modern drones comprise on-board global    
navigation satellite systems (GNSS). Co-ordinates 
are determined at the time of photo taking and they 
are subsequently stored in the image files. Even 
though such co-ordinates do not show surveying-
grade accuracy, experience showed that this        
information is good enough to put 3D models into 
scale. The achievable scale accuracy is about     
1% provided that photo taking followed the      
recommendations above. Please note that this 
method is not suggested for any other means of 3D 
model survey where positional accuracy or model 
orientation is critical. 
     Using drone GNSS it is not necessary to        
establish a scale reference on the muck pile for 
fragmentation analysis. This significantly eases the 
application of the method in quarries, since the 
mining process is disentangled from the surveying 
process. Data for fragmentation analysis can thus 
be quickly and reproducibly gathered in an active 
mining area. 

3 3D MODEL GENERATION 

Photogrammetry enables the generation of      
three-dimensional models from a series of       
overlapping photographs. The introduction of the 
Structure from Motion concept (Szeliski 2011) as 
well as the broad availability of drones brought  
intense application of this technology in the     
mining sector. 
     Structure from Motion includes a series of   
processing steps that allows computing a        

Figure 2. Suggested distance between subsequent photos: 80% in flight direction, 75%-80% laterally;   
Dp = interphoto distance; Dt = intertrack distance. 
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comprehensive set of 3D surface points that   
combine to a surface description in a                
photo-realistic style. Due to highly redundant     
information, geometric deviations of the used 
camera (lens distortions) are determined and  
compensated while generating the 3D model. This 
auto-calibration ability makes modern              
photogrammetry algorithms capable to produce 
accurate 3D models even from low-grade cameras, 
so even low priced off-the-shelf drones can be 

used to generate 3D models at sufficient high     
accuracy. 

4 FRAGMENTATION ANALYSIS 

The new algorithm allows for minimised user     
intervention. It uses a procedure that combines 3D 
shape analysis with 2D image processing and     
includes the following main steps: 
 
-  Detection of particles through a joint      

Figure 3a. Flight pattern for an interactive flight of a muck pile. 
 

Figure 3b. 129 images taken in four paths, resulting in the above 3D model, it shows an average GSD of 0.7 cm. 
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depth-map-texture analysis (3D) 
-  Application of 2D detection in remaining    

regions 
-  Synthesis of step 1 and 2 
-  Particle sizing (3D and 2D) 
-  Data collection. 

4.1     3D detection 

An iterative coarse-to-fine strategy applies that  
uses the actual 3D shape of the surface. For this 
part of the analysis not only the ground sample 
distance is essential but also the spacing between 
the points that describe the surface of the muck 
pile. Another decision that can be made at this 
stage is on the likeliness to be a single particle or a 
composition. 

4.2     2D detection 

Those areas that do not clearly reveal its          
composition from shape analysis are treated with 
common image processing algorithms. 

4.3     Sizing 

Obviously, the assignment of physical size to   
particles is crucial. An important role plays the 
treatment of the shape of the fragments. Very often 
ratios between largest and smallest dimension 
(length vs width) or a ratio between volume and 
surface of the object (or in 2D: circumference vs. 
projected area) is taken (Schubert 1988). 
     The shape of fragments may be determined by 
its extensions in 3 dimensions. Spherical or       
cubical fragments will have similar values for all 
dimensions whereas laminated/flatty particles      
(2 large, 1 small dimension) or elongated particles 
(1 large, 2 small dimensions) differ from that. So, 
depending on the definition of sizing different    
results may be obtained for non-cubic,              
non-spherical fragments. 

     If size is determined by sieving then the    
smallest cross section of the fragment may be 
dominant which underestimates elongated         
particles. However, for larger fragments up to 
oversizes only the largest diameter of an object 
may be the determining value in order to decide if 
loadability/crushability is compromised and     
secondary breakage is required. 
     Concluding, size determination is not an       
unambiguous procedure. 
     The suggested algorithm implements the        
intermediate axis of an ellipsoid that is fitted to a 
detected fragment thus follows mainly the rule that 
applies for sieving. 

4.4     Data collection 

Once sizes are determined, it is a usual way to  
collect all values and describe fragmentation in the 
form of a cumulative particle size distribution 
curve. It describes the amount of elements in    
percent that passes a certain size of a mesh.     
Several discrete values are taken from the particle 
size distribution curve in order to allow a straight-
forward quantitative comparison of different   
muck piles. 

5 APPLICATION EXAMPLES 

5.1     Lab scale data 

A laboratory scale model has been established by 
Montanuniversität Leoben within the scope of the 
SLIM research project (sustainable low impact 
mining, Sanchidrián 2018), an EU funded research 
initiative to improve the economic and ecological 
impacts of surface blasting. The model provides a 
muck pile scaled by 1:25 following ideas from 
Ouchterlony (Ouchterlony et al., 2007). Screened 
rock was configured in different mixtures as a  
synthetic muck pile serving as ground truth. Also 
image taking was scaled down by 25 in order to 

Figure 4. Left: 3D model with delineated particles ‘coloured’ according to size; right: detailed view. 
 



 

 
- 316 - 

emulate real conditions (Tscharf et al. 2018).   
Figure 5 shows a picture of the installation. 
     The following analyses were performed with 
the mixture ‘uniform’ (see Figure 6 left) in order 
to have a comparison with common blast results in 
quarries. 
     The synthetic muck pile was reconfigured   
several times by tilting the construction back and 
forth. This way the same rocks are arranged      
differently including that different particles form 

the visible surface. The analysis of the results     
included the determination of the precision of    
the method (its repeatability) and the accuracy 
(deviation from the ground truth). Figure 6 shows 
some resulting particle size distributions of        
different synthetic muck pile installations and the 
ground truth from sieving. 
     The following tables shows some results from 
the data analysis. Three different installations of 
the same muck pile mixture (“uniform”) are       

Figure 5. A synthetic muck pile composed of different size mixtures served as ground truth (left) –  
photo: courtesy of MUL; 3D model and detected particles, ‘colourization’ according to size (right). 
 

Figure 6. Particle size distribution for lab scale tests; left: ground truth for four different muck pile mixtures, 
bold line is ‘Uniform’ mixture; right: comparison of ground truth with differently arranged muck piles of the 
same mixture M1: ‘Uniform’. 
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Table 1. Comparison of ground truth data with three different arrangements of the synthetic muck pile for           
estimating accuracy. 
 
 

mm M1-W1-H10 M1-W2-H10 M1-W3H10 Average GroundTruth Delta
x20 9 10 9 9,4 9 -0,4
x50 18 19 19 18,5 20 1,5
x80 31 34 35 33,1 40 6,9

# Fragments 11045 10588 12012
Mean Absolute Error 2,9

Accuracy

 
 
Table 2. Variation of the measurements for determining precision; MAE stands for Mean Absolute Error. 
 

 

mm Average M1-W1-H10 M1-W2-H10 M1-W3H10
x20 9,4 -0,4 0,4 0,1
x50 18,5 -0,8 0,3 0,5
x80 33,1 -2,0 0,5 1,5

MAE 1,1 0,4 0,7
Mean 0,7

Precision

 
 

independently analyzed and compared with the 
ground truth. Table 1 provides an average of the 
three installations for x20, x50, and x80 and shows 
the mean absolute error to be 2.9 mm.  
     The tables also provide the mean absolute error 
(MAE) as this value correctly treats all sample 
measurements with equal weight whereas the Root 
Mean Square (RMS) does not as it gives more 
weight to larger deviations. 
     Table 2 compares the average with the single 
analysis and gives an indication of repeatability 
resp. precision. The result showed to be 0.7 mm. 
     Comments - even if 2.9 mm is a good value for 
accuracy, one needs to keep in mind that the     
visible part of the synthetic muck pile differs for 
every pass, which means there is always a kind of 
variation to be expected. 
     The small value for repeated measurements 
(precision) shows that the method is inherently  
robust. It indicates also that the method sensitive 
in detecting general changes in the particle size 
distribution, which helps for visualizing trends in 
the size distribution. 

5.2     Quarry blasts 

The determination of the fragmentation             
distribution is of vital interest in quarry blasts. The 
information gained is useful for quality control  

regardless whether it is own or subcontracted 
work. 
     The regular analysis of blasts inside an          
operation increases the understanding of the link 
between blast design and blast result. It reveals 
quantitatively if blasts deviate from the target and 
allows to adapt for the next blast in case of the   
latter. 
     The definition of the smallest particles to be  
detected and the used camera/lens determine the 
flight altitude. Typical values for quarry blasts lie 
within 25 and 40 m above ground. Depending on 
the extent of the muck pile a typical data set   
comprises 150 – 250 photographs. The           
computation of a 3D model therefore takes about 
40 – 60 minutes on a laptop computer and      
fragmentation analysis might take another 10 
minutes. However, the steps perform fully          
automatic. 
     Figure 7 shows a snapshot of an automatic 
analysis from a quarry blast. Particles are        
‘coloured’ according to size which instantly     
provides a perception of the size distribution and 
highlights oversizes. 

5.3     Other 

The algorithm has been applied to data from     
underground mining as well as mapping the    
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condition of dam slopes (see Figure 8 and        
Figure 9). 

6 CONCLUSIONS 

Particle size distribution is determined from     
photogrammetric 3D models utilising a combined 

3D-2D approach. The spatial information eases 
correct separation/delineation of single fragments 
from image data and supports the process of       
assigning physical size to the detected particles. 
 

     The method has been applied on lab scale with 
ground truth data from screening. The high        

Figure 7. Left: 3D model of a surface blast with automatically determined fragments ‘coloured’ according to 
size, red blocks are larger than 1.2 m, yellow range from 0.4 to 0.8 m. Right: particle distribution curve built 
from over 300,000 measurements; the curve comes completely from measurements, not from curve fitting. 
 

Figure 8. Automatic fragmentation analysis from passing LHDs. 
 

Figure 9. Automatic size determination for determining the condition of dam slopes. 
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repeatability (precision) showed that the method is 
very sensitive to detect changes in the fragment 
size distribution and also provides reasonably    
accurate estimates of absolute particles sizes. 
     The new approach has also been used on quarry 
data. It automatically processes the entire surface 
of a muck pile in a single run. The resulting      
particle size distribution curves contain several 
hundreds of thousands of individual               
measurements, which means that the resultant 
passing values (x20, x50, x80) are rather robust if 
single mismeasurements should occur. 
     The approach has been in use on a large    
number of quarries in the meantime. Besides 
quality control it has also been applied to support 
the calibration of fragmentation prediction          
algorithms. 
     Other applications of the methodology include 
underground mining and dam inspection. 
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1   INTRODUCTION 
 
Digitalisation has invaded mining over the last few 
years. It all began, as in many other sectors, with 
the use of drones to democratise topography. The 
so-called 3D setting up of a blast has almost      
become commonplace in quarries. 
     Let's step back in time a little to understand the 
challenge that technology provides. To obtain a 
good blast result (good fragmentation, with little 
fly rock) we need to efficiently control the burden 
of the first row (width between the hole and the 
free face). Indeed, for the following rows (behind) 
the distance compared with the row in front is    
obtained by positioning the holes when drilling. 
     Historically, the width of the burden was firstly 
measured via the so-called ‘fishing rod’ technique, 
i.e. by using a rod with a rope attached to one end 
and a weight that was positioned at the foot of the 
bench, which provided the best position for the 
hole with regard to the foot of the bench. 
     Then the 2D laser profiler came along which 
enabled us to obtain a bench profile in a vertical 
plane, thus allowing the positioning of the hole, 

taking into account for example the minimum 
width between the latter and the free face. 
     With the evolution of technology, the 2D     
profiler became 3D enabling us to obtain a cloud 
of points on the free face. Consequently, this     
enabled us to produce a so-called critical profile, 
i.e. a profile at the hole, not in a plane, but        
zigzagging on the face capturing the shortest     
distance at each elevation. This digital processing 
enables us to visualise the smallest and largest 
burdens on the height of the bench which allows 
us to adapt the loading to guarantee the safety with 
regard to fly rock and good fragmentation. 
     The increasing use of drones for less than five 
years has enabled the safety of this process to be 
simplified and improved by providing a set of   
images when flying over the area and applying a 
photogrammetry algorithm. 
    Although technology has improved               
considerably since the use of the ‘fishing rod’, all 
these technologies have a point in common, man 
remains at the centre of the process, handling the 
various tools on site. There is nothing wrong with 
that apart from the fact that you need a specialised  

Automatic blast design based on an autonomous drone 
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ABSTRACT: The use of drone technology to optimize blasting has become very common over the last 3 
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operator (a measurement technician or a remote  
pilot for the drone) available at the right moment, 
i.e. when the free face is clean. Now on an         
operational site (mine or quarry) that moment is 
not easy to anticipate and depends on numerous 
operating parameters, possible equipment failures, 
and the weather. 
     The aim of the technology presented below is 
to enable the free face logging to be virtually     
independent of the operator, his availability and 
the conditions on site. 

2 A DAY IN TOMORROW’S BLAST 
ENGINEER’S LIFE 

Let's look at the main stages of a blast engineer's 
day in the near future. The latter uses all the   

technologies available at the moment to optimise 
blasting in a quarry or mine. This optimisation 
consists of designing the blast with the best        
parameters in order to guarantee the results within 
the best time frame. The process is supported by 
technology that automates the most fastidious 
tasks as much as possible but which leaves man at 
the centre of the decisions and checks. An overall 
description is provided with Figure 1. 

3 THE FUTURE OR REALITY? 

Some of you could think that this short story is just 
science-fiction and that the operations described 
are far from the daily reality of blasters on site. Of 
course, it is true, as presented, that this process is 
only used on a few operations in the world and   

Figure 1. A day in tomorrow’s blast engineer’s life. 
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often partially like electric cars 10 years ago or 
mobile telephones 20 years ago. Evolution is on its 

way and a lot less than 10 years will be necessary 
for it to become the standard in our industry, being  

Figure 2. Automatic drone station. 
 

Figure 3. Workflow. 
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Table 1. Stages of the automatic location of a blast. 
 

Stage 1. 
 
Definition of the flight area by the 
user with the help of a polygon on 
the present background. 

Stage 2. 
 
The server automatically calculates 
a flight plan, taking into account 
the real topography of the terrain. 
 
The 3D view of the present site’s 
cloud illustrates the photography 
path for the photogrammetry. 

Stage 3. 
 
Automatic take-off of the drone 
for its task from a fixed station 
enabling it to recharge its        
batteries and unload the data to a 
server for future processing. 
 
The operation is fully automated 
and requires no remote pilot. 

Stage 4. 
 
Photogrammetry flight, flying 
over the Ground Control Points.  
 
Here, we can see a target with a 
specific pattern enabling it to be 
automatically identified during 
future processing. 
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Table 1. Stages of the automatic location of a blast. Continued. 
 

given that the development speed of technology is 
exponential. 
     While you read this publication, the           
technological and regulatory evolution has already 
enabled us to transform automatic drone tasks 

from desires to reality. The photo in Figure 2       
illustrates the type of drone which, installed in a 
quarry in France, enables all the tasks mentioned 
above to be carried out automatically              
(photogrammetry,      filming      the     blast,     site               

Stage 5. 
 
Automatic transfer of photos to the 
server and automatic calculation of 
the cloud of points with the help of 
RTK georeferenced photos or 
ground control points marked by 
targets which are automatically  
detected by photogrammetry     
processing. 

Stage 6. 
 
Automatic update of the overall 
site cloud keeping the most recent 
points compared with the initial 
cloud. 

Stage 7. 
 
The automatic location of the holes is 
carried out based on the critical    
profiles of the bench calculated with 
the cloud of points, then the min. and 
max. burden rules, with regard to an 
average profile of the front at each 
hole. The same principle is applied 
for the following rows, using the 
holes of the first row as a reference. 

Stage 8. 
 
Transmission of the blast design to a 
smart drill connected with the help of 
the IREDES protocol. 
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Table 2. Stages of the automatic measurement after a blast. 
 

 

Stage 9. 
 
Upon the order issued by the person 
in charge of the operation (via mobile 
telephone) automatic take-off of the 
drone from its fixed station for the 
blast quality control task. 
 
The operation is fully automated and 
requires no remote pilot. 

Stage 10. 
 
The drone automatically films the 
blast from its predefined position. 

Stage 11. 
 
Totally autonomous, photogrammetry 
flight over the muck pile, and flight 
over the Ground Control Points if no 
RTK is available in order to create a 
3D cloud of points of the muck pile 
and an orthophoto. 

Stage 12. 
 
Automatic analysis of the muck pile 
fragmentation based on the              
orthophoto. 
 
Here you can see a display of the % of 
fragments passing a 500 mm screen 
with a colour code on a grid             
superimposed on the muck pile. 
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inspection). (Warning: This technology requires 
specific authorisations which vary from one   
country to another). 
     Regarding the other technology for the          
automatic design of blasts based on clouds of 
points obtained by photogrammetry, it is available 
via specialised software which controls the         
automation of the process. 

3.1     So, how does it actually work? 

The principle is based on a cloud of points which 
describes the topography of the site in question 
and its automatic update (Figure 3), in order to be 
able to have updated data available to design the 
blast. 
     The overall automation procedure is described 
in Table 1 for the stages (1 - 8) before the       
blast, and Table 2 for the stages (9 – 12) after the 
blast. 

4 BUT WHO WOULD DARE MANAGE THE 
DESIGN OF A BLAST BY A MACHINE? 

I have heard quite a few remarks on the fact that 
such a tricky and risky task as blasting could not 
be entrusted to a machine or an algorithm, and that 
with time, the expertise and job of blasters would 
disappear, etc. 
     These are the traditional comments about any 
technological evolution. There are numerous    
similar examples everywhere. Let's quote the ABS 
(System preventing the wheels of a car becoming 
locked when braking) example which, when it   
appeared, provoked lively reactions from some 
drivers who thought that this system would reduce 
the competency of drivers without offsetting the 
enormous safety advantage, enabling cars to brake 
in a straight line, without skidding and over a 
shorter distance. Who would want a car without 
ABS today? It should be remembered that this  
system was installed on aircraft as early as 1930 
before being used for cars! 
     Another example, which is closer to our job as 
blasters, is the introduction of the initiation of 
blasts with a wireless system, chiefly using radio 
waves. It was introduced by Delta Caps              
International in 2000. The technology was firstly 
rejected by almost everyone on the pretext that it 
would never be possible to guarantee the safety of 
a blast with such technology, yet essentially this 
technology was to enable the master blaster in 
charge of the initiation to position himself in a 
place that would enable him to guarantee a much 
better visual safety of the blast area. Twenty years 
later, the technology has become commonplace 

and is used throughout the whole world without 
restraint. 
     Therefore, history has taught us that the       
benefits of technology end up by triumphing     
over the hesitancy of the first users who were   
confronted with it and who often display resistance 
to change which is one of man’s characteristics. 
     Regarding the loss of competency and      
know-how that could result from the                  
implementation of such technology, this is also a 
non-issue for three reasons: 
 
-  Firstly, the development of algorithms and 

their maintenance require excellent         
competency for them to be as relevant as  
possible 

-  Secondly, although the process is automated, 
the verification of the coherence of the results 
obtained remains under the supervision of 
competent staff; automation only applies to 
fastidious and repetitive operations that might 
be carried out in a less than perfect manner by 
humans 

-  The last reason is connected with the         
implementation of an industrial process, 
based on equipment and gear inescapably 
subject to failures or breakdowns that require 
us to have a downgraded operating mode    
solution, hence inevitably replaced by       
humans. 

 
     Competency will not diminish but will partly 
be transferred to the staff designing the systems, 
maintenance staff and process supervisors. 

5 CONCLUSION AND FUTURE 
DEVELOPMENTS 

Today, the automatic design of the drilling plan 
enables us to optimise the results of a blast   
(fragmentation, casting) by fine-tuning the latter 
according to the geometry of the free face almost 
automatically. This is under the supervision of a 
blast engineer who validates the stages of the   
process and is still the guarantor. 
     The process can be launched remotely when the 
configuration of the operation and the weather are 
suitable (mucked and cleaned bench, moderate 
rain and wind). It also enables you to supervise 
several operations simultaneously whilst          
guaranteeing the best results for the operation with 
the help of centralised competency. 
     To move further ahead, full automation of the 
blast design is at an experimental stage with the 
automatic calculation of loading and the initiation 
sequence according to the aims defined. 
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1   INTRODUCTION 

Successful blasting operations with bulk emulsions 
are led by controlling some factors of influence, 
including explosive composition and its initial 
charging density. Although bulk emulsion         
explosives have high reliability and some       
properties are previously known, there is a lack of 
fidelity in cup density measurements, leading to 

incompatible blast designs, especially because 
gassing expansion is not well known along 
blastholes columns when they are found in       
confined situation. Besides environmental hazards, 
inadequate blasting results often leads to poor     
efficiency in subsequent mining operations      
such as loading, hauling, crushing and grinding 
cycles, increasing overall cost of mineral           
exploitation. 

Density monitoring of bulk emulsion explosives in                    
confined boreholes 
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ABSTRACT: Parameter control of explosives used in blasting operations have become more relevant 
over the years, bringing a better understanding of detonation performance. Giving into consideration that 
bulk emulsion density’s variation reflects directly on blasting results due to its importance in product 
sensitivity and velocity of detonation (VOD), blast designs are conducted assuming that cup density 
measurements are reliable and explosives gassing agents will perform as per specifications.              
Nevertheless, confinement conditions in boreholes like temperature, presence of water and surrounding 
circumstances of rock mass are often neglected on predictive modelling and off-site measurements. This 
paper describes the assembly of a device equipped with pressure sensors and its utilisation in confined 
boreholes of an open pit mining operation, aiming to obtain in-situ monitoring of density variation in 
several explosive columns. After we developed a software to get and process data of a hardware         
prototype and the device functionality was validated in water, oil and quarry mining experimental trials, 
7 of 291 boreholes in a gold mine operation were chosen to be monitored with two probes each, placed 
at the top and at the bottom of the explosive column profile. The results obtained enabled a comparison 
between the bulk emulsion density variation when acting in different environments, since we selected 
boreholes with diameter of 101.6 mm (4 in) and 139.7 mm (5.5 in) and some with presence of water.  
Besides the increase of explosive density with depth related to hydrostatic pressure increase, we found 
an overall error of 6% in cup density measurements when compared with sensors placed at the bottom of 
boreholes and 2% when compared with sensors placed at the top of explosive column. These findings 
provide detailed insights into how bulk emulsion explosives behave in different circumstances including 
depth and borehole diameter, giving the opportunity to re-evaluate blast design parameters such as its 
geometry, sequence pattern, charging profile and explosive composition. 
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     Egly & Neckar (1964) developed and patented 
explosive emulsions. With some adding          
modifications to be considered over the past 50 
years, bulk emulsion explosive matrix contains  
oxidisers dissolved in water as droplets surrounded 
by an immiscible fuel and is not capable of       
detonation on its own. To achieve detonating     
behaviour, it requires sensitiser in fixed amount. 
Due to its rheology, emulsion explosive also needs 
a certain reaction time inside the blasthole to     
expand its volume and obtain ideal density before 
stemmed. Medina (2014) mentions that hydrostatic 
pressure affects final explosive product. Thus, 
higher densities are found at the bottom of the hole 
since bubble sizes are lower. 
     Cudzilo et al. (2002) studied five explosive  
performances with glass micro-balloons and    
ammonium nitrate solution as matrix, mixed with 
specific nitrates. They observed a reduction in   
explosive performance when adding metallic      
nitrite to aqueous solution, besides a great           
influence in emulsion sensitivity with borehole  
diameter variation. In contrast, Cheng et al. (2017) 
observed a higher detonating power with            
increasing titanium hydride rate as sensitising. 
Mishra et al. (2017) related VOD with gassing 
agent’s variation and bulk emulsion densities.   
Sodium nitrite were used as gassing agent with 

different rates and temperatures. The study        
observed a linear increase in explosive’s VOD 
with densities from 0.95 to 1.15 g/cc, with         
detonation failure above 1.27 g/cc. Nevertheless, 
the study took in consideration density          
measurements without confinement, like cup 
measurements, commonly used in open pit        
operations. Besides that, hydrostatic pressure  
phenomena were neglected, even it has an         
important role in real density value. As pointed   
by Cavanough & Onederra (2011), in-situ     
measurements of VOD, temperature and pressure 
considering confinement and rock mass properties 
around blastholes can lead to a better                 
understanding of the explosive charge. 
     In accordance with pioneer projects developed 
in the past two decades as Zeman & Trzciński 
(2002) and Canto (2018), and at the same time 
aiming to sponsor an evolution in rock blasting 
operations control, the present work is based in  
trial tests with an electronic device built to      
monitoring the density of commercial explosives 
in open pit mining operations. Since reducing 
VOD is intrinsically bonded to bulk emulsion    
explosive’s final density, and results in lower   
detonating pressures through unavailability of 
shock-wave energy (Yunoshev et al. 2012),       
experiments highlighting its real value are         

Figure 1. Output vs. pressure differential of the MPX5700AP sensor. 
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necessary to evaluate blasting quality. 

2 SENSOR ASSEMBLY 

To monitor real-time pressure variation in        
confined boreholes and relating to the density of 
bulk emulsion explosives, we assembled a device 
equipped with two MPX5700 pressure sensors, 
following its recommended power supply          
decoupling and output filtering schema. Ideal for 
microcontroller-based systems, MPX5700AP   
sensor series delivers a 2.5% maximum error      
result of absolute pressure measurements, and it is 
capable of reading proper values in a 0 °C to 85 °C 
(32 °F to 185 °F) environment situation. Figure 1 
shows the sensor output signal relative to pressure 
input. 
     Responsible for interfacing hardware and  
software in this project, the Arduino Nano V3.0 is 
shown in Figure 2, attached to the soldered board 
with electronic components such as condensers, 
necessary for MPX5700AP functionality. 
     In addition to assembling all electronic circuit, 
there was a necessity of creating test probes with 
capacity to hold high levels of air pressure, as    
can be seen in Figure 3. Bicycle tube, clamps,   
hydraulic hose and several connection types were 
some of the elements used to build them. The 
probes were capable to hold internal pressures 
above 100 kPa (14.5 psi), as observed in field 
tests. 

3 THEORETICAL FOUNDATION 

A given amount of explosive emulsion tends to  
increase its initial volume because of bubble’s 

continuous formation when sensitised and then 
charged in boreholes. In consequence, the density 
of product decreases as gassing reaction proceeds. 
At the same time, reaction time is controlled       
by gasifier proportion, emulsion formula and  
temperature. 
 

     The weight that supports each point across the 
width of explosive column maintains a distinct 
pressure gradient up to borehole end. In that case, 

Figure 2. Hardware plate, equipped with two MPX5700AP sensors and Arduino Nano V3.0 board. 
 

Figure 3. Inflated test probe, developed to work 
in confined situation at high pressure levels. 
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the amount of mass at a given point varies         
depending on the depth, because density also    
varies in direct relation to the compression       
gradient. Nitrogen bursts, submitted to different 
degrees of pressure thus presenting different    
volumes, and these spaces left by the pressed  
bubble are occupied by emulsion, increasing mass, 
so density increase as well. 
     Equation 1 shows the basis of density calculus 
through absolute pressure measurements, in the 
software developed to receive and process 
MPX5700AP output data. It is important to     
mention that, to evaluate the density at a given 
depth in this project, cup density measurement is 
also needed. 
 
𝜌𝜌(𝑖𝑖) = 1 / (1/𝐷𝐷b𝑔𝑔 – 1/𝜌𝜌(𝑖𝑖 − 1)) ∗ (𝑃𝑃𝑃𝑃(𝑖𝑖 – 1)/ 
𝑃𝑃𝑃𝑃 (𝑖𝑖) + 1/𝐷𝐷bg)) Equation                              (1) 
 
Where, 
𝜌𝜌(i)   = density at a given depth, taking atmosphere 
as reference, i.e., i=0 (kg/m³) (lb/yd³) 
𝜌𝜌(i-1)   = density at past distance reference (kg/m³) 
(lb/yd³) 
Dbg   = bulk emulsion density before gassing, 
measured by cup test (kg/m³) (lb/yd³) 
Pt(i)   = hydrostatic pressure at a given depth plus 
atmospheric pressure (kPa) (psi) 
Pt(i-1)   = total pressure at past depth reference. 
(kPa) (psi) 

4 DENSITY TEST PROCEDURE 

In order to evaluate the testing procedure and the 
equipment reaction to the process, the hardware 

prototype was then tested in a laboratory            
environment, using a polyvinyl chloride tube    
representing a borehole, filled with water and 
kitchen oil to check its accuracy in various       
density measurements. An air pump equipment 
and hose connections were also used to            
control pressure flow in the probe, according to 
Figure 4. 
     The column weight presses the probe when    
inflated. Immediately, the signal is transmitted by 
the hydraulic hose to the MPX5700AP sensor, that 
converts the signal into electric potential            
difference. The voltage is transformed in pressure 
units. This pressure level result is sent to USB port 
where the Arduino board is connected. 
     When the inflated probe is slowly deflated,  
surrounded in a liquid or emulsion, it will be     
observed that the air flow that leaves the probe  
detains momentarily when the pressure inside of it 
is equal to the surrounding pressure. This happens 
because the flow rate is proportional to the        
difference of pressure between internal and        
external environment, so the force unrolled by the 
elastic walls of the probe are balanced. Figure 5 
shows pressure measurements made in field tests 
captured in software, highlighting the moment 
where it holds for a higher time, indicating that   
internal pressure is equal to emulsion explosive 
environment. 
     The probe was always first inflated at higher 
pressure rates than external, and slowly deflated to 
get the exact instant where external pressure is 
equal to internal. The process should be repeated 
three to five times to confirm previous sampling 
data. 

Figure 4. Laboratory test methodology. 
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5 FIELD TESTS 

With the procedure successfully evaluated in     
off-site situation, small tests in a quarry mining 
blast operation located in Northeast Brazil        
confirmed its effectiveness in full-scale operations. 
The methodology was conducted taking in       
consideration the operational flow time, so the 

mining process was not negatively impacted, and 
the data acquisition could be realised with        
precision. 
     In October 2020, we conducted a major test in a 
gold ore mining located in North Brazil (Figure 6). 
7 of 291 boreholes were then monitored with both 
bottom and top probes placed at the column.   
Aiming to get various data results, we selected 

Figure 5. Data acquisition in the software developed for pressure monitoring. The dashed line highlights the 
instant where pressure holds in a longer interval when probe is deflated, representing the emulsion pressure in 
probe walls. 
 

Figure 6. Blasting operation of the gold ore mining at North Brazil. 
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holes with diameters of 101.6 mm (4 in) and 139.7 
mm (5.5 in), since ore and waste had different    
diameter specifications. Boreholes with water 
were also chosen. Figure 7 shows the data          
acquiring procedure. 

6 DATA PROCESSING 

Once all data were collected, they were processed 
and then interpreted, generating an analysis of   
explosive charging process in the gold ore mining 
operation. For each borehole and its explosive    
final density along the detonation column, one 
monitoring report is produced as shown in       
Figure 8. 

7 ANALYSIS AND RESULTS DISCUSSION 

The following results shown in Table 1 had      
conformity with theorical basis. As quoted above, 
hydrostatic pressure effects (that increases with 

depth) were then observed, once probes located at 
the bottom of the blasted holes had higher density 
values if compared with the ones located at the top 
of the column at the same hole. Additionally, it is 
important to mention that the hole with 249 ID for 
example, which had a higher amount of water in 
emulsion mixture due to hose blown while    
charging (in order to unblock its flow), presented 
minimum density results. This inadequate          
operation procedure is often made and should    
always be avoided, as test results shows its         
influence in final density, and probably in the    
explosive’s VOD. 

8 CONCLUSION AND FUTURE WORK 

Explosive manufacturers use models to predict 
change. Nevertheless, results prove the necessity 
to make in-situ measurements to have better      
accuracy in charge factor and emulsion             
performance.   Density   variation   is  not  uniform  

Figure 7. Data acquisition in a gold ore mining, located in North Brazil. 
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Table 1. Bulk emulsion monitoring results. 
 

Hole ID A0  A2 h Ø T W Dbg 
(g/cc) 

Dag 
(g/cc) 

𝜌𝜌A0 
(g/cc) 

𝜌𝜌A2 
(g/cc) (m) (yd) (m) (yd) (m) (yd) (mm) (in) (m) (yd) 

54 1.7 1.86 6.2 6.78 8.4 9.19 101.6 4.0 1,6 1.75 Y 

1.32 1.13 

1.207 1.154 
125 1.8 1.97 5.8 6.34 7.8 8.53 139.7 5.5 1.6 1.75 Y 1.219 1.154 
176 1.8 1.97 6.5 7.11 8.5 9.30 101.6 4.0 0.9 0.98 N 1.219 1.165 
249 2.3 2.51 6.0 6.56 8.2 8.97 101.6 4.0 1.7 1.86 N* 1.189 1.141 
82 1.7 1.86 6.6 7.22 8.6 9.41 139.7 5.5 1.8 1.97 Y 

1.31 1.15 
1.213 1.167 

117 1.1 1.20 5.4 5.91 7.3 7.98 139.7 5.5 1.4 1.53 Y 1.201 1.155 
194 2.0 2.19 6.5 7.11 7.9 8.64 101.6 4.0 1.0 1.09 N 1.212 1.157 
 
Where: 
A0 = probe height, placed at the bottom of the hole (m) (yd) 
A2 = probe height, placed at the top of the hole (m) (yd) 
h = hole length (m) (yd) 
Ø = hole diameter (mm) (in) 
T = stemming height (m) (yd) 
W = presence of water 
Dbg = initial cup density measure, before gassing expansion (g/cc) 

  

Figure 8. Borehole density monitoring report. 
 

Dag = final cup density measure, 30 minutes 
after gassing expansion (g/cc) 
𝜌𝜌A0 = explosive emulsion density, gauged by 
probe A0 (g/cc) 
𝜌𝜌A2 = explosive emulsion density, gauged by 
probe A2 (g/cc). 
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along the borehole column, once real diameter 
may change, and geological surrounding can affect 
it as well. Thus, several conditions and ideas can 
be used as future work. The next steps using the 
sensor built for this project will evaluate the ideal 
stemming time, measuring several variations from 
0 to 1 hour of gassing reaction before borehole is 
confined, to see and how stemming really affects 
final density of explosive emulsion. Additionally, 
a temperature sensor will be added to the device, 
aiming to control one more changing parameter 
along the borehole column, giving more precise 
measurements. 
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1 BACKGROUND TO REACTIVE GROUND 
AND THE CURRENTLY ACCEPTED 
MECHANISM 

Ammonium nitrate (NH4NO3) is the most      
commonly employed bulk explosive in the mining 
industry. It may be used either as a blend of solid 
ammonium nitrate prill and a hydrocarbon such   
as a fuel oil (ANFO) or as an emulsion of          
supersaturated ammonium nitrate in fuel oil. 
     Reactive ground is defined as ‘ground that   
undergoes a spontaneous exothermic reaction after 
it comes into contact with nitrates. The reaction of 
concern involves the chemical oxidation of       
sulphides (usually of iron or copper) by nitrates, 
and the liberation of potentially large amounts of 
heat. The process is unpredictable and can be so 

violent that it results in premature or unplanned  
initiation of explosive (AEISG 2017)’. 
     It is known that one of the key minerals present 
in reactive ground is pyrite, FeS2, which can     
undergo a complicated decomposition reaction 
mechanism in the presence of water and oxygen, 
with both the Fe and S species undergoing         
oxidation and reduction reactions (Dos Santos et 
al. 2016, Garrels et al. 1960). 
     The reaction mechanism for reactive ground is 
characterised by a long induction period, where no 
reaction can be physically observed, followed by 
an initiation phase, where the temperature of the 
system increases rapidly. During this phase, NOx 
gases are commonly evolved. The rapid rise in 
temperature can then lead to the decomposition of 
the NH4NO3. 

Fundamental study of reactive ground chemistry 
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ABSTRACT: Reactive ground is the spontaneous reaction between ammonium nitrate and metal       
sulphides, particularly pyrite, FeS2. It is a significant safety risk in mines where sulphides are present. 
Past identification of the reaction mechanism has been made difficult due to the naturally occurring  
mineral’s complex chemical matrix. By using chemical grade FeS2, a fundamental study of the reaction 
was conducted using electrochemistry, SEM, XRD, XPS and gas analysis as part of a PhD conducted at 
the University of Newcastle, sponsored by Orica Ltd, a leading explosives manufacturer. The study 
showed that electrochemistry could be used to identify reaction peaks associated with the reactive 
ground mechanism, and that changes in electric potential could also be used to identify the onset of     
reaction in a small reactor vessel. The study showed that the reactive ground mechanism involved a     
series of reactions, with a slow reaction generating oxidation products such as Fe(II) and Fe(III) sulphate 
on the FeS2 surface. These iron oxide products react exothermically with nitrates and could occur on 
samples oxidised in moist air, and therefore different levels of oxidation could explain differences in   
reactivity between FeS2 samples. Reaction rates were found to be highly temperature dependent, and 
thus the transition from a slow reacting system to thermal runaway was governed by heat and mass 
transfer to and from the reaction zone. A reaction mechanism for this process has been proposed that  
differs from that put forward by other authors as it does not rely upon a build-up of reactants or            
intermediate species to transition from a slow reacting, inert system to thermal runaway. 
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     The current reaction mechanism is based upon 
the Rumball Mechanism, which was proposed in 
1991 (Rumball). This mechanism states that     
during the initiation stage, ferrous (Fe(II)) and   
ferric (Fe(III)) iron will react with nitrate ions to 
produce NO gas and nitrous acid, and that the 
transition from the induction to the initiation  
phases is triggered by the build-up of these         
intermediates. 
     Many studies on reactive ground have focussed 
on characterisation of reactive ground samples, 
with subsequent variations in samples affecting  
results. This study has instead used technical grade 
FeS2 as a laboratory substitute for reactive ground, 
thereby reducing sample variation and allowing a 
more fundamental study to be performed. 

2 ELECTROCHEMICAL ANALYSIS 

2.1     Experimental setup 

Technical grade FeS2 was obtained from Fischer 
Scientific, with a purity of >95%. Surface oxides 
were removed by washing with hot, concentrated 
hydrochloric acid (HCl 37 wt%) until the wash 
liquid ran clear. The washed and unwashed     
samples were examined using scanning electron 
microscopy (SEM) with backscatter. 
     Electrochemical cells were prepared by taking 
0.100 g of FeS2 and mixing with 0.12 g of KS6-L 
graphite (Timcal) and 0.05 g of electrolyte. A filter 
paper spacer was inserted and the mixture was 
pressed into the base of the cell at 200 psi (1420 

Figure 1. Diagram of cyclic voltammetry cell as used in this study showing (1) SCE reference electrode; 
(2) Counter electrode; (3) Teflon spacer; (4) Electrolyte; (5) Pressed sample pellet; (6) Perforated spacer 
disc; (7) Working electrode; (8) Holding bolts; (9) Perspex holder; (10) Working electrode contact. 
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kPa) for 30 s. A 3 mm Perspex spacer, drilled with 
50 1 mm holes was placed above the pressed disc 
and 10 mL electrolyte added to complete the cell 
as shown in Figure 1. 
     Voltammograms were obtained by measuring 
cell current as the potential was varied. Unless 
otherwise stated, the scans began at the open     
circuit (rest) potential and were swept in the    
negative direction, cycling between -0.8 and 0.85 
V versus SCE at a rate of 0.1 mV/s. 

2.2     Development of the reaction through cycling 
and oxidation 

Cyclic voltammetry involves the measurement of 
current as the potential of the electrochemical cell 
is varied. The peaks in a voltammogram represent 
an electrochemical reaction, with the height and 
shape of the peaks governed by the nature of the 
redox process, as well as more fundamental      
variables such as electroactive species              
concentration and diffusion coefficient. 
     Figure 2 shows the results from a sensor     
electrode experiment of FeS2 in 1 M NH4NO3, 
with (a) the cell current, (b) the current response 
from the sensor electrode set at 0 V versus SCE, 
and (c) the open circuit potential or the electrolyte 
adjacent to the FeS2 surface. The oxidation of 
Fe(II) to Fe(III) is expected to occur at 0.45 V  
versus SCE (Davison et al.). A reversible peak can 
clearly be seen at this potential. As the Fe(II) is 
oxidised, the potential at the surface, shown in plot 
(c) increases. Trace (b) shows that a negative    
current is caused by ionic species produced on the 

FeS2 surface being reduced on the sensing        
platinum wire set at 0 V. As the cycle is reversed, 
the potential decreases at potentials of 0.4, -0.2 
and -0.6 V. This indicates that reduction reactions 
are occurring at these potentials that reduce the 
concentration of ionic species at the surface. It 
should be noted that the oxidation peak at -0.1 V is 
not associated with a change in potential at the 
electrolyte/surface interface, indicating that it this 
reaction does not change the concentration of   
species in the electrolyte. 
     To validate the experimental methodology and 
the use of technical grade FeS2, the experiment 
was repeated using a sample of reactive ground. 
The reactive ground sample had been shown to be 
reactive using the AEISG test and analysed by  
Bureau Veritas Analytical Laboratories and found 
to be 37.5% sulfide, 13.6% sulfate and 0.15%     
elemental sulfur. Figure 3 shows that the         
voltammogram for this sample in 1 M NH4NO3 
show the same oxidation and reduction peaks as 
the FeS2 sample in Figure 2. 

2.3     Identification of reactive peaks 

To identify whether it was the NH4+ or NO3- ions 
participating in the reactions observed in Figure 2, 
cyclic voltammetry experiments were conducted 
with FeS2 in electrolytes in which one or both of 
these species were absent. Figure 4 compares the 
voltammograms for FeS2 in 1 M NH4NO3 and 1 M 
potassium sulphate (K2SO4). As can be seen, both 
plots show an oxidation and reduction peak around 
0.45  V    versus    SCE,    corresponding    to    the  

Figure 2. Voltammogram of FeS2 in 1M NH4NO3, showing (a) voltammogram current, (b) current for 
platinum wire at 0 V in electrolyte and (c) electrolyte potential. 
 



 

 
- 342 - 

 

Figure 3. Voltammogram of reactive ground sample in 1M NH4NO3 showing (a) first and (b) fifth cycles. 
 

Figure 4. Voltammograms of FeS2 in (a) 1 M NH4NO3 and (b) 0.5 M K2SO4. 
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Fe(II)/Fe(III) redox pair. Above 0.5 V, the 
NH4NO3 voltammogram shows a reduction peak 
that is absent in K2SO4 plot. Figure 5 shows the 
voltammograms for FeS2 in 0.5 M (NH4)2SO4 and 
1 M NaNO3. The absence of this reduction peak in 
the ammonium sulfate ((NH4)2SO4) electrolyte 
shows that the reduction is associated with the    
nitrate species. Increasing the concentration of 
NH4NO3 in the electrolyte to 2 M and above      
increases the size of this peak. These results are 
significant as they show that the NO3- ion plays a 
direct role in the reaction with FeS2, reacting on 
the surface and not with Fe2+ in the electrolyte. 

2.4     Development of the reaction peaks 

The voltammograms of the first and fifth cycles of 
FeS2 in 1 M NH4NO3 are presented in Figure 6. 
This figure shows that the first cycle exhibited 
very little activity, while the second and           
subsequent cycles showed numerous oxidation and 
reduction peaks, indicating that redox reactions are 
taking place. This indicates that the system is    
initially inert, but then becomes reactive after     
being exposed to high cell potential. 
     The voltammograms of FeS2 cycled between 
different potential ranges are presented in Figure 
7. When cycled between -0.4 to 0.5 V, the system 

remained inactive. Reducing the minimum cycle 
potential to -0.8 V did not increase the activity of 
the system, while increasing the maximum         
potential to 0.85 V increased reactivity. This      
indicated that it was the reactions at high            
potentials that increase the reactivity of the       
system. 

2.5     Identification of the surface vs electrolyte 

While the above experiments determined that the 
system became active with the application of high 
potential, they could not discriminate between 
changes in system activity was due to changes in 
the concentration of species in the electrolyte or in 
changes to the FeS2 surface. To determine this, a 
cell containing FeS2 and 1 M NH4NO3 was cycled 
until reaction peaks were observed. The electrolyte 
was then removed from the cell and the cell 
flushed and filled with fresh NH4NO3 solution. 
This cell was then cycled and the resulting      
voltammogram presented in Figure 8. This figure 
shows that the first cycle of a spent cell with fresh 
electrolyte had reaction peaks present and was that 
of an active system. The electrolyte that had been 
removed from the cycled cell was rust-brown in 
colour, indicating the presence of iron oxides. This 
electrolyte  was  placed in a second cell with fresh,  

Figure 5. Voltammogram of FeS2 in (a) 0.5 M (NH4)SO4 and (b) 1 M NaNO3. 
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Figure 6. Voltammogram of reactive ground sample in 1M NH4NO3 showing (a) first and (b) fifth cycles. 
 

Figure 7. Voltammograms of FeS2 in 1M NH4NO3 cycled with potential ranges versus SCE of (a) -0.4 to 0.5 
V; (b) -0.8 to 0.5 V; (c) -0.2 to 0.85 V and (d) -0.8 to 0.85 V. 
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Figure 8. Voltammogram of FeS2 from a cycled cell with 1M NH4NO3 electrolyte removed and replaced 
with fresh electrolyte. 
 

Figure 9. Voltammogram of FeS2 with electrolyte from a previously cycled voltametric cell. 
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uncycled FeS2, with the voltammogram for this 
cell presented in Figure 9. The voltammogram for 
this cell showed that the first cycle was not active, 
and that the system did not become active until 
high potentials were applied. This indicates that 
the activation of the cell was due to changes in the 
surface of the FeS2 itself, not due to the increase in 
concentration of observable iron species, such as 
Fe2+ or Fe3+, or nitrogen species such as NO or   
nitrite (NO2-) within the electrolyte. This is      
consistent with observations of the AEISG test, 
which show that while weathering solution, a  
mixture of Fe2(SO4)3 and FeSO4 will reduce the 
induction time and therefore accelerate, an         
induction period is still required. This result is, 
however, inconsistent with the Rumball        
mechanism, which proposes that the transition 
from an inert to an active system is due to the     
increase in concentration of NO or nitrous acid, 
both of which would be within a recovered      
electrolyte. 

2.6     Examination of a spent sample 

To determine whether the changes in reactivity  
observed in an electrolytic cell were consistent 
with changes in FeS2 observed during the reactive 
ground reaction, voltammetry was performed on 

an FeS2 sample which had undergone reaction. To 
obtain this reacted sample, 18 g of FeS2 was       
reacted with NH4NO3 in accordance with the 
AEISG procedure for reactive ground (AEISG 
2017). The time versus temperature plot for this 
sample is shown in Figure 10 and indicates that the 
sample was reacted to completion. 
 

     The solid residue from this test was collected 
and placed within a voltametric cell and cycled. 
Figure 11 shows that unlike the unreacted FeS2 
samples, the test residue sample showed activity 
on the first cycle and on subsequent cycles,      
even when the maximum potential was limited    
to 0.6 V. This result shows that, during               
the AEISG test, FeS2 goes from an inert             
surface to an active surface that displays similar 
reactivity to the FeS2 surface exposed to high     
potentials. 
 

     The presence of active FeS2 material at the 
completion of the AEISG test indicates that        
the completion of the reaction is due to the       
consumption of available NH4NO3, not due to 
complete dissolution of the FeS2. This has         
implications for the use of Urea as a reactive 
ground inhibitor, as this chemical which is       
consumed in the initiation reactions. Once all Urea 
has been consumed, activated FeS2 will still be 

Figure 10. Temperature time plot for FeS2 sample in NH4NO3 using the AEISG test method. 
 



 

 
- 347 - 

present, leading to the potential for subsequent   
reaction with NH4NO3. 
     All samples were reactive on the first cycle,  
indicating that the removal of surface residues, 
such as nitrate salts or soluble Fe(II) or Fe(III) 
species or exposure to air at elevated temperatures 
does not reduce surface activity. Soaking the     
residue in 1 M HNO3 for 24 hours did produce an 
inert surface, indicating that active sites had been 
removed with the acid treatment, which may also 
dissolve some of the FeS2 itself to reveal a fresh, 
unreacted surface. With the application of high  
potentials, however, a reactive surface could be 
regenerated on this fresh FeS2 surface. 

3 SURFACE CHANGES 

The above results indicate that FeS2 is oxidised 
from an inert to a reactive state in a voltametric 
cell, and that this reactive state is also found in the 
solid residue of a reacted FeS2 sample. To further 
investigate surface changes of FeS2, oxidised and 
reacted samples were compared using SEM, XRD 
and XPS techniques. 

3.1    Sample preparation 

The following samples were prepared:  

3.1.1     Sample 1. acid washed FeS2 

Technical grade FeS2 was obtained from Fischer 
Scientific, with a purity of >95%. Surface oxides 
were removed by washing with hot, concentrated 
hydrochloric acid (HCl 37 wt%) until the wash 
liquid ran clear. 

3.1.2     Sample 2. oxidised FeS2 

20 g of Sample 1 material was mixed with 5 g   
water to form a slurry and placed in an oven at a 
temperature of 100oC for 24 h. Thus, the sample 
was exposed to water and air at elevated           
temperature. 

3.1.3     Sample 3. spent FeS2 

18 g of Sample 1 material was mixed with 18 g 
NH4NO3and weathering solution, a solution         
of FeSO4 and Fe2(SO4)3 at 55oC, and reacted        
to completion, following the AEISG test         
method. Solid material from this test                  
was recovered and washed with 1M                  
HCl and then filtered with demineralised           
water in a Buchner vacuum filter until                
the liquid ran clear. The sample was then            
allowed to air dry. 

Figure 11. Voltammogram of FeS2 residue from the AEISG test in 1M NH4NO3. 
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Table 1. SEM backscatter analysis results for acid 
washed FeS2. 
 

Element At % 1 Sigma 
Oxygen 2.5 0.4 
Sulphur 59.6 1.8 
Iron 37.7 1.4 

 
 
 

3.2     Surface results 

3.2.1     Acid washed FeS2 

The SEM images of the unreacted, acid washed 
FeS2 sample at different magnifications are shown 
in Figure 12. This shows a framboidal structure, 
such that each grain consists of rhombic crystals 
aggregated together. Acid washing, which         
removed surface impurities, has etched the surface 
of each crystal. Backscatter analysis of this       
material shows that this sample is 59.6 at %      
sulphur, 37.7 at % iron and 2.52 at % oxygen. The 
sulphur to iron ratio of 1.58 is interesting, as it 
shows that the surface is sulphur depleted. 
     The XRD analysis of this sample did not     
identify any oxidised species. If it is assumed that 
all of the oxygen detected is due to sulphate    
formation, then it may be calculated that 1% of the 
surface sulphide has been oxidised. This result was 
confirmed   with   XPS   analysis   which   showed 
 

 
considerable SO4- on the surface layer. 

3.2.2     Oxidised Sample 

The SEM images of the water-oxidised sample, at 
different magnifications, are given in Figure 13. 
This shows two distinct structures. The darker are-
as show plate-like inclusions, while the lighter ar-
eas show rhombic crystals, in which some of the 
darker material is also present. Results of the 
backscatter analysis of each of these regions is 
given in Table 2. 

Figure 12. SEM images of acid washed FeS2. 
 

Figure 13. SEM images of oxidised FeS2 samples showing (a) light material and (b) dark plate material. 
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Table 2. SEM backscatter analysis of light and dark 
regions of oxidised FeS2 samples. 
 

 
Dark Plate 
Material Light Area  

Element 
At 
% 

1 
Sigma 

At 
% 

1 
Sigma 

Oxygen 64.8 4.3 16.8 1.1 
Sulfur 19.9 0.8 54.4 1.7 
Iron 13.3 0.8 27.7 1.3 

 
 
 
 

Table 3. SEM backscatter analysis of spent FeS2 
sample. 
 
Element [norm. at %] Error in wt.% 

(1 Sigma) 
Nitrogen 4.5 0.5 
Oxygen 61.1 4.1 
Sulphur 16.6 0.7 
Iron 13.1 0.8 
 
 
 

     The backscatter analysis shows that the dark 
plate material is much higher in oxygen. The ratio 
of oxygen, sulphur and iron is, given the margin of 
error, is consistent with FeSO4.H2O, the species 
identified by XRD analysis. 
     The morphology of the lighter areas is         
consistent of the structure of unreacted FeS2. The 
backscatter analysis of this sample shows that it is 
higher in oxygen than the non-oxidised sample. If 
it is assumed that the oxygen is in the form of 
FeSO4.H2O, then the ratio of the remaining      
Sulphur to Iron, is 2:1. This analysis indicates that 
the lighter material is FeS2 on which the dangling 
surface S- bonds have been oxidised to sulphate. 
     The XRD analysis of the dry material showed 
that the surface contained 10.2% Szomolnokite, 
FeSO4.H2O, indicating that a fraction of the      
sulphide within the FeS2 has been oxidised to   
sulphate. No Fe(III) species were detected. 

3.2.3     Washed spent sample 

The SEM images of the washed spent material, at 
different magnifications, is shown in Figure 14. 
This structure does not contain the distinct     
framboids of the unreacted material, but instead 

shows less distinct structures. The backscatter 
analysis of this material shows that the sample is 
heavily oxidised, containing SO42-. The presence 
of nitrogen, however, shows that ammonium  
compounds are also present. This is consistent 
with the XRD analysis presented above, which 
showed the presence of (NH4)2Fe(SO4)2·6(H2O) an 
ammonium Fe(II) sulphate and ammoniojarosite, 
(NH4)Fe3+3(SO4)2(OH)6. 

 
     The above analysis indicates that oxidation of 
FeS2 involves the formation of FeSO4. Reacted 
material appears to also contain FeSO4, but also 
contains ammonium compounds. 

4 EFFECT OF REACTION TEMPERATURE 

The SEM image of the water-washed solid residue 
from the reaction of 6 g FeS2, 6 g NH4NO3 and 1.2 
g weathering solution at 55oC (Sample 6) is shown 
in Figure 15. This sample was visibly different to 
the acid washed spent sample (Sample 3) obtained 
from reacting 18 g FeS2, shown in Figure 12, 
which did not show the distinct crystal structure on 
the surface. Backscatter analysis was used to     
obtain the S:Fe:O ratio for this substance as 

Figure 14. SEM image of spent FeS2 sample at low and high magnification. 
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17.5:13.5:52.5. This ratio was found to be        
consistent with a surface containing 58% FeSO4 
and 26% Fe2(SO4)3 with the remainder unreacted 
FeS2. 
     It was speculated that differences between the 
residue from the reaction of 6 g FeS2 and 18 g 
FeS2 may be due to heat transfer, with the larger 
surface area to volume ratio of the smaller reactor 
vessel resulting in greater heat transfer, and thus 
the reaction being maintained at 55oC for the     
entire reaction. 
     When the temperature of the water bath was 
heated to 75oC, there was a visible change in the 
reaction, with more vigorous gas evolution and a 
more distinct colour change to red/brown. In     
addition, there was visible boiling of the water on 
the outside of the reaction vessel, indicating that 
the internal temperature was greater than 75oC. 
     The SEM image of the solid residue is given in 
Figure 16. This surface had an obviously different 
surface structure to that shown in Figure 14, with 
the absence of surface crystal structures and       
increased pitting and cavitation. Backscatter   
analysis indicated that the S:Fe:O ratio was 
10:13:60 and that the surface was 76% FeS2 and 

24% Fe2(SO4)3, which is similar to that of Sample 
3, given in Table 3 confirming that the differences 
in surface were due to temperature. 

5 REACTION OF FES2 AND NH4NO3 WITH 
UREA 

5.1     Effect of temperature and urea 
concentration 

Urea is a known inhibitor of the reactive ground 
mechanism (Forshey Ruhe et al. 1968, AEISG 
2017, Djerdjev Priyananda et al. 2018). To        
understand the effect of Urea on the surface   
chemistry of FeS2, urea was added to the 
FeS2/NH4NO3 weathering solution system.        
Reaction was said to have occurred once either a 
colour change or bubble formation could be       
observed. The time taken to react varied with the 
mass fraction of urea mixed with NH4NO3. A plot 
of time to reaction vs urea mass fraction at 55oC is 
given in Figure 17. 
     Inhibition by Urea is also known to be affected 
by temperature, with increased temperature        
reducing the time to reaction (Rumball 1991, 
Djerdjev Priyananda et al. 2018).  Urea was found  

Figure 15. SEM image of sample of FeS2 after reaction with NH4NO3 and weathering solution at 55oC. 
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Figure 16. SEM image of sample of FeS2 after reaction with NH4NO3 and weathering solution after 
reaction at >75oC. 
 

Figure 17. Time to reaction vs mass fraction Urea at 55oC. 
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to inhibit reaction between 6 g FeS2, ammonium 
nitrate and 1.3 g weathering solution at a           
concentration of 1% Urea at up to 90oC. At 0.75% 
Urea, reaction occurred at 75oC after 42 minutes, 
and for 0.625% Urea, after 49 minutes at 55oC. 
Reaction proceeded with bubble evolution and 
colour change. 

5.2     Examination of the surface 

A mixture of 1.3 g weathering solution, 6 g acid 
washed FeS2 and 6 g NH4NO3 containing 1% 
Urea, was heated to 55oC. Figure 18 shows the 
SEM image of the solid sample taken at 30 
minutes. Gaseous reaction and colour change was 

Figure 18. SEM image of sample of FeS2 in NH4NO3, 1% Urea and weathering solution at 55oC, prior to 
visible gas evolution and colour change. 
 

Figure 19. SEM image of FeS2 surface after 50 minutes in ammonium nitrate containing 0.75% Urea at 55oC, 
prior to visible reaction after temperature increased to 75oC. 
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Table 4. Results for reaction between 6 g NH4NO3 and 6 g FeS2 samples with 1.3 g weathering solution at room 
temperature, 40oC and 55oC. 
 
Sample Description Temperature Peak potential Comments 
1 FeS2 in NH4NO3, with 

weathering solution 
55oC  0.7 Rapid Reaction at 14 minutes.  

2 FeS2 in NH4NO3, with 
weathering solution 

40oC (1 hr) 
then 55oC 

0.67 No reaction after 1 hr at 40°C, 
rapid reaction once increased 
to 55°C 

3 FeS2 in NH4NO3, with 
weathering solution 

Room temp 
(22oC) 

0.44 No Reaction observed over 4 
days.  

 
 
 
 
 
 

not observed after 95 minutes at this temperature. 
These images show that while no gas evolution or 
electrolyte colour change was observed, a layer of 
oxidised material had begun to form on the surface 
of the acid washed FeS2. 
     A mixture of 1.3 g Weathering Solution, 6 g  
acid washed FeS2 and 6 g NH4NO3 containing 
0.75% Urea, was heated to 55oC. SEM images of 
the solid material taken after 50 minutes, prior to 
visible reaction, are presented in Figure 19. This 
shows that the FeSO4 crystals are larger and cover 
a greater area of the FeS2 surface than those      
presented earlier. After sampling, the reactor   

temperature was increased to 75oC, whereupon  
reaction occurred within 2 minutes. The SEM   
image of the surface after reaction is presented in 
Figure 20. Like the SEM images of reactions at 
this temperature in the absence of Urea, presented 
in Figure 20, the FeSO4 in the surface was         
removed by reaction. 

6 REACTIVITY 

Reactivity of samples was assessed by performing 
the AEISG test at 1/3 scale, using a water bath to 
maintain  sample  temperature.   Initial  results  for  

Figure 20. SEM image of FeS2 surface after reaction at 75oC with ammonium nitrate containing 1% Urea. 
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Figure 21. Plot of potential and temperature vs time for 6 g FeS2 in 6 g NH4NO3 and 1.3 g water at 70oC, 
showing (a) sample temperature, (b) water bath temperature and (c) potential. 
 

Figure 22. Plot of potential vs time for 1.3 g weathering solution and 6 g sodium nitrate placed in a 
water bath at 70oC. 
 



 

 
- 355 - 

FeS2 are given in Table 4. 
     While a reaction could clearly be observed, 
through visible colour change and bubble          
evolution, an exotherm could not be detected.     
To measure the onset of reaction, the cell           
potential was measured using a calomel electrode. 
The plot of temperature versus time for reaction 
conducted at 70oC is given in Figure 21. It      
clearly shows a change in potential at the onset    
of reaction. 
     The change in cell potential indicated that the 
ratio of Fe(II) to Fe(III) was changing in the    
electrolyte. Figure 22 shows that this change in 
cell potential was also observed when weathering 
solution (a mixture of Fe(II) and Fe(III) sulphates) 
was mixed with ammonium nitrate in the absence 
of FeS2. While a colour change and minor gas  
evolution was observed, the reaction was far less 
vigorous than when FeS2 was present. 
     The concentration of Fe(II) in solution could be 
determined through titration with KMnO4. Figure 
23 shows that for all three reaction systems of 
Fe(II) in water, NH4NO3 or NH4NO3 and FeS2, the 
Fe(II) concentration initially increased. This may 
be due to an initial change in the equilibrium      
between species in solution, with hydration and 
pH change affecting solubility. In the absence of 
NH4NO3, the Fe(II) concentration for weathering 
solution was found to decrease, and then return to 
this equilibrium value. 

     For the mixture of weathering solution and 
NH4NO3, there is a decrease in the Fe(II)         
concentration, which corresponds to the visual  
observation of bubble generation and colour 
change. The Fe(II) concentration then falls to 
around zero and reaction ceases. For the mixture 
that also contains FeS2, the Fe(II) concentration 
remains above zero for the entire test period,      
despite a more vigorous reaction being observed. 
     The above results indicate that while Fe(II) is 
reacting with NO3-, oxidising Fe(II) to produce 
Fe(III), the reaction is more vigorous and is      
significantly more exothermic in the presence of 
FeS2. If the concentration of Fe(II) is not falling to 
zero in the presence of FeS2, it implies that        
additional Fe(II) is being formed in the reaction 
process. Authors such as Rumball (1991) have 
stated that Fe(III) will oxidise FeS2 by the         
following reaction:  
 
Reaction 3 FeS2 + 14Fe3+ + 8H2O => 15Fe2+ + 
2SO42- + 16 H+    (R.3) 
 
     Rates of reaction are also temperature           
dependent, with time to reaction onset decreasing 
with increased temperatures. While no reaction 
exotherm was investigated for water bath        
temperatures less than 70 degrees Celsius,          
gas and steam evolution was observed              
when the bath temperature was greater than 75   

Figure 23. Plot of Fe(II) concentration vs time for 0.56 g FeSO4 and 1.26 g Fe2(SO4)3 in 1.5 g water in (a) 6 g 
water, (b) 6 g NH4NO3, or (c) 6 g NH4NO3 mixed with 6 g FeS2, as measured by KMnO4 titration. 
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degrees, indicating that thermal runaway had     
occurred. 

7 THE REACTION MECHANISM 

The above reactions show that during the initial 
reaction phases, FeS2 is oxidised to form FeSO4 on 
the surface, and that this FeSO4 reacted directly 
with nitrate at the onset of reaction. While the 
presence of FeSO4 will make the sample more   
reactive, the presence of an oxidised layer, or the 
addition of weathering solution, did not promote 
immediate reaction unless the temperature was   
increased to greater than 75oC. 
     For reactions between ammonium nitrate and 
FeSO4 in the absence of FeS2, initial reactions 
must be either: 
 
3 Fe2+ + NO3- + 4H+ ⇋ 3 Fe3+ + NO(g) + 2H2O     
(R.22) 
 
2 Fe2+ + NO3- + 3H+ ⇋ 2 Fe3+ + HNO2 + 2H2O     
(R.28) 
 
     The build-up of a FeSO4 on the sample surface 
shows that, initially, these reactions that consume 
Fe2+ must be slower than the surface oxidation   
reactions. Once reaction (R.28) had produced   
sufficient HNO2, then reaction (R.29) could also 
proceed: 
 
Fe2+ + HNO2 + H+ → Fe3+ + NO(g) + H2O     
(R.29) 
 
     Each of these reactions are exothermic, and so 
as reactions proceed, the reaction system will heat 
up and this increase in the reactor temperature will 
increase the reaction rate. Thus, in the absence of 
FeS2, reaction (R.29) will be limited by the    
availability of HNO2 and all reactions will         
accelerate once the temperature is increased by  
reaction. As has been described, however, the 
temperature increase is too small to be detected in 
the AEISG test and the reaction ceases once all 
Fe2+ has been oxidised to Fe3+. 
     For a reaction system containing FeS2, the    
description of reaction is similar except that       
reactions (R.3) and (R.30) are possible: 
 
FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO42- + 16 H+     
(R.3) 
 
FeS2 + 5NO3- + 6H+ → Fe3+ + 2HSO4- + 5NO(g) + 
2H2O     (R.30) 
 
     With these reactions, Fe2+ will continue to be 
generated, replacing the Fe2+ consumed in          

reactions (R.22), (R.28) and (R.29). Thus, the    
reaction will not become extinguished with the 
consumption of Fe2+, and so the exothermic       
reaction will be able to continue to accelerate, 
leading to greater gas generation and a              
significantly larger exotherm. 
     In an insulated system, the heat of reaction 
would heat the reactants, increasing the reaction 
temperature and reaction rates, and thus creating a 
positive feedback loop that would lead to thermal 
runaway. In a non-insulated system, however,  
heat losses result in only a fraction of the heat 
generated by reaction contributing to a             
temperature increase. The greater the temperature 
difference between a heated system and its        
surroundings, the greater the heat loss, as given by 
the equation: 
 
Q = UAdT                                              (1) 
 
     At steady state, the temperature of the reactor 
will be that temperature at which the reaction   
produces heat at a rate that matches the heat flux. 
The Arrhenius equation shows that reaction rate 
constant, and therefore the heat generated by the 
reaction is exponential with temperature, while 
Equation 1 shows that heat flux is linear. Figure 24 
shows the exponential curve for heat generation 
and the linear curve for heat flux in a hypothetical 
reaction scenario. At low temperatures, while the 
reaction rates are low, there is only a small        
difference between the exponential curve for heat 
of reaction and the linear plot, and so the         
temperature rise would be small. At higher      
temperatures, however, the exponential nature of 
the curve means that reaction rates increase rapidly 
and the difference between heat generation and 
heat flux increases, and so thermal runaway would 
be expected. 
     In some systems heat loss from the sample is 
sufficient to maintain reactor temperature,        
preventing reaction rates from increasing further 
and preventing thermal runaway. This was         
observed in small reactors where, below 75oC, the 
reactor would not go above the water bath       
temperature even when reaction was observed. It 
was also observed that when a reaction was 
cooled, reaction rates could be slowed sufficiently 
for visible gas evolution to cease. As water was 
lost through the reaction process, the remaining 
ammonium nitrate solution would crystallise,  
leading a solid reaction product. 
     It should be noted that during this initial        
reaction time, the bulk of the reactor may not 
change in temperature by a measurable amount. 
Crystal defects in the FeS2 will lower the            
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activation energy and thus have a higher reaction 
rate. This may result in only one or two reactive 
sites that begin to react and create local ‘hot 
spots’, which may only constitute a small fraction 
of the material in the reactor, or may even be    
single active sites on which Fe(III) will oxidise the 
FeS2 crystal surface. In the absence of FeS2,       
localised reaction has also been observed on the 
crystal surface of undissolved ammonium nitrate. 
Once reaction has begun in these spots, then the 
temperature will increase locally, and reaction may 
accelerate quickly even if the bulk temperature is 
largely unchanged. It is only once reaction in these 
hot spots becomes sufficiently vigorous that bulk 
temperature rise may become measurable, and the 
temperature rise is sufficient for reaction     
throughout the sample. 
     There are also mass transfer considerations. In 
order for a reaction to take place, there need to be 
sufficient reactants present. While initially, 
NH4NO3 will be in excess at the FeS2 surface,    
oxidation of the surface will deplete the NO3-  
concentration, and reaction may even be             
insufficiently fast to generate the exotherms for the 
reaction to be sustained. An oxidised surface, 
however, will have FeSO4 available for reaction 
without depleting NO3-, and thus will appear 
‘more reactive’ than a non-oxidised sample. Once 
reaction has begun, and gas evolution is occurring, 
mixing will aid mass transfer. Even with a        

vigorous reaction, however, mass transfer may 
limit a system and result in unreacted material  
remaining in the reactor vessel after reaction has 
ceased. 

8 CONCLUSIONS 

Commercially obtained FeS2 could be used as a 
substitute for reactive ground samples to study the 
reactive ground mechanisms. Electrochemistry 
could be used to identify reaction peaks associated 
with the reactive ground mechanism, and that 
changes in electric potential could also be used to 
identify the onset of reaction in a system where 
temperature rise could not be determined. 
     Cyclic voltammetry showed that acid washed 
samples of FeS2 are initially inert, and that cycling 
to high potentials created a reactive surface.      
Oxidised or reacted samples showed reactivity 
without exposure to high potentials. 
     SEM imagery showed that oxidation products 
are formed on the surface of FeS2, and that this 
surface was maintained for reaction at 55 C, but 
that the oxide surface was removed with higher 
temperature reactions. These iron oxide products 
react exothermically with nitrates, and so different 
levels of oxidation could therefore explain the   
differences in reactivity between FeS2 samples. 
     Reaction rates were found to be highly       
temperature dependent, and thus the transition 

Figure 24. Plot of (a) heat flux and (b) heat generation from reaction vs temperature for a hypothetical reaction 
system in an uninsulated reactor. 
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from a slow reacting system to thermal runaway 
was governed by heat and mass transfer to and 
from the reaction zone. Urea was observed to     
inhibit reaction, but an oxide layer was still formed 
on FeS2 in the presence of Urea. 
     The Reactive Ground Mechanism is a series of   
reactions, whose rates are governed by heat and 
mass-transfer. This novel mechanism differs from 
that proposed by other authors as it does not rely 
upon a build-up of reactants or intermediate     
species to transition from a slow reacting, inert 
system to thermal runaway. 
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1 INTRODUCTION 

Blasting operations are unique in three important 
ways: they are potentially high consequence (high 

hazard but low residual risk), they have rapid     
design and implementation feedback cycles (need 
cautious start and then accelerated learning), and 
they occur early in the value chain of extraction 
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ABSTRACT: This paper reports on the further development of the Blast Design Requirements (BDR)        
classification system developed by the author, mainly extended to include ground improvement blasting    
techniques. The full updated 2022 version of the BDR classification system is provided. The body of the paper 
explores eight ground improvement blasting applications. Two case studies are used to demonstrate the BDR 
classification system approach in the context of void treatment blasting. Finally, based on this work a number 
of observations and conclusions are formulated. The eight ground improvement blasting applications discussed 
in the paper are: Compaction blasting which aims to increase the in-situ density of the blasted material; 
Destress blasting can be used to redistribute local stresses by transferring them to a non-fractured zone ahead 
of the destressing zone and benefits mining personnel by creating a safe low stressed ‘cushion’ of rock at the 
immediate mining face; Disruption blasting aims to increase the shear strength of weak layers or zones and 
thereby improving ground stability; Hazard release blasting involves eliminating mass movement (gravity 
driven) hazards; Permeability enhancement blasting aims to increase the permeability (p) of a volume of 
ground for a beneficial purpose; Restoration blasting can be used on quarried rock slopes to construct a      
landform sequence similar to that in the surrounding natural landscape; Reinforcement blasting aims to          
reinforce the target volume weak ground which is below water; and Void treatment blasts that are used to    
collapse. Two case studies using the BDR classification system are discussed, the first relates solely to         
collapsing and filling an underground void network using a void treatment blast (Blast A). The second case 
study relates to a more complex blast that includes void areas, ore and waste materials, and is adjacent to pit 
wall on one side. The second case study blast, is termed a complex modified production blast (Blast B).    
Based on this current work five important observations and conclusions are made: (i) The use of the BDR   
classification system makes the blast design process easier, reduces the requirements risk, provides design   
priorities and makes them more explicit. (ii) The range of ground improvement applications using explosive is 
large and new applications are expected to emerge in the future. Blasting using explosives can be used to:   
densify soils, destress rocks, strengthen weak rock zones, restore landscapes, enhance drainage pathways,      
reinforce weak earthen materials and eliminate dangerous near surface cavities. (iii) The range of ground     
improvement blasting applications demonstrates that blasting with explosives is very versatile as it can be 
adapted to many different functions or activities. (iv) Blasting operations are unique in four important ways: 
They are high hazard, strongly regulated and controlled leading a low residual risk; they have rapid feedback 
cycles; they can be used to leverage downstream processes; and are very versatile (they can be adapted to 
many different functions or activities). (v) The requirements approach presented here, if adopted, should      
improve the quality of blast designs and hence blast outcomes leading to practitioner and stakeholder           
satisfaction. It is also expected to assist with lateral thinking and innovative blast design strategies that will 
benefit society in the areas of safety, economics, aesthetics, environment and engineering. 
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operations (can be used to leverage downstream 
processes). Because of these three unique and   
important features a blast management framework 
consisting of design management and                
implementation management is indicated. The 
process to achieve sustainable blasting operations 
is illustrated in Figure 1 and termed the ‘Blast 

Management Framework’. This process has two 
major components: ‘Blast Design Management 
Process’ and ‘Blast Implementation Management 
Process’. Figure 1 indicates that the ‘Blast design 
management process’ involves two sub-elements, 
these are: blast design requirements, and blast    
design and analysis. The second element is the 

‘Blast implementation management process’       
involves three time-sequenced sub-elements:     
pre- blast, during blast, and post blast. 
     The BDR Classification systems was developed 
in part to management a blasting operation’s      
requirements risk. Requirements risk is the        
potential for losses due to a project’s requirements 
themselves or requirements management process. 
Such risks are closely tied to the quality of           
requirements analysis or the absence of such an 
analysis. The absence, or low-quality requirement 
analysis represent a risk to a project as garbage-in- 
garbage-out, meaning that projects that are based on 
faulty requirements are likely to face issues and    
potentially fail. Figure 2 presents the managerial 
and technical blasting objectives required to 
achieve sustainable blasting operations. These are 
now discussed in the following paragraphs. 

1.1 Managerial blasting objectives 

Figure 2 indicates that all blasts need to satisfy the 
managerial blasting objectives. That is, all blasts 
must be safe, legal, add value, manage any special 
conditions and work within site constraints.          
It should be noted that, sustainable blasting           
operations will be those that consistently achieve 
both the managerial blasting objectives and        
the primary technical blasting objectives.         
This starts with blast design which is the          
fundamental engineering control to obtain        
consistent output that achieves all relevant       
blasting objectives. 

Figure 1. Components of a Blast Management 
Framework (Little 2018). 
 

Figure 2. Managerial and technical blasting objectives (Little 2019). 
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Table 1. Technical blasting objectives (Little 2019). 
 
Technical Blasting Objective Interpretation in soil and rock blasting context 
G Grade /Ore control Reducing unplanned ore loss and unplanned dilution. 
F Fragmentation control Obtaining the desired fragment distribution. 
D Damage control Maintain the strength of the remaining rock mass. Reduce 

damage to valuable minerals. (fines or cracks) 
P Profile control Reducing over-break, underbreak and bridging. 
M Muckpile control Obtaining required muckpile and ore flow characteristics. 
E Environmental control Reducing unwanted blasting emissions e.g. vibration, airblast, 

fumes, dust, flyrock, water pollution and asset damage. 
I Ground Improvement control Improving the physical, structural, mechanical or hydraulic 

properties of the ground. 
 
 
 1.2 Technical blasting objectives 

The seven technical blasting objectives shown in 
Figure 2 are briefly summarised in Table 1. 

2 THE 2022 UPDATED BDR 
CLASSIFICATION SCHEME 

This section presents the 2022 update, to the Blast 
Design Requirements (BDR) classification scheme 
(Little, 2011, 2015, 2017, 2019). The BDR      
classification scheme uses four classification      
elements: the blast location relative to the earth’s 
surface, the number of different grades of           

geological materials in a blast volume, the         
orientation of the free face relative to the 
blastholes, the number and type of primary     
blasting objectives. The first three classification 
elements are objective physical properties and the 
fourth relates to technical blast design objectives. 
The BDR classification scheme has the following 
format X_XG_XF_XXXXXXXO with possible 
value of X explained in Figure 3. 

2.1 X-Blast location relative to the earth’s 
surface 

This element relates to the blast location relative to 
the earth’s surface. Only three options have been 

Figure 3. The BDR classification scheme. 
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proposed. The X in the X_XG_XF_XXXXXXXO 
can take the values of S for a blast on the Surface, 
U for an Underground blast and W for an          
underWater blast. 

2.2 XG-Number of different grade geological 
materials in a blast 

In this paper the term bulk blast is used when two 
or more blocks of materials with different grade 
categories (e.g. high grade, low grade, waste) are 
shot in the same blast. In contrast, the term         
selective blast is used for a blast containing only 
one grade category (e.g. high grade ore). 
     The X in the XG can be S or M with the       
following meanings:  
 
SG - Single ore blast (selective ore blast) 
MG - More than one grade of material in the blast 
(non-selective bulk blast) 
WG - Single waste blast (waste only). 
2.3 XF-Orientation of the free face 

A distinction is also made as to the orientation of 
the closest free face (F), the three general classes 
are: horizontal (e.g. paddock blast), vertical (e.g. 
bench blast) and combination (e.g. sub-vertical and 
horizontal within the same blast). 
     The X in the XF can be H, V, O or A with the 
following meanings: 
 
HF – Horizontal free face with blasthole           
perpendicular to the free face 
VF – Vertical (or sub-vertical) free face with 
blasthole parallel to the free face  
OF – Horizontal or vertical free face (form of  
short hand) 
AF – Horizontal and vertical free face (complex 
free face conditions). 

2.4 XXXXXXXO-Number and type of primary 
blasting objective in priority order 

The BDS classification system allows up to seven 
primary blasting objectives but it is generally   
limited to three or four primary objectives. It 
should be clear that the more primary blasting      
objectives the more complex the design trade-off 
become. 
     The X’s in the XXXXXXXO component can 
be any one of the following, but repetition is not 
permitted: G – Grade control, F – Fragmentation 
control, M – Muckpile control, D – Damage     
control, E – Environmental control (see            
sub-categories), P – Profile control and I – Ground 
Improvement (see sub-categories). 

Environmental control objectives sub-divisions: 
 
-  Ea – Airblast sensitive blast 
-  Ed - Dust sensitive blast 
-  Ef – Flyrock (wild) sensitive blast  
-  Eg – Fume sensitive blast 
-  Ev – Vibration sensitive blast (heritage and 

infrastructure protection)  
-  Ep – Water pollution sensitive blast 
-  Er – Land pollution sensitive blast (from    

explosives residue). 
 
Ground improvement sub-divisions: 
 
-  Ic – Compaction blast  
-  Is – Destress blast 
-  Id – Disruption blast 
-  Ip – Permeability enhancement blast 
-  Ir – Restoration blast 
-   Ih – Hazard release blast (scaling etc)  
-  If – Reinforcement blast 
-  Iv – Void treatment blast 

2.5 Some basic blasting objective rules 

-  All managerial blasting objectives must be 
met for every blast, e.g. safe, legal, value  
adding 

-  All blasts will have one or more technical 
blasting objective(s) and these are called   
primary blasting objectives and need to be 
listed in priority order 

-  Primary blasting objective implies that it 
needs to be explicitly addressed during the 
blast design process and will also require  
performance targets to be set 

-  Blasting objectives that are relevant to the 
blast context but not considered to be primary 
for a particular application are termed       
secondary blasting objectives 

-  All secondary blasting objectives need to be 
kept within acceptable levels 

-  If any of the primary blasting objectives are 
not met the blast would be considered to be 
less than adequate and design refinements 
will be required for similar future blasts. 

3 TYPES AND CLASSIFICATION OF 
GROUND IMPROVEMENT BLASTS 

Ground Improvement blasting (I) was added to the 
BDR classification scheme (Little 2019) without 
any explanations. That addition is considered    
valid, as the overall aim is for the BDR             
classification scheme to be able to accommodate 
all ground blasting applications. This section of 
the   paper  aims  to  provide  sufficient  detail  and    
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Table 2. Ground improvement blast classified using the BDR classification system. 
 
Blast type Classification Primary blasting objective 
Compaction blasting S_SG_HF_IcO To compact a volume of ground. Use Ic for this sub-

objective. 
Destress blasting S_SG_OF_IsO To reducing the stress (destress) in the target volume of 

ground. Use Is for this sub-objective. 
Disruption blasting S_SG_HF_IdO To increase the shear strength by disruption of a 

volume of ground containing weak layers. Use Id for 
this sub-objective. 

Hazard release blasting S_SG_OF_IhO To eliminating mass movement (gravity driven) 
hazards using blasting. Use Ih for this sub-objective. 

Permeability 
enhancement blasting 

S_SG_HF_IpO To enhance the permeability of a volume of ground. 
Use Ip for this sub-objective. 

Reinforcement blasting W_SG_HF_IfO To reinforce the target volume of ground which is 
below water. Use If for this sub-objective. 

Restoration blasting S_SG_VF_IrO To achieve landform modification for engineering or 
environmental purposes. Use Ir for this sub-objective. 

Void treatment blasting S_SG_OF_IvO To collapse and fill voids (natural or man-made) for 
safety and production purposes. Use Iv for this 
improvement sub-objective. 

 
 
 
 
 Table 3. Ground improvement specification and example acceptance criteria. 
 
Blast type Specification Example criteria 
Compaction blast (Ic) Density requirements  

Surface settlement 
- Cone Penetration Test (CPT) 
- Amount of settlement (mm) 

Destress blast (Is) Defined relaxed zone 
Local stress transfer mechanism 

- Local stress reduction 
- % reduction in seismic events 

Disruption blast (Id) Shear strength (C and 𝛷𝛷)  
Increased stable angle 

- Area disrupted (improved) 
- Increased stable angles 

(degrees) 
Hazard release blast (Ih) Number of identified rockfall hazards 

Critical hazards removed 
Cost effective risk reduction 

- # reduced hazards per km 
- # of hazards made safe 
- Cost-benefit ratio 

Permeability 
enhancement blast (Ip) 

Well defined volume 
Particle size distribution requirement 
Swell (and void) distribution 
Permeability enhancement target  
Fines limitations 

- Water pressure (kPa) reduction 
upgradient of blasts 

- Increased flow rates (m3/d) 
- Increased hydraulic 

conductivity (m/s) 

Restoration blast (Ir) Landform design specification 
Readiness for subsequent activity 

- Stakeholder acceptance 
- Compliance to specification 

Reinforcement blast (If) Replace underwater silt with crushed 
rockfill 

- Rate of advance and 
repair/rework 

Void treatment blast (Iv) Defined void shape based on old plans 
Delineated by probe drilling 

- # voids collapsed and filled 
- % Danger zones on pit floor 
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explanation for organisations that use ground    
improvement blasting and for blast designers to 
understand the various concepts. In addition to 
the primary blast objectives discussed in Table 2, 
all ground improvement blast will need to develop 
or externally imposed quantitative or qualitative 
specifications and acceptance criteria (KPIs). Table 
3 provides measurement techniques and example 
criteria for each of the eight ground improvement 
categories. 

3.1 Compaction blasting (Ic) 

This method is also called explosive compaction. 
Unconsolidated materials (soil, sand, silt, mud, 
tails) are blasted in such a way that they contain 
less voids and water and hence become denser. 
     Effective parameters in design of compact 
blasts fall in six categories are as follows: (i) 

charge weight in each hole, (ii) depth of charges in 
the hole, (iii) scattering pattern of charges in 
height, (iv) distance between the blast holes, (v) 
phasing and the number of blast stages, and (vi) 
sequence of blast holes and explosive scheduling 
in each phase. Determination of these design      
parameters should be based on the final optimum 
results. Figure 6 illustrates a real plan and profile 
of blast holes arrangement along with the charging 
locations and sequences of explosion. 

3.2 Destress blasting (Is) 

Destress blasting (sometimes called precondition-
ing blasting) is a pro-active control measure used 
underground which guards against strain bursting 
or similar seismic phenomena. The three main 
mechanism classes are: Strain bursts/face bursts; 
Pillar bursts; and Fault slip bursts (Yao et al. 2016, 

Figure 4. Ground improvement classification and objectives. 
 

Figure 5. Geotechnical aspects of compaction blasting (Shakeran et al. 2016) and relevant photograph. 
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Mitri 2001). In hard rock mines, destress blasting 
is thought to be a means of maintaining and       
extending natural fracturing around an excavation. 
It should be noted that the mine services and        
infrastructure need to be protected prior to the     
de- stress blasts. It is perceived that inducing     
fractures by blasting in the rock ahead of the face 
can produce the following effects: 
 
-  Local stress transfer by fracturing: Destress 

blasting induces a set of fractures in the rock 
mass. This fracturing results in local              
readjustment of stresses by transferring them 
to a non-fractured zone ahead of the    
destressing zone. The benefit to the mining 
personnel is that a low stressed ‘cushion’ of 
rock is produced in the immediate face. 

-  Modifying rock mass properties: Fracturing 
by destress blasting reduces the load-carrying 
ability of the rock apparently by reducing the 
confined rock mass strength and modulus of 
elasticity. The collective results of this change 
in the properties is stress decrease in the   
fractured zone. 

-  Modifying rock mass failure mechanism: 
Rockburst is normally associated with brittle 
elastic rock failure. Fractures induced by 
destress blasting provoke yielding           

characteristics of rock mass and hence change 
its failure mechanism from brittle elastic to 
yielding type. Successive destress blasting 
applications develop a progressive yielding to 
maintain the cushion as the face advances. 
Furthermore, continued yielding dissipates 
continued loading of the destressed zone. 
Therefore, the destressed zone yields       
gradually rather than fails suddenly and      
violently. 
 

     Figure 7(a) shows that the aim of destress  
blasting, when developing in a highly stressed   
environment, is to create a fractured destressed 
zone and hence push the peak stress away from the 
drift face. Figure 7(b) illustrates a simple destress 
blast design to achieve such stress and ground 
conditions. 

3.3 Disruption blasting (Id) 

The aim of this method of blasting is to disrupt the 
continuity of weak rock seams or zones where the 
blasted material will largely be left in place, but 
stronger, to form the batter or slope face. Charges 
above or below (or both) the weak zone can be 
used to move stronger materials along a potential 
failure path. This method is not new, the earliest 
example known was in civil works in Tennessee 

Figure 6. Plan of blast pattern and sequence with typical blasthole charge design (Shakeran et al 2016). 
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‘shot-in-place buttress’ in the late 1960s (Moore 
1986). Two methods of disruption blasting are  
discussed in this section. They are: Targeted buffer 
blasting and Bench buffer blasting (Softwall   
blasting). 
     Targeted buffer blast strip blasting (Latilla et 
al. 2016) is designed to disrupt identified plane(s) 
of weakness, disturbing them in order to increase 
cohesion and friction angle. The explosive charge 
weight per hole is generally significantly less than 
that used for a production hole of the same depth. 
Once exposed, the batter or slope will appear less 
damaged than it would in a normal buffer (or 
softwall) blast. A secondary advantage of targeted 
buffer blasting is improved drainage, which lowers 
the phreatic surface. It should be noted the   
scheduling of a disruption blast must be such that 
the buffer strip is blasted before mining of the coal 
or other strata down dip from it. In other words, 
while the planned buffer blast toe is still buttressed 
by solid rock or coal. Targeted buffer blast strip is 
utilised where a target zone, usually a coal seam 
containing bedding plane shears, has been        
identified. The intention of the targeted buffer 
blast is to disrupt the bedding plane shears at seam 
level and then displace the rest of the overlying 
strata without completely fragmenting it. This 

technique is generally applied where the seam dip 
lies between 5° and 20°. To achieve best results, 
the blast must be strong enough to disturb the 
ground, but not completely pulverise it. The      
disruption blast disturbs the continuity of the   
bedding plan shears (or weak zones) and results in 
an increased cohesion and friction angle, and   
consequently a higher factor of safety or slope    
reliability. 
     Softwall blasting (Kelso 2011) also called a 
bench buffer blast (Latilla et al. 2016) is used 
where the entire batter face and the bench behind it 
is assessed as being so structurally disturbed that it 
is better to blast it and disrupt the continuity of all 
structure, as far as is practical. The batter and 
bench are blasted with a similar charge weight as a 
normal production blast and the blasted material is 
battered back to between 40.0° and 45.0°.        
This method would generally be used where the 
majority of structures are dipping at over 20.0°. 
Kelso (2011) discussed a series of highwall           
instability events developed into a 700 m-long   
tension crack located 80 m from the crest, resulting 
in a large block of the highwall creeping towards 
the active open pit workings. The risk of further 
highwall instability was high with the potential for 
premature closure of the pit and loss of coal        

Figure 7a. Destress blasting concepts, (a) pre-blast and post-blast stress conditions and fractured 
destressing zone (Roux et al. 1957). 
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reserves at a time of high global demand for  
quality coking coal. The softwall method consists 
of a highwall slope design where the rock mass is 
blasted beyond the pit limit to disrupt rock defects. 
The softwall design was successfully adopted as 
the preferred geotechnical slope design to manage 
potential highwall instability in the final mining 
strip for the pit. 

3.4 Hazard release blasting (Ih) 

Rock slope engineering generally addresses the 
formation of new slopes, but it can be employed to 
reduce hazards by remediating existing cut or   
natural slopes (Example 1). A second application 
is an innovative approach used at a coal mine in 
Australia (Example 2). A third example relates to 
avalanche control blasting is presented as Figure 
9(d). In rock slope remediation, hazard reduction 
blasting (sometimes called trim blasting) is used  
to remove unstable rock masses on slopes that    

are too large for removal using scaling bars       
and jacks. It can also be used to remove portions 
of slopes that could act as features to project      
falling rocks from the face towards a sensitive 
structure. 
 

     Example 1. Elimination of potentially unstable 
rock hazards: Trim blasting is an effective method 
of removing potentially unstable rock masses.    
Effective trims are undertaken by experienced 
blasters who are in contact with the Engineer on 
site as well as the Owner. Other key considerations 
in trimming include analysing the geological and 
geotechnical properties and noting nearby        
sensitive structures or other nearby features that 
may be affected by blasting. When estimating PPV 
at a sensitive structure the Engineer should be 
cognizant of the effects of a blast shadow on PPV. 
The blast plan and post blast record are also      
important documents that should be provided by 
the blaster and reviewed by involved parties.   

Figure 7b. Destress blasting concepts (b) a simple six hole destress blast for horizontal development 
(Carr et al. 1999). 
 

Figure 8. (A) Toe position with reference to targeted buffer blast strip after failure (B) example of bedding 
plane shear (Latilla et al. 2016). 
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Table 4. Four permeability enhancement blasting application. 
 
Application Issue/Opportunity Possible blasting 
1 Developing 
drainage pathways 

Enhance permeability for mine 
dewatering or depressurisation. 

See design and implementation discussion 
that follows. 

2 Improving coalbed 
gas extraction 

Low gas permeability restricts the 
improvement of coalbed gas 
extraction efficiency. 

Deep-hole permeability improvement 
technique of blast fracturing has been 
applied to improve coalbed gas extraction 
rates, with favourable results. 

3 In-situ retort Oil shale contains a solid 
hydrocarbon called kerogen that 
when heated (retorted) yields 
combustible gases, crude shale oil, 
and a solid residue called spent, 
retorted, or processed shale. 

In a true in-situ (TIS) process, a deposit is 
first fractured by explosives and then 
retorted underground. In modified in-situ 
(MIS) processing, a portion of the deposit 
is mined and the rest is shattered 
(rubbleised) by explosives and retorted 
U/G. 

4 In place leaching A modified in-situ leaching method 
for extracting gold using low 
environment impacts. 

Permeability enhancement achieved by 
blasting. A major attraction is recovery of 
metals without need open pit excavations, 
tailings dams or surface waste dumps. 

 
 
 
 
 
 
 

Every borehole should be considered an             
investigation hole, and the blast should be          
designed to the conditions of the rock mass rather 
than the conditions in the blast plan. It is the     
Authors’ recommendation to be present on site 

when drilling and loading of blasts is being     
conducted. This way there is a deeper                
understanding of the rock mass and construction 
issues that may arise. It can also be verified that 
the blast plan is being followed, including how the 

Figure 9. Overview of elimination of structure controlled highwall failures (a) Risk elimination trim blast 
drilling controls. (b) Photo of the trim blast wedge for the third strip. (c) Survey scans for all mined and 
mining strips so far showing successful risk elimination outcomes. (d) Photo illustration of avalanche  
control blasting. 
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boreholes are delayed and where delays are being 
placed. Trim blasting is an effective way to       
remove potentially unstable blocks of rock that 
may be endangering public safety and critical     
infrastructure. 
     Example 2. Elimination of structure controlled 
highwall failures at an open cut coal mine:        
The geotechnical recommendations were to blast 
the unstable ground first (called trim blasting),  
and followed by dragline removal and scaling.  
The full case study is available from the ACG    
(Li 2020). Figure 9(a) shows a plan of a typical 
blast pattern. Figure 9(b) and (c) show the          
on-ground result and a plan of the final series of 
results respectively (After Li, 2020). Figure 9(d) 
provides one example of avalanche control blast 
(from the web). 

3.5 Permeability enhancement blasting (Ip) 

This ground improvement technique has wide   
applicable for engineering and environment      
projects and involves hydraulic modification. Time 
only allows for four applications to be introduced, 
see Table 4. 

3.5.1 Opening up drainage pathways 

This involves using explosives in carefully placed 
drillhole to fracture the rockmass in strategic      
locations to open up drainage pathways. This 
changes the natural drainage pathways by            
increasing the fracture permeability in the targeted 
location. The benefits of such an approach may be: 
 
-  Increase the rate of reduction in the East wall 

operational water table 
-  Can be used to reduce the number of         

dewatering wells required 
-  The cost of such a technique is relatively low. 
 
     In some cases, it is possible to use controlled 
blasting to increase the permeability of tight 
ground and open up drainage pathways. An       
example is shown in Figure 10, where a           
low-permeability clay gouge zone was impairing 
drainage of rocks on the footwall side of the    
structure which, in turn, was causing elevated pore 
pressures in the pit slope above the bench. Three 
lines of blast holes to a depth of 45 m were         
installed across the 'tight' zone. The lines of holes 

Figure 10. Opening up drainage pathways by blasting (Beale et al. 2013). 
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were about 20 m apart and the aim was to create 
three drainage pathways from the saturated rocks 
in the footwall into the dewatered rocks on the 
hanging wall side of the structure. The shot was 
progressed from the hanging wall to the footwall 
with long delays. The resulting drainage caused 
pore pressures in the pit wall above the bench to 
reduce. 

3.6 Restoration blasting (Ir) 

‘Landform replication’ can involve the use of  
controlled ‘restoration blasting’ techniques on 

quarried rock slopes to construct a landform      
sequence similar to that in the surrounding natural 
landscape. The natural reclamation process of 
abandoned quarries can be accelerated through a 
process called landform replication. Through  
carefully designed restoration blasts, talus slopes, 
buttresses, and headwalls of rock quarries and   
surface excavations can be created that can be    
revegetated to produce landform and plant          
assemblages similar to those that occur on natural 
valley sides. Figure 11 illustrates three practical 
restoration approaches, all of which are relatively 
straight forward shot firing applications. 

Figure 11. Three practical restoration approaches (a) Bench crest removal, (b) Reduction in slope angle, 
and (c) Selective landscaping. (Modified from Coppin & Bradshaw 1982.). 
 

Figure 12. Diagram of reinforcing soft ground by blasting. (a) Explosive charge A is fired, an expansion 
space is formed, and a compressive wave is caused; (b) stones and silt in the crater are thrown upward by 
the explosion; (c) the thrown stones as well as some silt fall down, the silt in the crater is squeezed out, and 
the backfilling due to blasting at A is completed. (After Zhang 2016). 
 



 

 
- 371 - 

Table 5. Blasts design requirement for Blast A. 
 
Blast type BDR Classification Primary technical blasting objectives 
Void 
treatment 
blast 

S_SG_HF_IvMFO The design for this type of blast is very site specific, and is 
influenced by: the unique shape of each 3D void; surrounding 
rock properties; and concurrent and subsequent mining 
processes. The muckpile target is to fill the void, and the 
fragmentation target is to 
avoid or reduce the need for subsequent secondary blasting. 

 
 

Table 6. Technical objectives and design approaches for Void Treatment Blasts. 
 
Technical blasting 
objectives 

General design approaches 

Iv Voids treatment - Employ strategically located and extended length blastholes. 
- The design is based on probe drilling results or similar site investigation. 
- Use appropriate drillhole orientation, length, spacing, charge length, and 

timing. 
M Muckpile control - Use timing to provide the required swell and to collapse and fill the 

targeted void volume. 
F Fragmentation 
control 

- Use spacing, timing and charge length to achieve acceptable 
fragmentation. 

 
 

Table 7. An example of a BDR classification and blast design requirements statement. 
 
BLAST DESIGN REQUIREMENTS STATEMENT 
PIT CUTBACK PIT 
BLAST DOMAIN Felsic volcanics and sediments. 
BLAST NUMBER Blast A 
BLAST TYPE Void Treatment Blast 
SPECIAL CONDITIONS Probe holes are sometimes loaded with explosives and used as 

blastholes if they terminate above the void and will reduce need 
for additional drilling. 

SITE CONSTRAINTS No additional restriction or constraints. 
BLAST DESIGN 
REQUIREMENTS 
CLASSIFICATION 

S_SG_HF_IvMFO 

S – surface blast. 
SG – single grade material. 
HF- horizontal free face perpendicular to drillholes. 
Iv – Void treatment is highest priority primary blasting objective 
M – Muckpile control is the next highest priority primary blasting objective 
F - Fragmentation control is the lowest priority primary blasting objective but needs to be 
acceptable. O - Objectives, or in full, technical primary blasting objectives. 
 
 

3.7 Reinforcement blasting (If) 

This novel technique involves squeezing the silt 
out by blast throw and the space which was     
originally occupied by the silt is immediately filled 
by falling stones during blasting (Zhang 2016). 

The blasting sequence is described in Figure 12. 
The advantages of this technique are: low cost, 
stability of dams is good since blasting reinforces 
the backfilled part of dams, and construction speed 
is high since stone backfilling is carried out from 
the land. The disadvantages of the technique are 
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the vibrations caused by blasting and the irregular 
sections of dams that need to be repaired. The 
mechanism and operation parameters of this   
technique still need to be studied. 

3.8 Void treatment blasting (Iv) 

The technique of void treatment blasting is the 
subject of Section 4. 

4 GROUND IMPROVEMENT BLAST 
APPLICATIONS 

4.1 Void treatment blasting (Iv) 

Sometimes surface mining take place in areas of 
historic underground mining or natural cavities. If 
underground workings are encountered in or      
below the open pit they are sometimes treated 
(collapsed and filled) using specially designed 
blasts, called “Void Treatment Blasts”. The mine 
can choose to blast separately isolated voids or to 
treat voids as they occur within a production        
or waste blast. Table 5 illustrate the BDR         
classification for void treatment blast and Table 6 
give the general design approaches for the same. 
     The BDR approach suggested in this paper and 
previously is that a Blast Design Requirements 
Statement is issued to the blast designer prior to 

the work activity. An example for Blast A is given 
in Table 7. 
     Figure 13 shows the blasthole layout and delay 
sequence and a during blast image for the void 
treatment Blast A. 

4.2 Modified production blast (Blast B) 

This is a complex production blast which requires 
the designer to cater for underground openings 
(voids), ore and waste control and wall control 
blasting. It is termed a modified production blast 
because it has a trim component consisting of a 
batter and buffer row and larger diameter          
production fired in the same blast, see Figure 15. 
A presplit row was also fired a day earlier but is 
not critical to the current discussion. Table 8 The 
use of electronic detonators and multiple point  
initiation enables such a complex blast to be     
contemplated and designed. 
     The BDR approach suggested in this paper and 
previously, is that a Blast Design Requirements 
Statement is issued to the blast designer prior to the 
work activity. An example for Blast B is given in 
Table 9. 
     The complexity of the blast is well illustrated 
by the SW corner details (Figure 15) in Blast B. 
The void treatment rows are shown with some the 
165 mm diameter holes reaching 31.7 m in depth. 

Figure 13. Void treatment blasting (Little & Blair 2020) a) Void treatment design; b) during blast image. 
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Table 8. Technical objectives and design approaches for this complex Modified Production Blast. 
 
Technical blasting 
objectives 

General blast design approaches Approach used for Blast B 

Iv Ground 
Improvement (voids) 

- Strategically located and extended 
length blastholes (based on probe 
drilling results or similar). 

- Use appropriate drillhole orientation 
and length, spacing, charge length, 
and timing. 

- Employ strategically located and 
extended length blastholes. 

- The design is based on probe 
drilling results or similar. 

- Use appropriate drillhole 
orientation and length, spacing, 
charge length, and timing. 

G Grade/Ore control - Selective blasting (ore only) and 
non- selective digging 

- Bulk blasting and selective digging 
- Blast movement monitoring 

- Bulk blasting and selective mining 
- Fire along strike NS. 
- Visual ore spotting 

D Damage control - Employ appropriately designed 
presplit, batter row and buffer row 
prior to large diameter waste 
blastholes. 

- Use separate presplit blasts. 
- Batter and buffer rows as part of 

modified production blast. 

F Fragmentation 
control 

- Use appropriate blasthole diameter, 
burden, spacing, subdrill, charge 
length, and explosive type. 

As per general design approach 

M Muckpile - Use timing to provide the required 
throw and heave, and throw to suit 
the excavation equipment. 

Use 100 ms delay on the control row 

 
 

Table 9. An example of a blast Design Requirements Statement using the BDR classification. 
 

BLAST DESIGN REQUIREMENTS STATEMENT 
PIT Cutback Pit 
BLAST DOMAIN Felsic volcanics and sediments. 
BLAST NUMBER Blast B 
BLAST TYPE Modified Production Blast 
SPECIAL CONDITIONS Previous underground mining requiring void management 
SITE CONSTRAINTS No additional restriction or constraints. 
BDR CLASSIFICATION S_MG_VF_IvGDFMO 
S – surface blast. 
MG – ore and waste in the production blast area of the blast. VF- vertical or sub-vertical free 
face parallel to drillholes. 
Iv - Void treatment is highest priority primary blasting objective (site perspective) 
G – Grade/ore control is the second highest primary blasting objective in this case bulk blasting 
of ore and waste will be undertaken and selective ore digging is required (ore spotting is 
undertaken). 
D - Damage control is first priority blast objective in the wall region (trim blast design required). 
F - Fragmentation control is the second lowest priority primary blasting objective but needs to 
be acceptable. M – Muckpile control is lowest priority primary blasting objective but needs to be 
acceptable 
O - objectives, or in full, technical primary blasting objectives. 

 
 

Note that probe drilling holes are used to delineate 
the extent of the underground openings. 
     The two monitoring locations used for Blast B 

and the two-part blast pattern (void in between) are 
mapped on Figure 16(a). Figures 16 (b) and (c) 
present  the  charge  mass  per  hole  and  the delay 
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time contours respectively. 
     Figure 16(d) deserves a more extensive           
explanation. Each blasthole in any blast pattern can 

be classified by its wave arrival time, t, at the  
monitor as well as its distance, d, to that monitor. 
The arrival time will depend upon the blasthole   

Figure 14. Blast B area showing drill hole pattern and visible vertical opening (Little & Blair 2020). 
 

Figure 15. SW corner detail of Blast B, showing void management zones & void treatment design. 
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initiation time as well as the wave travel time 
through the ground from blasthole to monitor. This 
information can then be used to associate each 
blasthole with a specific time on the vector         
vibration waveform (for either acceleration or    
velocity). The value of the vector vibration, V, at 
this specific time can then be associated with the 
particular blasthole. The main advantage is that the 
method uses only measured vibration data as well 
as blast design information and can give an         
estimation of the vibration impact, V, from each 

blasthole in an extended pattern. This association 
of a value of V for each blasthole is termed         
vibration impact mapping. It should be noted that 
this approach can also be used for pre-design  
analysis to eliminate expected vibration peaks. 
     Figure 16(e) is the Vector PPV record by the 
in-pit monitor approximately 67 m from closest 
blasthole (flyrock did reach the monitoring site). 
Finally, a post-blast photo, see Figure 16(f), has 
been included to demonstrate the collapsed void 
areas and the general fragmentation distribution. 

Figure 16. Pre and Post details for Blast B (After Little T N and Blair D P, 2020). 
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5 DISCUSSION AND CONCLUSIONS 

Based on this work five important observations 
and conclusions are made: 
 
-  The blast management framework outlined 

consists of a blast design management      
process and blast implementation            
management process. The first step in the 
blast design management process is to clearly 
determine the blast design requirements, and 
the use of the BDR classification scheme 
makes this process easier. This step also     
reduces the requirements risk, provides      
design priorities and makes them more       
explicit. Details have also been given          
regarding the latest addition to the BDR   
classification scheme for ground                
improvement blasting. 

-  The range of ground improvement              
applications using explosives, is large and 
new applications are expected in the future. 
This paper has demonstrated that blasting can 
be used to: densify soils; destress rocks; 
strengthen weak zones; restore landscapes; 
enhance drainage pathways; eliminate gravity 
hazards; reinforce weak earthen materials  
underwater; and finally, eliminate hazards due 
to cavities. All these techniques involve     
improving one or more of the following: 
physical, structural, mechanical or hydraulic 
properties of the ground. 

-  The current work has shown that ground   
improvement blasting using explosives can be 
adapted to many different situations and    
applications. Furthermore, the use of blasting 
methods to improve ground conditions       
requires considerable expertise and should be 
supported by all the components of the Blast 
Management Framework. 

-  Based on this paper, blasting operations have 
been shown to a be unique in four (rather than 
three) important ways. Specially, (i) they are 
potentially high consequence activities (high 
hazard but low residual risk); (ii) they have 
rapid design and implementation feedback 
cycles (need cautious start and then            
accelerated learning); (iii) they occur early in 
the value chain of extraction operations (can 
be used to leverage downstream processes) 
and (iv) are very versatile. 

-  The requirements approach presented are   
expected to improve the quality of blast      
designs and hence blast outcomes leading to 
practitioner and stakeholder satisfaction. It is 
also expected to assist with lateral thinking 

and innovative blast design strategies that 
benefit society, in the areas of safety,          
engineering, economics, aesthetics, and     
environment. 
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1 INTRODUCTION 

The development, innovation and implementation 
of new drone and digital technologies provides the 
opportunity to fully digitise the drill and blast 
process. The development of key digital tools such 
as Expertir blast design software, the Explore 
cloud-based storage database and Expertab, the 
data logging application allow for Blasting 
Engineers to be a part of the entire process 
remotely and involved at every interaction point; 
from the pre-blast preparation, through to the post 
blast analysis, whilst sharing everything 
seemlessly with all key stakeholders in the 
process.  
     Figure 1 shows the operation workflow of the 
entire process where each of the processes feed 
through the cloud based database. 

Each of the steps are detailed in this paper and a 
case study is presented which shows the benefits 
that employing digital technology and analysis can 
have on a large-scale quarrying operation. 

2 USE OF DRONE TECHNOLOGY 

Developments in drone technology in recent years 
has led to its adoption across a range of industries 
around the world to perform numerous functions. 
For the mineral extraction industries, drones have 
become a crucial tool in performing highly        
accurate surveys for determining precise          
blast hole locations whilst offering improved    
safe working practices, in contrast to traditional  
laser scanner techniques due to their ability          
to be operated remotely from face extraction     
operations. 

Implementation of Technology to Fully Digitalize the Drill & Blast 
Process in a Remote Setting 
 
A. Bihlar, L. Bermingham & R. Farnfield 
EPC Sverige, Eskilstuna, Sweden., EPC United Kingdom, Alfreton, Derbyshire, United Kingdom 
 
 
 
 
 
 
ABSTRACT: The development, innovation and implementation of new drone and digital technologies 
now provides the opportunity to fully digitise the drill and blast process. These new technologies allow 
for Blasting Engineers to be a part of the entire process remotely whilst still maintaining involvement at 
every interaction point; from the pre-blast preparation through to the post-blast analysis and to be able to 
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and a bespoke cloud-based data storage applications provide the opportunity to: improve the safety of 
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     Implementation of photogrammetry techniques 
provides the ability to utilise drones in capturing 
overlapping photographs of a blast site and tie 
these photographs together whilst using              
the in-built GPS module, creating a highly         
accurate georeferenced 3D model (Adderley et al. 
2017). 
     The process of drone surveying with in-built 
Real Time Kinematic (RTK) module enables for a 
simpler surveying practice. With the RTK module, 
the drone receives real time corrections to its 
onboard GPS from a local Global Navigation   
Satellite System (GNSS) station, enabling each of 
the photographs to be geo-referenced, removing 
the need to place ground control points (GCP) and 
perform an additional RTK survey to                
geo-reference the resulting 3D model. This        
reduces the necessary training requirement for 
staff to perform a survey and then upload the      
resulting photographs to an online cloud-based 
platform. Once uploaded, the Blast Engineer is 
then able to access the photographs and create the 
3D model of the surveyed area and import into the 
blast design software. 
     The use of drones offers a number of            
advantages when used for surveying and face   
profiling compared to laser scanner methods.   
Generally, the survey can be conducted in a more 
controlled environment. The surveyor can be     
positioned on the bench, isolated from other       

activities within the quarrying/mining operation 
and perform the survey from one location,   
providing line of sight to the drone can be      
maintained. In comparison to using a laser     
scanner, the surveyor would typically need to be 
positioned in front of the face, usually on the  
quarry floor, where there is an increased likelihood 
of interaction with other working activities, which 
could possibly cause delays to face excavation 
work, as well as working in closer proximity to 
mobile plant. It may also be necessary to scan  
faces form multiple positions, thereby further     
increasing the risk to the surveyor and time taken 
to conduct the survey. 
     There is a significant improvement in accuracy 
within the survey also. Typical errors within the 
survey range from 1-3cm. 
     Geological conditions which are visible in the 
face can now be captured within the photographs 
and overlaid onto the resulting 3D model. This   
allows for the blast designer to identify and       
examine in detail areas of weakness in the face 
which may extend further into the rock mass   
within the blast area, therefore allowing detailed, 
data led control measures to be employed within 
the blast design to mitigate any potential safety   
issues. 
     Drones are capable of obtaining measurements 
on the face which would normally be obscured to a 
laser scanner by features such as rock traps. This 

Figure 1. Operational workflow. 
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ensures that holes are positioned accurately and 
safely at the toe of the face. 
     In addition to this, a typical drone survey can 
be completed in 10 to 15 minutes making it a more 
efficient process over laser profiling methods. 

3 CREATION OF THE 3D SURVEY MODEL 

The Blast Engineer can download the survey   
photographs from an online database and import 

them into dedicated photogrammetry software. 
The software aligns the position of the photos 
based on the geo-tag assigned to each photo, 
which has been acquired by the RTK module  
within the drone. The images are tied together 
based on the software identifying identical single 
points within multiple images. These points are 
known as tie points and link the images together.  
     Figure 3 shows a screenshot of the software 
creating a 3D model with the level of                 

Figure 2. RTK-drone in action. 
 

1.9cm accuracy of model 

Figure 3. Complete photogrammetry model done with RTK-drone. 
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accuracy within the survey identified. 
     The resulting, georeferenced model can then be 
uploaded into blast design software from which 
the face profile scan can be processed as shown in 
figure 4. 

4 ADAPTIVE HOLE LAYOUT 

The location of blast holes can be determined     
using an automatic layout function within the blast 

design software, which assigns holes within the 
blast dependent on the specified burdens and  
spacings and designed angles, whilst also taking 
into consideration the angle of the face(s). The  
position of the holes can be the adapted to       
maximise the efficient distribution of explosive 
energy, based on the designed hole loading. This 
process offers precise placement of holes and    
explosive charges and removes the need for a 
Blast Engineer to visit site and physically measure 

Figure 4. 3D model imported into blasting software – Expertir. 
 

Figure 5. Layout of drill holes created from automatic parameters. 
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and mark out hole locations on the bench - a    
process in which will often result in less efficient 
positioning of holes. Blast Engineers can perform 
the blast design process at a central location and 
upload the designed drill parameters onto a    
cloud-based storage system via the integrated blast 
design software, Expertir. 

5 DIGITALISED DRILLING PROCESS 

Once the preliminary design has been completed, 
the Blast Engineer is able to upload the blast     
geometry to an online platform, from where the 
drilling data can be downloaded by the driller and 
uploaded to the drill rig equipped with Hole    
Navigation System (HNS). This enables the driller 
to upload the hole co-ordinates directly into the 

drill rig, which allows the GPS controlled rig to 
automatically position at the designed hole         
locations and drill in adherence to the designed  
parameters. This eliminates the need to pre-mark 
the drill holes, allowing for the driller to focus on 
quality whilst drilling at the precise location       
determined by the Blast Engineer. 
 

     Whilst drilling, it is now possible for the entire 
drilling process to be measured and recorded    
digitally, by use of an online database such as   
Explore. This gives the driller the ability to   
download the drill plan from the Explore platform 
directly to his/her tablet (or other electronic       
device) via the Expertab application. Upon     
opening the file, the driller is presented with a hole 
plan of the blast and by selecting an individual 

Figure 6. Drill rig equipped with HNS in Sweden. 
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hole, the relevant drilling parameters are           
displayed; hole depth, inclination and azimuth, as 
shown in the figure 7. 
     Whilst each hole is being drilled, the driller can 
record the ground condition encountered within 
the application and adjust the hole depth if         
required as shown in figure 8. Once completed for 
the entire set of holes, the recorded drill data is 
then able to be uploaded on to the online platform 
via the application. 
     Whereas with common working practices, the 
Blast Engineer would have to be on site to       
generate the drill log and return to site to collect 
the recorded data, it is now possible to eliminate 
this requirement. The Blast Engineer can       

download and import the drilling data directly into 
the blast design software and therefore fully    
digitalizing the drilling process and reducing the 
resources required on site. 

6 AUTOPROBE 

The Autoprobe tool has been developed for drillers 
to probe each hole after it has been drilled. Once 
set up, it is capable to automatically deploy down 
the hole to measure the depth, and then               
automatically retract to specified intervals to     
perform its measurements which are then captured 
in a digital format. By pre-loading the drill plan  
into the accompanying application, the driller can 

Figure 7. Screenshot of the drilling function of Expertab. 
 

Figure 8. Logging of borehole geology within Expertab. 
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measure the hole depth, angle and azimuth and  
analyse the drilled measurements against the      
designed parameters. This provides the ability for 
the driller to measure and identify any deviations 
directly after they have been drilled, giving the 
opportunity to re-drill, if necessary, before the drill 
rig moves to a new location. Identifying the need 
to re-drill a hole will ensure that holes are drilled 
in positions to maximise the energy distribution 
within a blast. This in effect acts as a quality      
assurance process for the Blasting Engineer. The 
recorded data can then be sent to the Blast        
Engineer to incorporate in the final blast design, 
therefore removing the need for an Engineer to   
attend site. 

     Figure 10 shows the Autroprobe application 
measuring slight misalignment in the azimuth 
from designed (left hand side) and slight            
deviation towards the bottom of the hole (right 
hand side). 
     In addition to improved resource efficiency, 
digital drilling data allows for all information to be 
utilised in the blast design process, allowing for 
any geological anomalies to be visualised in a 3D 
format in combination with other digital survey 
data, to support optimised design of the explosive 
loading of each blast hole. This reduces the       
likelihood of misinterpreting any safety               
information provided by the driller. An example of 
this is shown in figure 11. 

Figure 9. Autoprobe in action – probing the holes automatically. 
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Figure 10. View in Autoprobe application. 
 

Figure 11. Integration of drilling data within the design process. 
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     This example shows that importing the digital 
drilling information into the blast design software 
provides precise location of geological anomalies 
within each hole. The blast designer can then  
modify the explosive loading within the holes in 
which these anomalies are present to ensure the 
correct control measures are in place to prevent 
any dangerous occurrences, such as flyrock or 
misfire. 

7 DIGITISED HOLE LOADING PROCESS 

Once completed, the hole loading design can then 
be uploaded onto the Explore platform. On the day 
of the blast, the design can be downloaded onto 
Expertab so that the MEMU operator has all the 
necessary data for every hole within the blast on a 
mobile device. The information includes a plan 
layout of the blast with each hole identifiable via 
designated identifiers from the blast design      
process. Upon selecting a hole, the MEMU        
operator is presented with the explosive loading 
configuration of that hole, including planned 
charge(s), accessories and their locations,     
stemming and inter-deck stemming heights. An 
example of this is shown in figure 12. 
     The application is connected to the onboard 
controls of the MEMU via Wifi. This allows for 
the entire hole loading process to be controlled   
directly from the mobile device. As a result, all 
changes made to the designed loading during the 
charging of a blast are recorded. All recorded data 
can then be uploaded back to the online database 

platform. This provides both a means to remove 
the requirement of paperwork on a blast and      
enables the entire drill and blast process to be 
measured and recorded digitally. The process also 
provides the ability for an engineer to design a 
blast and send the relevant information required to 
charge and initiate that blast reducing the travel 
requirements between sites and time spent     
working within an active quarrying/open pit    
mining environment. This therefore streamlines 
the blasting process and reduces the hazards which 
are present with working within an active          
operation. 

8 CLOUD BASED STORAGE DATABASE 

Availability of a central cloud-based storage      
database is essential for streamlining the drill and 
blast process as outlined above and enables Blast 
Engineers to perform a variety of design work for 
sites from a central location. This in effect acts as 
an information highway between blast designers, 
drillers, shotfirers and MEMU operators. 
     In addition to this, a database such as the      
Explore platform becomes an effective analysis 
tool. A range of blasting data and key performance 
indicators (KPIs) can be extracted from the        
uploaded blast designs for analysis.  
     Accurately measuring and recording specific 
operational site performance KPIs provides the 
ability to analyse the performance of the blast    
relative to the operation’s requirements. This    
performance data can then be cross correlated with 

Figure 12. Hole loading design in Expertab. 
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nominal and actual blast parameters. A central   
database provides the perfect platform to perform 
this task. Through this process, the effects of    
specific parameters can be established and      
therefore blasts can be optimised to meet the     
operation’s requirements, and drive a process of 
continuous improvement for the entire drill and 
blast process, which is bespoke for every           
operation. 

9 CASE STUDY 

A project termed ‘The Digital Quarry’ project was 
undertaken at a large-scale limestone quarry in the 
UK in 2018. The objective of the project was to 
implement new technologies and techniques and to 
capture their impact to the entire quarrying        
operation.  
     The project comprised of 2 phases. Phase 1 was 
the baseline phase where no changes were made to 
the drill and blast process and site KPIs indicative 
of blast performance were measured and recorded. 
The aim of this phase was to provide a baseline 
data set from which the impact of future changes 
made to the drill and blast process could be        
determined and quantified. This period extended 
throughout 2018.  
     Two KPIs chosen to be monitored were the 
percentage of fines material which was scalped off 
at the primary crusher, and power consumption of 
the primary crusher. The theory is that by         
monitoring the volume of fine material, it will be 
possible to determine whether any changes will 

reduce the amount of fine material by improving 
the energy distribution within each blast.         
However, this cannot only be monitored in        
isolation as a decrease in fines may not be entirely 
indicative of improved blast performance, as the 
balance of energy may shift to the opposite side 
and generate more oversize. Therefore, it is       
important to also to monitor the power             
consumption of the primary crusher. Further to 
this a study of oversize produced from the blast 
was conducted using fragmentation analysis to 
confirm no increase. Consistent improvement in 
overall targeted fragmentation will result in lower 
power consumption of the primary crushing     
process, increasing the energy efficiency and     
reducing production of low value or waste        
materials whilst controlling secondary breaking 
costs. 
In phase 2, new technologies and techniques were 
introduced into the drill and blast process. These 
included: 
 
1.  Full implementation of drone technology 

in performing face profile surveys 
2.  Introduction of an HNS drill rig 
3.  Adaptive hole layout 
4.  Geometric delay times 
 
     This phase spanned from 2019 to 2020. Site 
KPIs were monitored throughout both phases and 
the impact that phase 2 has had on the operation 
can be seen in figure 14. 

Figure 13. Online Database system – Explore. 
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Table 1. Impact of the Digital Quarry Project. 
 
 

     The data shows that from 2019, the percentage 
of blasted material which was scalped off at the 
primary crusher, reduced from an average of 26% 
in 2018 to 20.56% in 2019 and 14.84% in 2020. 
That is an overall reduction of 11.17% over the 
project.  
     The average power consumption of the primary 
crusher was also reduced during the project. An 
average power consumption was calculated based 
on the volume of material crushed and was   
measured as kWhr/T. During 2018, modification 
work was carried out on the processing plant     
and therefore power consumption data after       
this point will only be considered in order            
to truly reflect the impact of the project.          
From 2019 to 2020, the average power             
consumption had decreased by 0.13kWhr/T,        
(a 30% reduction). 
     Figure 15 shows the primary crusher     
throughput and the percentage split of material  
being fed through the crusher and material scalped 
off.  
     The results show that not only did the          
percentage of material fed through the primary 

crusher increase, that overall tonnage tipped at the 
crusher also increased.   
     The table summarizes the results from the    
project. 

     Overall, the project has resulted in consistently 
improved blast fragmentation which has led to a 
tightening of the overall blast particle distribution 
curve. This has led to a higher primary crusher 
throughput and a lower percentage of fine         
material. This has demonstrated the impact of   
implementing some of the new technologies and 
techniques to the drill and blast process, and   
highlights the importance of monitoring site KPIs 
which reflect blast performance, in order to fully 

Figure 14. Processing plant data showing reduction in fines and power consumption. 
 

Figure 15. Data showing increase in percentage primary split and throughput. 
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quantify the true cost benefit of improved blasting 
technology and techniques.  

10 CONCLUSION 

Implementation of the technology and tools       
detailed in this paper shows that it is now possible 
for a Blasting Engineer to work remotely and still 
maintain involvement throughout the entire blast 
design process, irrespective of location and       
distance.  
     Experience with this “concept” through the past 
year has demonstrated that engineers can now    
focus on the blast design and are capable of 
providing support to a greater number of sites, by 
significantly reducing the time travelling to       
operations situated in remote locations. A      
cloud-based database which acts as a central point 
for data transfer is vital for this process. 
     The Digital Quarry case study has clearly 
demonstrated that by harnessing the latest       
technology, a significant positive impact can be 
made to a quarrying/mining operation.  
     Overall, it can be concluded that the             
implementation of these digital technologies is 
practical, and achievable, for all types of location 
no matter the size. It is the operational throughput 
that eventually defines the size of the benefit gains 
which can then be sustained and improved upon to 
the advantage of all stakeholders.  
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1 INTRODUCTION 

Using high powder factors or fast timing may not 
get the expected benefits from the blast. Reduced 
blasthole spacing for high powder factors or fast 
timing can often generate excessive dynamic  
pressure among blastholes. It is important to       
alleviate the dynamic pressure when designing a 
blast. Consequently, a dynamic pressure prediction 
model is required to examine the dynamic pressure 
and alter the design if necessary to alleviate the 
dynamic pressure within a blast pattern before the 
blast is implemented in the field. 
     All void-sensitised explosives have a general 
density - (VoD) relationship, as illustrated in   
Figure 1. In the figure, some typical densities, and 
a failure density of 1.36 g/cc are used as examples. 
Under dynamic or static pressure, the density of an 

explosive charge can increase. If it passes the    
optimum density (e.g. 1.30 g/cc), the VoD can 
drop and the detonation can produce fumes and  
result in lower energy release. 
     Figure 2 shows bubble energy reduction due to 
pre-shock by dynamic pressure. The results were 
measured from underwater test blasts (Yang & 
Pelletier 1998). An underwater blast can be   
measured for shock and bubble energies, which 
add up as total underwater blast energy. The shock 
energy is directly related to VoD. The higher the 
VoD the higher the shock energy. The bubble    
energy is related to the gas volume and its        
temperature generated from the underwater       
explosion. The bigger the volume and the higher 
the temperature the larger the bubble energy.    
Pre-shock dynamic pressure upon an explosive 
charge  can  cause  lower  VoD  and  lower  bubble   

Multiple blasthole dynamic pressure (MBDP) model to alleviate 
dynamic pressure in blastholes 
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Figure 1. General density-VOD relationship for void-sensitised explosives. 
 

Figure 2. Explosive bubble energy reduction due to pre-shock by dynamic pressure. 
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energy from the explosion of the charge. Figure 2 
shows that at the dynamic pressure of 1500 psi the 
50 mm diameter cartridge explosive starts to      
reduce energy release. For large diameter bulk 
emulsion, similarly it will reduce energy release 
under dynamic pressure, although the starting 
pressure may be higher than 1500 psi (such as 
4000 psi). 
     Furthermore, if the dynamic pressure a charge 
receives before its initiation is high enough, it can 
cause the detonator in the charge to fail to initiate. 
If the dynamic pressure is even higher, it can lead 
blastholes to sympathetically detonate, which can 
be a serious safety issue to mine property or     
personal safety. 

2 MBDP MODEL 

The model assumes that rock at the vicinity of 
blastholes can be approximated as shock state, at 
which the dynamic pressure and particle velocity 
are governed by the rock Hugoniot relationship. 
Therefore, if the peak particle velocity (PPV) of 
the rock is known at a point in the rock, the       
dynamic pressure can be estimated. The dynamic 
pressure at a point in an explosive charge received 
before its initiation is different from but closely  
related to the pressure received from the same   
donor charges at the same point if the rock would 
occupy the same space. 

2.1 PPV calculation at a point 

PPV calculation at a point in rock is to reflect the 

contribution from multiple charges of a blast      
according to their location and delay timing. PPV 
calculation in the MBDP model is largely the same 
as that in the Multiple Blasthole Fragmentation 
(MBF) model (Yang 2018), except the MBDP 
model only account for the PPV contribution     
before a receiving charge is initiated. The PPV 
calculation in the MBDP model enables major 
contributions of dynamic pressure to be simulated. 
The model is built based on quantities that can be 
easily measured in the field and on                  
well-established assumptions. Each donor charge 
is computationally divided into spherical charge 
elements (the length equals to the diameter) that 
has an initiation time, as shown in Figure 3. 

2.1.1 Dominant charge element for a calculation 
point 

A dominant charge element for a calculation point 
is defined as the charge element having the   
smallest scaled distance among all charge           
elements in the blast that are initiated prior to the 
initiation of the charge that contains the            
calculation point according to the design. The time 
of the shock wave arrival to the calculation point 
from the dominant charge element is defined as 
the dynamic pressure time (tf) at the point.       
Contribution from a charge element is determined 
according to its scaled distance to the point and  
the difference between its shock wave arrival   
time (tx) and the dynamic pressure time (tf)            
at the point. 

Pressure contribution if tx < to
One receiver charge can receive pressure from 
multiple donor charges

Dynamic pressure arrival time: 
tx=d/c + ti+L/VoD

ti – primer initiation time

d

A primer in a neighboring charge, 
to - designated initiation time, 
c - ground sonic velocity.

A charge element x 

L

Donor chargeReceiver charge

Figure 3. Each charge is considered an as assembly of spherical elements with an associated initiation time. 
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2.1.2 Complete Scaling Law to model VoD,   
nonlinearity, and scale up 

A near-field signature hole PPV versus scaled   
distance is established from the site                 
characterisation using the near-field signature hole 
vibration monitoring for each site (Yang 2018). 
For each charge element, a complete (dual) charge 
weight scaled distance law is established in the 
model - two scaling laws joined at the scaled     

distance sdc, where it is assumed that the blast    
vibration can be safely recorded as the nearest   
distance. The blast vibration PPV at a scaled     
distance greater than sdc are measured in the field 
from the signature hole blast vibration monitoring. 
The PPV at a scaled distance smaller than sdc is  
interpolated by a power law joining the point 
(sdb,ub) and (sdc,PPVc).  are the scaled 
distance and the peak particle velocity (PPV) at 
the borehole wall. Figure 4 display a complete 

Figure 4. Complete PPV charge weight scaling law. 
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Figure 5. Sketch of pressure and particle velocity at the blasthole wall containing an explosive charge. 
 



 

 
- 395 - 

PPV charge weight scaling law for the best fit and 
the 97.5% upper bound. Since the large range of 
PPV from several blasthole spacings to the     
borehole wall, the log scale is used for the PPV  
axis. 
 

     The borehole wall PPV (  and the            
corresponding scaled distance  are obtained. 

 is obtained from the borehole pressure that is 
determined from the explosive property, loading 
coupling, and the rock Hugoniot parameters. The 

is calculated by assuming the contributing 
charge segment has the length of the diameter of 
the charge. The distance from the charge element 
to the borehole wall is the blasthole radius, as 
shown in Figure 5, where are 
borehole pressure, borehole wall particle velocity, 
and weigh of the charge element. 
 

     The complete (dual) charge weight scaling law 
for a charge element is intended to model the   
contributions to dynamic pressure or peak particle 
velocity at the vicinity of the explosive charges 
from their detonation. The properties of each     
explosive charge such as density, VoD, blasthole 
diameter, and nonlinearity of rock in the complete 
PPV charge weight scaling law are modelled     
explicitly. The decoupled charges can also be 
modelled as shown in Figure 5. Both the best-fit 
(average) and the 97.5% upper bound regressions 
for the charge weight scaling law also enables the 
geological random effects causing the variation of 

PPV (Yang 2018) to be modelled with Monte  
Carlo simulations. 
     At the close vicinity of a borehole wall, only 
the charge elements of which the shock wave     
arrival time within the contributing time window 
(Figure 7) contribute to the pressure rather than the 
whole charge. 
     When the distance from a charge element to a 
calculation point is large, the time window width 
associated with the element is large and the      
contributing charge length becomes longer. When 
a calculation point is sufficiently far from a 
charge, the whole charge length could become the 
contributing charge and the actual contributing 
charge weight could approach to the effective 
charge weight, although each charge element   
contributing a negligible PPV and the whole    
contribution from the charge is small due to the 
large distance. The PPV calculation approach   
presented here models the PPV contribution at the 
vicinity of blastholes. The approach can simulate 
multiple charge contributions with delay time  
considered in different blastholes. The              
contributing charge length also increases relative 
to the VoD of the explosive charge. The higher the 
VoD, the longer the contributing charge length for 
a given distance to a charge. Figure 6 demonstrates 
the increase of the contributing charge length with 
distance from a charge. It contrasts with the  
method proposed by Persson et al. 1994 that is 
more suitable for far-field PPV calculations. 

 

d 
l 

d 

l 

d 

l 

 calculation point, 
ts peak pressure time tf 

Figure 6. Sketch the increase of the contributing charge length with distance from a charge. 
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Figure 7. Time window associated with a calculation point and a charge element. 
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2.1.3 Variable time window of a charge element - 
nonlinear charge weight integration 

A variable width of a time window is used for 
each charge element to compute its contribution at 
different distances to a calculation point. Figure 7 
shows a time window associated with a charge   
element at a calculation point. If the shock      
pressure arrival time from the dominant charge  
element (the dynamic pressure time tf) is within 
the time window, the charge element has a       
contribution weighted by the assumed exponential 
weighting function (1). If the shock wave arrival 
time at the point tx equals the dynamic pressure 

time tf, the weighting function 
equals to 1. 
 

𝑓𝑓(∆𝑃𝑃𝑥𝑥) = 𝑒𝑒−𝜇𝜇�
∆𝑃𝑃𝑥𝑥

0.5𝑇𝑇𝑥𝑥
�               (1) 

 
     The waveform duration (Equation 2) is used as 
the width of the time window (Tx) and calculated 
based on distance from the charge element to the 
calculation point. The waveform duration of      
dynamic pressure increases with distance due to 
high frequency attenuation. The relationship      
between the waveform duration and the distance 
can be established from the measurement of the 

Figure 8. Duration estimates from measured pressure waveforms at different distances to donor charges. 
 

Figure 9. Dynamic pressure duration with distance (1 m=3.2808 ft). 
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dynamic pressure waveform duration change with 
distance. Figure 8 demonstrates the duration       
estimates from measured dynamic pressure    
waveforms at different distances from the donor 
charges. A parabolic fitting of the waveform      
duration with distance can more reasonably      
simulate the pressure waveform duration increase 
with distance than the previously used linear       
relationship (Yang 2018). Near a blasthole, the 
dynamic pressure is shock wave or nonlinear and 
the duration increases quickly with distance.    
Further away from the blasthole the dynamic  
pressure becomes elastic wave and the duration 
time increase almost linearly with distance. The 
data in Figure 8 was measured in a mine site with 
relatively hard rock and the fitting equation    
(Figure 9) has the form (Equation 2): 
 
𝑇𝑇𝑥𝑥 = 𝑎𝑎 ∙ (𝑑𝑑𝑥𝑥)𝑏𝑏                (2) 

 
where a and b are fitting parameters. The statistical 
fitting considers the charge element detonation 
wave duration  over the charge element 2r at 
the borehole wall.  
     If the dynamic pressure time is within the 
time window tx-0.5Tx <tf<tx+0.5Tx, then the 
charge element is a contributing element to the 
PPV at the point. Where tx is the dynamic pressure 
arrival time from the charge element to the point, 
Tx is the time window width calculated from 
Equation (2). A nonlinear charge weight             
integration with a weighting function modelling 
delay timing was used to account for the            
accumulative effect of contributing charge           
elements from the blast (Yang & Scovira 2008). 

2.1.4 Non-linear charge weight scaling for      
superposing contributing charges 

To model the non-linear superposing of the       
explosive detonation effects at the vicinity of    
explosive charges, non-linear charge weight      
superposing is used. Figure 10 shows a calculation 
point ‘O’, its dominant charge element, and one of 
the contributing charge elements within the blast 
( . 
     The charge weight of the element is , which 
is scaled to an effective charge weight ( ) by 
assuming to be at the same distance as the 
dominant charge element to the point “O”, and 
generate the same PPV contribution as the element 
at its original location: 

 
 

𝑤𝑤𝑒𝑒𝑥𝑥 = 𝑤𝑤𝑥𝑥 �
𝑑𝑑
𝑑𝑑𝑥𝑥
�
𝛽𝛽
𝛾𝛾                               (3) 

 
     When a charge element is located at the same 
distance as the dominant charge element, it yields 
an effective charge weight ( ) close to its   
original charge ( ) weight, since 

  , therefore,1  :is  there,d when x xex
x

ww
d
dd →→







→

γ
β

 
     When a charge element is located much farther 
than the dominant charge element to the point ‘O’: 

 , , the effective 

charge weight becomes negligible to contribute to 
PPV. The non-linear charge weight superposition 

Dominant charge 
element for Point O

O

d

dx wx

a charge element within the blast

Figure 10. A calculation point (O), its dominant charge element, and another charge element in the blast. 
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Equation (3) accounts for the non-linearity in the 
near field and is modelled in the complete charge 
weight scaling law described in Figure 4. 
     In addition, the MBDP model accounts for the 
confinement reduction and blast wave screening 
from earlier firing adjacent charges. This is 
achieved by a screening factor ( ) modifying 
the distance (  in Equation (3) from a charge  
element to the point in the rock. If the rock in the 
path of the charge element to the point is damaged 
from earlier firing blastholes, the effective distance 
(modified) is increased by the screening factor. 
The method was reported in a previous paper on 
the Multiple Seed Waveform (MSW) blast         
vibration model (Yang & Scott 2008, Yang & Kay 
2011). 

2.1.5 Accumulated effect charge weight –  

The sum of all effective contributing charge       
elements using the weight function     
(Equation (1)) can be calculated as: 
 
𝑤𝑤𝑐𝑐𝑒𝑒 = ∑ 𝑓𝑓(∆𝑃𝑃𝑥𝑥)𝑤𝑤𝑒𝑒𝑥𝑥𝑘𝑘

𝑥𝑥=1               (4) 
 
where k is the total number of contributing charge 
elements including the dominant charge element, 

is the xth scaled contributing effective charge 
weight (refer to Equation (3)), and  is the 
shock wave arrival time difference of the xth     
contributing charge ( ) from that ) of the   
dominant charge element. 
     In Equation 4, the accumulated effective charge 
weight wce at a calculation point is dependent on 
the charge weight per hole in the blast, the VOD, 
and the delay time among the blast holes. The    
reduction of dynamic pressure can be achieved by 
decreasing wce through decrease of the charge 
weight per hole, using a lower VOD, or lower   
energy explosive product, increase blasthole   
spacing, and altering the delay time among blast 
holes and charges. 

2.1.6 PPV at a calculation point 

From the accumulative effective charge weight 
 the effective charge weight scaled distance 

can be calculated at a point in rock using the     
distance (d) from the dominant charge element to 
the point (Figure 10). The effective charge weight 
scaled distance is: 
 

β γ)( ce

e
w
dsd =

                              (5) 
 

The PPV is calculated as: 
 

βα −⋅= esdPPV                               (6) 
 

where and β are determined from the charge 
weight scaling law in Figure 4 described above. 
     It is worth noting that Equation (5) is different 
from the conventional charge weight scaled        
attenuation equation. The former includes not only 
the site-specific dynamic pressure attenuation 
characteristics. It also includes the blast design 
timing, initiation point in a charge, VOD, distance 
from a contributing charge, loading distribution 
and explosive types in each blast hole. 

2.2 Dynamic pressure at a point 

After the PPV is calculated, the dynamic pressure 
at a point can be calculated as: 
 

𝑝𝑝𝑏𝑏 = 𝜌𝜌𝑟𝑟 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝐷𝐷 = 𝜌𝜌𝑟𝑟 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝 ∙ (𝑐𝑐 + 𝑠𝑠 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝) 
= 𝜌𝜌𝑟𝑟 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝑐𝑐 + 𝑠𝑠 ∙ 𝜌𝜌𝑟𝑟 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝2                             (7) 

 

3 MBDP MODEL CALIBRATION 

The input to the MBDP model is the PPV            
attenuation versus scaled distance of near field 
signature hole blast vibration, ground sonic        
velocity, and the detailed design information of 
blastholes. The model predicts the dynamic      
pressure each charge receives before its initiation 
in a blast pattern. 
     If the dynamic pressure was measured at 
enough blastholes, the predicted pressure may be 
compared with the measured to determine the  
value of the model calibration parameters.     
However, the measurement of the dynamic     
pressure can have significantly scattering, due to 
the random nature of the geology. Therefore, a 
sufficient number, (e.g. >30) of measurements 
may be required to obtain representative dynamic 
pressure within a blast pattern. Since the cost of 
the dynamic pressure measurement is generally 
high, it may not be practical to make extensive 
number of measurements to calibrate the model. In 
such cases, a holistic view of the blast evaluation 
must be applied. The model may be calibrated 
based on observations such as intensity of post 
blast fumes or any misfire occurrences, etc. -     
calibrating the model for predictions within the 
ballpark range and using it for comparing trends of 
different scenarios of blast design. 
     The scatter of the dynamic pressure can be    
excessive or occurs in a random nature mainly due 
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to the random nature of geological discontinuities 
that could randomly connect blastholes.          
Nevertheless, alleviating dynamic pressure peaks 
by increasing blasthole spacings or reducing 
charge weights or changing delay timing among 
blastholes using dynamic pressure modelling can 
reduce the probability of excessive pressure peaks 
to reduce misfire or explosive pre-compression. 
Increasing blasthole spacings or reducing the 
charge weight can reduce the probability of weak 
geological materials connecting blastholes         
together. 

4 MODELLING EXAMPLES 

After the MBDP model is calibrated at a site it can 
be used to model blast design scenarios to alleviate 
dynamic pressure amplitude with a blast pattern. 

4.1 Example 1 

A modelling exercise was conducted at an open pit 
mine where the rock was fractured and soft. The 
blasts malfunctioned with undetonated detonators 
found in the muckpiles. Excessive dynamic     

Figure 11. High dynamic pressure at the buffer row from the pre-split blastholes (Pmax=760 bar). 
 

New design without pre-shear blastholes

Figure 12. Dynamic pressure (Pmax=520 bar) from new design was reduced from the previous design (Pmax=760 bar). 
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pressure within blast patterns was suspected. The 
MBDP modelling determined that presplit       
(pre-shear) blastholes donated high dynamic    
pressure at the buffer row as shown in Figure 11. 
The pressure peaks are at blastholes between      
instantaneous firing of the presplit blastholes and 
the buffer row blastholes. The blastholes          
malfunctioning occurred in buffer rows.            
According to the modelling result, a new blast   
design was recommended that the presplit row was 
removed as well as the blasthole spacing was     
increased. Figure 12 shows that the predicted    
dynamic pressure from the new design was       
significantly reduced from 760 bar to 520 bar. 
Since then, the blasts with the new design have 
performed without misfires. The model input for 
the rock condition and near-field blast vibration  
attenuation are taken from another site. The       
absolute pressure value may not be true. However, 
the trend seems to be reliable. 

4.2 Example 2 

The MBDP model was also applied at a tunnelling 
site in Europe where misfires were observed with 
the occasionally finding of damaged unfired     
detonators (possible locations marked with        
circles). Figure 13 shows that the MBDP model 
predicted dynamic pressure a charge receives     
before its designated initiation time. The high     
intensity of the dynamic pressure was identified in 
the lifter blastholes which were initiated at the 
centre of the row and fired with 3 ms delay      
successively outwards. The lifter blastholes are 
fired last of all other blastholes in the round. Since 
this tunnelling is in a rural area, the blast vibration 
is not a concern. Therefore, a design scenario with 
all lifter blastholes fired instantaneously to       
eliminate the dynamic pressure received by a 
neighbouring blasthole. Figure 14 shows the 
MBDP model prediction of the new design with 

3ms3ms

Figure 13. MBDP model predicted dynamic pressure a charge receives before its designated initiation. 
 

Figure 14. MBDP model predicted dynamic pressure reduction with all lifters fired instantaneously. 
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all lift blastholes fired instantaneously. The       
dynamic pressure peak from the altered design is 
reduced from 580 bar to 405 bar (by 30%). 

5 CONCLUSIONS 

Excessive dynamic pressure a later firing charge 
received from earlier firing charges can cause the 
charge desensitisation to a low VoD, low energy 
release, and generate excessive post blast fumes. 
Such dynamic pressure may also damage the       
initiation systems causing misfires. When the    
dynamic pressure exceeds the threshold of the    
initiation of the primer, sympathetic detonation 
can occur, which is a significant safety hazard and 
can disrupts the mine productivity. Recently      
developed MBDP model was shown to be a useful 
tool to assist alleviating blast dynamic pressure in 
blast patterns to reduce the probability of blasthole 
misfires or to increase explosive performance      
in the field. The MBDP model is based on       
fundamental physics as well as empirical field 
measurement. It shares the same input with the 
MBF model, which makes it easy to apply in the 
field. The MBDP model can model the effects of 
all blast design parameters on the dynamic      
pressure a charge receives before its designated 
detonation. The MBDP model has been applied to 
tunnelling and open pit blasts and found to be   
useful. The MBDP model can be applied along 
with other blast prediction models to improve blast 
designs for desirable blast results. The model is 
suitable for open pit, tunnelling and underground 
blasting. 
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1 PROBLEM STATEMENT 

Negative impacts of sub-optimal blasting in    
quarries include economic and ecologic, as well as 
safety aspects. Sub-optimal blast designs lead to 
non-uniform, unwanted fragmentation and       
consequently to increased efforts in loading and 
hauling as well as efforts in primary (and         
secondary) crushing. It leads to irregular bench 
faces and uneven floors that influence the next  
excavation round negatively. And there is less   
usable material. 
     The ecologic aspect includes higher CO2    
emissions at the same production volume, as well 
as increased energy consumption for loading,  
hauling, and crushing. 
     Related to safety and environmental impacts, 
better blasts provide better walls and floors and 
reduce impacts in the vicinity of a quarry by   
omitting fly-rock and reducing vibrations. 
     So altogether, there are many reasons to make 
good blasts. 

2 METHOD OVERVIEW 

The suggested method reproduces what blasters 
usually perform in their daily job: they use their 
experience for designing a blast based on 
knowledge they gained from previous blasts. This 
applies for example by adapting the design based 
on local site characteristics (e.g. bench face       
geometry and geologic situation). 
     The algorithmic approach to such method      
requires two things: (i) a blast design that is       
reproducible, i.e. all determinant parameters of the 
blast site are recorded and (ii) an objective analysis 
of the blast result, e.g. by measurement of several 
characteristic properties of the muck pile. From 
both steps representative values are determined 
and stored. These parameters or key performance 
indicators (KPIs) provide an independent way to 
compare blasts with each other. 
     Obviously, changes in the design lead to 
changes in the result. If certain KPIs from design 
and KPIs from result are recorded for each blast, 

Optimisation of surface blasting by photogrammetric 3D models 
from drone imagery 
 
A. Gaich, M. Pötsch & M. Baumgartner 
3GSM GmbH, Graz, Austria 
 
 
 
 
 
 
ABSTRACT: 3D models from drone imagery are now state-of the-art. On the one hand, they are useful 
for doing blast designs in a reproducible manner and the other hand, to get objective analyses of the blast 
results. The connection of blast design and blast analysis forms a closed loop that enables the               
optimisation of blast sites in a traceable and documented way. Optimisation bases on the tracking of key 
performance indicators (KPIs) that compute automatically from design and blast result. This enables a 
stepwise, reproducible improvement of surface blasts by including specific characteristics of the site. 
The contribution provides a description of the control loop and required components for it. 
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then blast design and blast analysis are linked    
together forming a control loop (see Figure 1). 
This control loop is executed until specified target 
values from production are met. Depending on   
actual site conditions different KPIs may be taken 
into account, for example: 
 
-  Fragmentation parameters (x50, x80, N) 
-  Muck pile volume and shape, swell factor 
-  Burden, Spacing, S/B ratio, total drilling 

length 
 

     Using suitable software, KPIs are determined 
directly from the 3D models. They are collected in 
an appropriate data base and visualised over time. 
This documents the current performance in an   
operation or shows the way how the optimisation 
procedure performs. 
     The next sections describe important          
components of the system. 

3 THE DATA BASIS – 3D MODELS FROM 
DRONE IMAGES 

Photogrammetry enables to generate three-
dimensional models from a series of overlapping 
photographs. Its beginning dates back into          
the 1850s with a broad application in the            
early 20th century. The introduction of new         
algorithms from ‘Computer Vision’ in the late 
1990s and the ‘Structure from Motion’ concept    
in the 2000s as well the broad availability            

of drones gave photogrammetry new               
momentum. 
     Structure from Motion (Snavely et al. 2008, 
Szeliski 2011) enables the generation of detailed, 
complex, and highly accurate 3D models from a 
set of unorganised photos. Prerequisite is sufficient 
redundancy between the images, i.e. every spot of 
the surface of interest must be visible in several 
photographs. 
     One important characteristic of Structure from 
Motion is its ability for auto-calibration.           
Geometric distortions of the lens systems (always 
present) are compensated while generating the 3D 
model. In consequence, no pre-calibration is    
necessarily required, thus cameras and drones that 
are not specifically made for surveying tasks are 
now eligible for surveying tasks. 
     Another characteristic feature of Structure from 
Motion is that it allows for a highly automated 
procedure that – under certain circumstances –  
enables even fully automatic 3D model generation. 
     Depending on the size of the region of interest 
and the required level of detail, 3D models of blast 
sites or muck piles may contain 50–300 photos 
(3D models of entire operations may include some 
1.000s of images). Models are generated on site 
and the positional accuracy of about 1-2 cm is 
achieved without special efforts. 
     Positional accuracy comes from registering the 
3D model in a superior co-ordinate system, aka 
referencing. There are several possibilities for   
referencing a 3D model, such as using surveyed 
ground control points (GCPs) or by using precise 
positioning information from the drone itself. 
     Figure 2 shows a 3D model that computed in 
about 30 minutes from 150 photos on a laptop 
computer. It contains 2 million surface points and 
has a ground sample distance (GSD) of 1 cm/px. 
Referencing bases on 4 GCPs, positional accuracy 
is 1 cm. 

4 REPRODUCIBLE BLAST DESIGN 

Reproducible blast design requires a permanent 
record of all geometric relevant parameters of       
a blast site. This includes the entire area to blast 
including the bench face as well as the drill       
pattern. 
     A detailed 3D model captures the area to blast 
(Figure 3). A digital drill pattern contains at least 
positional data on the collars of the boreholes, 
their lengths, inclinations, and azimuths. Ideally, it 
also includes the position as drilled as well as the 
actual course of the hole and the actual length. 
     Both together (3D model and digital drill     
pattern) form a comprehensive documentation of 

Figure 1. Reproducible blast design and objective 
blast analysis form a control loop that enables 
stepwise improvement of the blast layout          
according to given operational target values.   
The connection bases on tracking of key          
performance indicators. 
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the blast site that enables to review all relevant    
information also later in time – which we therefore 
call reproducible. 
     Besides comprehensive documentation, it is 
important to do blast design in a proactive way. 
This means to plan the blast according to the      
actual geometric and geologic situation and        
includes the adaptation of the drill pattern          
according to the actual conditions of the bench 
face. Consequently, this requires the 3D model to 
be generated before doing the design. In contrast, 
when drilling a regular standard pattern first and 

do the survey second, all planning is reactive and 
the possibilities for optimisation are reduced. 
     Figure 4 shows the result of a proactive blast 
design. Borehole positions and angles are adjusted 
– in particular for the front row – to account for 
the geometric and geologic conditions of the bench 
faces. Special focus is put on the hole burdens to 
meet a target corridor which, on the one hand, aids 
to reduce fly-rock incidents and, on the other hand, 
forms the basis for a balanced energy distribution. 
On the face, lighter shading highlights areas at 
which the target burden could be complied while 

Figure 2. 3D model of a blast site; length was about 115 m; the muck pile covers an area of out 4,500 m2. 
The model contains 150 photos taken with an interactively flown, off-the-shelf drone. 
 

Figure 3. Left: 3D model of a blast site computed from 100 drone images; right: drill pattern in digital form. 
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darker shading highlights areas with excess burden 
due to the bench irregularity. Light burden areas 
could be avoided. 
     The resulting borehole plan exports directly to 
modern drill rigs and the current drill locations 
read back into the optimisation software. A      
consistent data round-trip from design as planned 
to execution and back as drilled could be            
established. A common interface for that follows 
the IREDES initiative (International Rock         
Excavation Data Exchange Standard, IREDES 
2010). 

5 OBJECTIVE BLAST ANALYSIS 

In contrast to a subjective assessment of a blast  

result, an objective analysis uses quantitative     
parameters, i.e. measurements. The starting point 
is obviously the muck pile, its position, shape, and 
volume but, very important, also the particle size 
distribution. Modern approaches now allow      
performing the latter from drone images in an    
automatic manner. 

5.1 Automatic 3D particle size determination 

Contact-free particle size distribution include two 
major steps: (i) the separation of single particles 
and (ii) assigning size to the separated fragments. 
Classically, such approaches use 2D image      
analysis methods to separate individual fragments. 
Depending on the light situation, this process can 

Figure 4. Program interface for proactive blast design; the software shows the minimum burden over the entire 
bench face as well as the distances between the boreholes using distinct colourisation. 
 

Figure 5. Strong shadows mislead 2D image processing algorithms (left) while using the 3D shape makes 
fragment boundaries easier to detect (right). 
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be ambiguous, since prominent edges appear in the 
images that are not originating from fragment 
boundaries but rather from rock structures or 
shadows from the shape of the fragment (see   
Figure 5). 
     If the separation of particles is incorrect, all 
subsequent steps such as sizing are also. 
     It is more robust to do such analysis on a       
detailed 3D model and to include 3D shape      
processing into the particle separation procedure. 
It eases particle delineation and sizing and 
misdetections caused by shadows or structures are 

highly reduced. 
     Since the 3D model provides a detailed         
description of the entire muck pile surface it can 
be evaluated in a single run. Consequently, the   
resulting size distribution curve builds from   
measurements over the entire area (instead sample 
locations). Therefore, the number of measurements 
quickly may reach some hundreds of thousands. 
So even if single mismatches should occur, they 
do no influence the course of the distribution curve 
significantly. 
     Figure 6 shows a 3D model with automatic  

Figure 6. Automatic determination of the particle size distribution from a 3D model with particles coloured  
according to size; the combined 3D-2D analysis allows the analysis of the entire muck pile surface, so that the 
distribution curve consists of several 100,000 individual measurements. 
 

Figure 7. The comparison of 3D models determines the volume of the muck pile and the bank volume. 
Their ratio leads to the swell factor. 
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particle size analysis and the resulting distribution 
curve. The passing values, e.g. at 50% and      
80%, or the non-uniformity N are parameters    
that can be determined directly from the            
distribution curve. 
     In the actual case, particles are coloured        
according to their size, which provides an instant 
view on the size distribution and oversizes as well 
as fines highlight immediately. 

5.2 Volume measurements 

Volumes are determined from 3D models by  
comparing surfaces. The prerequisite is that both 
3D models are available in the same coordinate 
system. It is also important that the drone flights 
are done at the right time in order to acquire the 
correct, unobstructed surfaces of interest. For    
example, the precise volume of the muck pile    
requires a survey before any mucking and after the 
entire muck pile has been cleared. 
     Figure 7 shows two examples for volume 
measurements: (i) the bank volume is determined 
from the cleared bench faces before and after 
blasting, while (ii) the muck pile volume is        
determined by comparing the 3D models before 
and after mucking. 

6 KPI TRACKING 

An objectified comparison of different blasts resp. 
(sic) an objective evaluation is carried out by     
determining key performance indicators (KPIs). 

Obvious examples are the position, shape and  
volume of the muck pile. However, fragmentation 
or the particle size distribution is probably one of 
the most important indicators for assessing the 
quality of the blasting work. 
     These values from the blast analysis are       
collected and linked to other KPIs, e.g. from the 
blast design. Examples for KPIs from design      
include burden, spacing, their ratio S/B, or drill 
pattern irregularities. 
     By connecting the KPIs from the blast           
design with the KPIs from blast analysis,               
a control loop is created (see Figure 8),          
which is used to determine the actual quality        
of blasts and records the effect  of any changes    
for optimising the blasting. Depending on        
economic or ecologic target values from the      
operation, different KPIs from larger set are       
selected, subsequently recorded, and their         
progression visualised. 
     KPIs are usually displayed over time or as   
correlations with each other. For example, Figure 
9 shows the value x50 of the particle size          
distribution for 30 blasts in an operation and the 
course of the non-uniformity factor N is given. 
Figure 10 shows the resulting muck pile volumes 
and the swell factors while Figure 11 plots the    
relationships between individual parameters, e.g. 
between the total drilling length and the resulting 
muck pile volume or another way of showing     
the uniformity of the muck pile by correlating    
x80 and x50. 

Figure 8. KPI tracking connects blast design with blast analysis and closes the control loop. 
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     The system used for KPI tracking permits a free 
configuration of various parameters, as well as the 
import of externally determined values, (e.g.      
energy consumption at the crusher, specific       
explosives consumption, costs per drilling meter, 
etc.). This way, a generic correlation of KPIs     
becomes available. 

7 CONCLUSIONS 

Photogrammetric  3D  models  from  drone images 

form a comprehensive data basis for efficient 
planning, documentation, and quantification of 
blasts. A multitude of drones is suitable and   
modern photogrammetry software creates 3D 
models automatically and accurately in reasonable 
time and on site. 
     The resulting 3D models are used for             
reproducible blast design and objective blast    
analysis. Blast design shall be done proactively by 
adapting the layout according to the specifics of 

Figure 9. Tracking of x50 (left) and the non-uniformity N (right). 
 

Figure 10. Tracking of the muck pile volume (left) and swell factor (right). 
 

Figure 11. Correlation of parameters: muck pile volume vs total drilling length (left); x80 vs x50 (right). 
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the actual rock mass and bench face conditions. 
Blast analysis include the determination of the  
particle size distribution that is performed fully  
automatically using a combined 3D-2D approach, 
as well the determination of several volumes. 
     Blast design and blast analysis are linked by 
tracking key performance indicators (KPIs). Any 
changes in the design lead to corresponding 
changes in the KPIs (of design and analysis), 
which offers the opportunity to adapt the design to 
site specifics, (e.g. face irregularities and geologic 
situation) until the result meets given performance 
parameters of the production (e.g. fragmentation). 
     Continuous KPI tracking reveals deviations 
immediately and allows applying countermeasures 
at the earliest stage hence ensuring to keep the   
desired quality of the blasting result. 
     In addition to the economic advantages of the 
method, CO2 emissions are sustainably reduced 
and the safety aspect (fly-rock) is constantly taken 
into account. 

REFERENCES 

IREDES, 2010. Drill Rigs Equipment Profile V 1.3. 
IREDES Initiative Ladbergen. 

 
Snavely, N., Seitz, S.M. & Szeliski, R. 2008.      

Modelling the world from internet photo         
collections. International Journal of Computer 
Vision: 80(2):189-210. 

 
Szeliski, R. 2011. Structure from motion. In:      

Computer Vision. Texts in Computer Science. 
Springer, London. https://doi.org/10.1007/978-1-
84882-935-0_7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
- 411 - 

1 INTRODUCTION 

Reinforced concrete structures outperform other 
structural materials in terms of inherent fire        

resistance. However, prolonged fire conditions 
have a wide range of consequences (Qin et al, 
2021). Cracking and spalling of the surface are 
signs of distress, induced by variable expansion of 

Thermo-mechanical behaviour of high strength concrete containing 
polypropylene under thermal loading 
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ABSTRACT: This paper discusses an experimental study investigating the thermo-mechanical            
behaviour of high strength reinforced concrete (HSC) containing polypropylene and the development of 
a combined thermal, compression and impact rig for testing the HSC members in equivalent fire and 
blast conditions. The reduction in concrete compressive strength at high temperatures and after cooling is 
one of the most critical processes affecting the load bearing capacity of reinforced concrete structures. 
Previous investigations have shown that explosive spalling in HSC members exposed to fire can be   
mitigated through addition of polypropylene or steel fibres to the concrete mix. When concrete          
containing polypropylene fibres is exposed to fire, the fibres will melt at a relatively low temperature of 
162– 170 C, forming randomly oriented pores inside the concrete microstructure. These pores facilitate 
dissipation of high vapour pressure generated within a concrete member. Concrete cubes were subjected 
to temperature increments of 20 C per minute for 25 minutes, up to 500 C. The temperature was      
maintained at 500 C for 30 minutes before cooling. Compressive strength tests were carried out           
according to BS EN 12390-3-2009 on specimens after cooling. It was found that the addition of steel and 
polypropylene fibres does not influence the compressive strength. However, the use of polypropylene  
fibres in concrete can reduce or eliminate explosive spalling when exposed to high temperature,     
providing channels for pore pressure to escape. The mix proportions adopted in this study was based on 
the work by Khalifa et al. (2001) and Varona et al. (2018) who carried out extensive studies to the      
understanding of the way in which fibres act and to optimising the fibre dosage. This paper also details 
the development of an experimental rig to observe the dynamic response of reinforced concrete       
structures with polypropylene fibres, to combined thermal and impact (akin to blast) loads. In order to 
replicate thermal loads from an explosion event, a bespoke thermal rig was developed using ceramic 
heating elements. To replicate imparted energy similar to a blast load, the bespoke rig was developed 
with drop weights above the heated specimens. A modified hydraulic press was adopted within the rig to 
apply axial load to the concrete specimens. The thermo-mechanical behaviour of a numerical model was 
compared to experimental samples using a finite element analysis (FEA). The results of experimental 
work and the FE analysis revealed a reasonable agreement, with slight deviation due to concrete spalling 
in some cases. Keywords: Concrete, Compressive strength, Thermal, Fire. Polypropylene fibre, blast. 
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subsequent layers of the concrete as it is subjected 
to heat and by internal pressure due to evaporation 
of moisture embedded within the concrete. 
     The consequences of high temperatures can be 
seen in the form of surface cracks and spalling 
(Hertz & Sorensen 2005). When subjected to high 
and rapidly increasing temperatures, akin to fire 
situations, spalling occurs as layers of concrete 
separate from the surface. This separation can   
occur immediately after intense heating and is   
followed by high energy explosions, it can also 
occur later in the fire due to fracturing from        
increasing weakness, (Kodur 2014). The            
repercussions are restricted because the damage is 
little, but excessive spalling can result in early loss 
of structural support and stability. 
     To mitigate fire induced spalling in RC         
(reinforced concrete), researchers have suggested 
the addition of different fibre combinations, such 
as polypropylene fibres, steel fibres and hybrid   
fibres. Polypropylene fibres melt at relatively low 
temperatures (162 C) thus leaving micro and   
macro channels randomly oriented inside the   
concrete that help diffusion of pore pressure  
(Bilodeau et al. 2004) resulting in spalling        
mitigation. Uncertainties about the effect of heat 
on concrete members are among the reasons for 
having to introduce higher safety factors in      
concrete design than in steel design works where 
the effect of heat on steel members is well         
understood. (Khoury 2008). 
     A succession of large explosive incidents  
combined with considerable thermal loading (fire 
or explosive) have occurred in recent years.      
Recent explosion events including the Bangladesh 
mosque gas pipeline explosion (Aljazeera 2020), 
Beirut warehouse explosions (BBC 2020) and   
explosion at China chemical plant (The New York 
Times 2020) have highlighted a growing need to 
understand the response of structures to equivalent 
high explosive blast and thermal events.        
Therefore, a fire-resistant analysis of reinforced 
concrete structural elements based on temperature 
was needed. 
     Therefore, an investigation into the blast        
resistance of RC structures at high temperatures is 
needed. In terms of loss of strength, research has 
shown that at intermediate temperatures ranging 
from 100 C to 400 C (Arano et al. 2021), the  
compressive strength of HSC can be reduced by 
nearly 40%, compared to room temperature 
strength. This strength reduction is approximately 
20 to 30% higher than normal strength concrete 
(NSC) exposed to the same temperatures        
(Phan 2002). 

     Concrete is a complex material whose       
properties can dramatically change when subjected 
to high temperatures. The primary effects of fire 
on concrete are loss of compressive strength and 
spalling. Even though much research has been  
undertaken regarding these physical processes, 
there is still a need for further thorough studies of 
the effects of thermal exposure (Fletcher et al. 
2007). Reinforced concrete is an inhomogeneous 
material, consisting of a mixture of cement paste, 
aggregate, and steel or fibre reinforcement. Each 
of these components reacts differently to heat    
exposures, therefore the behaviour of the        
composite system in a fire is complex to         
characterise and model. 
     When concrete is heated, it initially expands 
until evaporation of the capillary moisture,    
reaching temperatures of around 150 C. Further 
heating causes the adsorbed water to be removed 
from the gel pores, resulting in shrinking up to 300 
C (Hager 2013). The concrete mixture continues to 
shrink until most of the adsorbed water is removed 
and some of the hydrated compounds are           
destroyed up to around 500 C, at which point it 
begins to expand again (Sarshar 1989). 
     Aggregates make approximately 75% of the 
volume of concrete and hence have a significant 
impact on its thermal behaviour. For different 
forms of aggregate, however, the volume of the 
aggregate grows as the temperature rises.        
Consequently, a complicated process involving 
aggregate thermal expansion and cement matrix 
hydro-thermal phase transformation occurs. The 
cement matrix shrinkage is overwhelmed by      
aggregate expansion. This indicates that the    
component materials have seen a major volume 
shift, resulting in severe internal pressures that 
might lead to concrete explosive spalling and the 
structure collapsing (Naus 2006). 
     The design and results of a number of           
experimental trials to investigate the response of 
steel and polypropylene fibre reinforced concrete 
cubes to compression and long duration thermal 
loads are presented in this paper. A computational 
model using finite element analysis (FEA) was  
developed for verification of the experimental    
investigation into the thermo-mechanical response 
of concrete structures at high temperatures. 
     To replicate the in-service loading conditions 
on the RC columns, it was necessary to develop 
and construct a test rig. The rig was designed to  
allow exposure of the concrete column surface for 
the impact load to be applied successfully. To    
facilitate the constant compressive load a 200 kN 
(max) heavy duty steel plate hydraulic press with 
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Table 1. Mix proportions of the concrete mixtures 
per cubic metre. 
 
Material NSC HSC HSFRC 
Cement (kg/m3) 733 415 415 
Water  220 139 139 
Superplasticiser 
(kg/m3) 

- 13.75 13.75 

Silica fumes (kg/m3) - 45 45 
Silica sand (kg/m3) - 432 432 
Sharp sand (kg/m3) 220 439 439 
Fine aggregate (kg/m3) 557 488 488 
Coarse aggregate 20 
mm 

736 561 561 

 
 

pump and manometer was adopted to provide an 
equivalent in-service load. A drop weight impact 
rig was designed and constructed with free-falling 
guided mass to laterally impact the column at its 
midpoint. The rig will provide experimental data 
to validate numerical simulations of combined 
thermal, compression and impact loads on       
concrete columns. The development process       
included the design and fabrication of the       
thermally insulated steel box, housing four         
ceramic heating elements, to heat the reinforced 
concrete columns. In order to maintain high    
temperatures, heat resistant and insulating blanket 
was used on the inside of the steel box. The      
dimensions of the steel box were 500 mm long by 
570 wide and 270 mm high. 

2 EXPERIMENTAL WORK 

This paper studies the behaviour of compressive 
strength of concrete cubes that are subjected        
to long duration high temperature at 7, 14,         
and 28 days. The experiments were conducted     
as part of wider research study into the response  
of RC columns to combined thermal &            
blast loading. Specimens were subjected to       
heat load then compression loading (after        
cooling), control samples were also tested         
under compression load alone. Specimens were 
subjected to temperature increments of 20 C      
per minute for 25 minutes, up to 500 C.             
The temperature was maintained at 500 C for      
30 minutes before the cooling process. After       
30 minutes of cooling the specimens were         
tested under compressive loading. Compressive 
strength tests were carried out according               
to BS EN 12390-3-2009, it was found that the    
addition of steel fibres and polypropylene does  
not influence the compressive strength. The mix 
proportions adopted in this study (Table 1)        
was based on the work by Khalifa et al.        
(2001) and Varona et al. (2018) who undertook 

extensive studies regarding the optimisation of 
polypropylene fibre dosage in HSC. 

2.1 Specimen preparation 

Each material component was accurately weighed 
in accordance with Table 1 mix proportions. In a 
horizontal pan mixer, a dry mix of coarse          
aggregate, fine aggregate, sand, cement, and silica 
fume was added and mixed for 5 minutes. By   
mixing the dry particles before adding water the 
liquid superplasticisers reduced the potential for 
the particles to clump together (Maca et al. 2013). 
The mixing process with steel fibres was extended 
for another 4-5 minutes to ensure that the fibres 
were evenly distributed throughout the mixture 
(Bekaret 2022). The moulds were prepared by 
spraying a demoulding agent to the interior       
surfaces prior to casting. Figure 1 show the      
process of mixing and casting of HSC. The      
concrete mix was poured into the 100 mm cube 
moulds on a vibrating table, which vibrated for  
60-90 seconds ensuring removal of air bubbles 
from the wet concrete. 
     A total of nine samples for each mix design 
were cast. The cubes were cast using the mix   

Figure 1. Mixing and casting concrete cubes. 
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Table 2. Summary of the different mixes and different tests. 
 
Material Property Test Curing durations Total No. of test 
Control mix containing: 
2.0 Kg of PP 
2.5 kg of PP 
3.0 kg of PP 

- Compression 
test 

7 days 
14 days 
28 days 

27 

Mix containing 2.5 kg PP Heating Compression 
test 

7 days 
14 days 
28 days 

9 

Mix containing steel fibre 
and 2.5 kg PP 

Heating Compression 
test 
 

7 days 
14 days 
28 days 

9 

 
 

Table 3. Characteristics of polypropylene fibres 
(Sika 2022). 
 
Density at solid state (𝑘𝑘𝑔𝑔/𝑚𝑚3) 930 
Density at liquid state (𝑘𝑘𝑔𝑔/𝑚𝑚3) 850 
Thickness (µm)  50 
Width (µm)  150 
Length (mm)  19 
Melting temperature (C) 162 
Temperature at vaporisation (C) 341 
Burning temperature (C)  460 
 
 

proportions as shown in Table 1. The silica fume 
was not used as a replacement, but as an addition 
to the cement. While the preservation of silica 
sand improves HSC homogeneously, the particle 
size distribution is still not optimal, leaving voids 
in the matrix that are filled with silica fumes.   
Published data indicate that silica fume concrete, 
when exposed to temperatures up to 300 C,       
exhibits more spalling than non-silica fume     
concrete (Noumowe 2005). 
     Moulds were covered with a damp cloth and 
plastic sheet (Figure 1), then kept at room        
temperature for 24 hours until the concrete was 
set. Cubes were de-moulded after 24 hours then 
stored in the water tanks for curing. The cubes 
were cured for a range of days: 7, 14, and 28 days. 
Table 2 shows a summary of the different mixes 
and different tests are undertaken. After curing, the 
cubes were removed from the curing tank and 
placed in the drying oven, set to a temperature of 
110 C for 24 hours, until the cubes were dry. 

     In all mixes, 2.5 kg/m (0.25% by volume), 
FIBERMESH (150-12 mm) type polypropylene 
fibres, were added. The 20 mm long                 
polypropylene fibres were a non-absorbent type 

with a specific gravity of 0.91 and a melting point 
162 C. Table 3 shows polypropylene fibres      
characteristics. 
     Two different high strength concrete mixes 
(one with 2.5 kg/m3 of polyproline and one with 
2% steel fibre) were subjected to temperature up to 
500 C, then cooled to room temperature and     
subsequently loaded to failure in uniaxial       
compression. 13 mm long, high yield strength steel 
fibres with a diameter of 0.16 mm were used in the 
concrete mix. A 2% fibre content was chosen to 
match typical steel fibre construction mixes which 
balance improved mechanical characteristics and 
cost, (Barnett 2007). 

2.2 Heating method 

A temperature regulative furnace (Carbolite Gero, 
RWF1100 capable of reaching 500 in five 
minutes) was used to simulate the effect of fire 
(through heat) on the concrete (Figure 2)        
(Carbolite 2022). As the heating furnace housed 
three specimens at a time, each test was conducted 
with three cubes, the average of the three is        
reported in this work. 
     The specimens were placed in the enclosed  
furnace to minimise temperature variation between 
specimens. The specimens were heated to 500 C at 
a rate of 25 C /min. Thermocouple inserted          
& compared to the PTC 12/20 s displayed       
temperature. The furnace was built with PID   
temperature control and separate temperature   
display Once the furnace reached 500 C the     
temperature was maintained at a constant 500 C 
for 30 minutes. To avoid thermal shock, the    
samples were cooled in the furnace to 180 C      
before they were removed. Water was allowed to 
escape during heating since the specimens were 
not sealed. 
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Figure 2. Electrical furnace used to heat the cubes, left) prior to heating, right) post heating. 
 

Figure 3. Compression test setup. 
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Table 4. Thermal and mechanical property of  
Concrete. 
 
Material Property  Value  Unit  
Poisson’s ratio  0.3  n/a 
Coefficient of thermal 
expansion  

12.0E-6   C-1 

Thermal Conductivity  1.5 W/m. C 
Specific heat 
coefficient*  

2.65 mJ/mm3. 
C 

 
*Specific Heat Coefficient = Specific Heat Capacity 
x Density 
 

2.3 Compressive testing 

Compression tests were carried according to BS 
EN 12390-3-2009 out on the 100 mm cube     
specimens to determine compressive strength and 
estimate the elastic modulus (Figure 3). The   
specimens were tested at a rate of 6 KN/s in an 
ADR Touch Control PRO 2000 Auto BS EN  
compressive machine (ELE International 2022) 
until failure to determine the compressive strength. 
Because the effect of the steel fibres on           
compressive strength is typically very low      
(Fehling et al. 2015), these tests were undertaken 
to identify variation within the concrete matrix 
across samples. The density of the specimens was 
also evaluated in order to establish the relative 
consolidation of the samples due to vibration or 
self-compaction. 

3 NUMERICAL MODELLING 

Using the finite element analysis (FEA) software 
LUSAS, coupled (thermal and structural),        
non-linear, transient analyses were performed on 
the concrete cubes from the experimental tests. 
Solid elements (HX20) were used to model the 
cubes. The HX20 is a conventional high order   
iso-parametric element with nodes on the mid-side 
and linear stress fluctuations (Lusas 2019). The  
element mesh of the developed model is shown in 
figure 4. An initial model created with thermal 
load applied (applied temperature and thermal 
flux) was examined within the FEA modelling 
framework. A two-point Gauss integration system 
was utilised to define the material mechanical 
characteristics in the long direction. 

     The temperature time history specified by BS 
EN 1992-1-2 Concrete General Rules- Structural 
fire 2004 (Corri 2008) was applied uniformly onto 
the exposed surfaces of the specimens. Thermal 
radiation and thermal convection transferred heat 
into the specimens through the concrete surface. 
The percentage change in length of a specimen per 
degree of temperature rise is known as the         
coefficient of thermal expansion. Table 4       
summarises the main material thermal properties 
for concrete which were used as input parameters 
in the transient thermal analyses. 

     An implicit nonlinear analysis was used. For 
large models, inverting the matrix is highly       
expensive and requires advanced iterative solvers 
(over standard direct solvers). These solutions are 
unconditionally stable and facilitate larger time 
steps. Despite this advantage, the implicit methods 
can be extremely time-consuming when solving 
nonlinear problems (Clough 2017). An implicit 
was preferred over an explicit analysis because 
explicit can only be used with consistent time 
steps, Rayleigh damping parameters are not     
supported, and stress variations across an explicit 
element are not supported. 

4 RESULTS AND DISCUSSION 

Experimental tests have demonstrated the           
effectiveness of fibres as a means of reducing the 
water vapour pressure in concrete. Internal      
pressures can be efficiently reduced by using PP 
fibres at an amount of around 2.5 kg/m3. The     
addition of fibres reduces the maximum pore  
pressures and decreases the temperature of the 
pressure peaks. Furthermore, it has also been 
found that when the fibre concentration exceeds 
2.5 kg/m3, the impact of fibres does not             
significantly increase. 
     Figure 5 compares the compressive strength 
(post cooling) of concrete specimens to the     

Figure 4. Mesh of the finite element model. 
. 
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compressive strength prior to heating as a function 
of curing time. The values are provided as a ratio 
to the strength at 24 C (room temperature). Each 
point on the graph indicates the average residual 
compressive strength of one of three specimens. 
     Figure 6 shows micro cracks were visible in all 
specimens exposed to fire. The radial cracks on the 
outer edge of the cubes were mainly caused by the 
heating process that is directly applied to the      

external of the cubes. Figure 6, also presents the 
appearances and observed cracks of the specimens 
tested in under compression conditions post fire 
exposure. 
     The polypropylene regulates moisture           
expulsion from the concrete at both normal and 
high temperatures. As a result, the pore structure at 
high temperatures may have a significant impact 
on the spalling behaviour of high strength         

Figure 5. Cube compressive strength containing 2.5 kg/m3 PP. 
 

Figure 6. Micro cracks at the surface of the specimens after heating. 
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polypropylene fibre reinforced concrete (Bilodeau 
et al. 2004). 
     The benefits of PP fibres in enhancing the  
permeability of high-performance concretes,    
minimising the likelihood of spalling behaviour in 
real fires, were supported by the findings. Melting 
polypropylene fibres improves the thermal        
behaviour of steel fibre high strength concrete. In 
the event of prolonged high-temperature exposure, 
not all water is removed quickly enough from the 
high-strength concrete with no PP. This will result 
in vaporisation at higher temperatures and the 
formation of high pressures within the mixture 
(Arano et al. 2021). The extra porosity and narrow 
channels formed by the melting of polypropylene 
fibre minimises the internal vapour pressures in 
the concrete, reducing the potential of spalling. 
Dimensions and quantity of fibre may have an  
impact on microstructural behaviour. Under the 
thermal treatment at 200 C, the permeability of the 
fibre reinforced high-performance concrete        
increases (Ozawa & Morimoto 2014). This is due 
to the fibre melting at 170 C during the heating 

phase. 
     The distribution and amount of moisture in 
concrete is closely related to its performance when 
exposed to high temperatures. The structural 
changes that occur during curing impact the curing 
process and modify the mechanical and physical 
characteristics of concrete (Dauti et al. 2018). 
High moisture content confined inside the concrete 
specimens is one of several key factors             
contributing to spalling at high temperatures.   
Figure 7 shows concrete specimens exploded    
under compression test post heat exposure from 
control mix for 7, 14 and 28 days. 
     According to Noumowe, both concrete      
compression and tension strengths decrease after 
the temperature reaches 350 C (Noumowe 2005). 
This may be due to discrepancies in thermal      
expansion coefficients between particles and    
calcium hydroxide breakdown causing               
microcracks to form. Previous research has        
observed a decrease in strength over 300 C,      
typically occurring between 300 and 400 C. He  
also  emphasised  on  the  overall  stiffening  of the  

Figure 7. Shows specimens exploded under compression test post heating. 
 

Figure 8. Ceramic heating apparatus. 
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cement gel or the increase in surface forces        
between gel particles owing to the elimination of 
absorbed moisture caused a recovery of strength 

between 200 and 350 C. There is strong agreement 
between the work carried out by Noumowe and 
experimental work in this study. Particularly, in 

Figure 9. Impact load rig. 
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terms of regaining compressive strength post 400 
C heat exposure. 
     According to this experimental test series, a 
sufficient amount of polypropylene fibres can 
lower the probability of spalling. Despite the fact 
that even when thermal expansion is unconstrained 
at the fire-exposed surface. However, it was noted 
that a number of control samples experience   
spalling. 
     As part of a wider study investigating the       
response of RC columns to combined thermal   
and blast loads loading a number of experimental 
rigs was developed. In order to replicate         
thermal loads from an explosion event, a            
bespoke thermal rig was developed using           
ceramic heating elements. Figure 8 shows          
RC beam being heated with ceramic elements     
up to 460 C Thermocouple of J type attached       
to the face exposed to the heating element to    
monitor the temperature. 
     To replicate imparted energy similar to a      
blast load, the bespoke rig was developed         
with drop weights above the heated specimens. 
Figure 9, illustrates the bespoke rig was             
created with drop weights above the heated     
specimens to simulate imparted energy equivalent 
to a blast load. 

     To apply axial load to the concrete specimens, 
the rig used a modified hydraulic press. The      
hydraulic press is capable of exerting 200 kN and 
188 mm ram travel. Figure 10 shows an in-situ 
compressive load rig, while it is being calibrated 
with an external loading machine. 

5 CONCLUSIONS 

The purpose of this study was to obtain data on the 
impacts of high temperatures up to 500 C on the 
characteristics of two concretes. A high-strength 
concrete with polypropylene fibres was compared 
to a high-strength concrete without fibres. 
     All HSC specimens containing silica fumes   
but no PP, have shown higher compressive 
strength compared to specimens with PP             
fibres. However, explosive spalling occurred     
due to high pore pressure build-up. This suggests 
that the internal pressure may be the primary   
cause of explosive spalling. Significant reduction 
in pore pressure in HSC can be achieved with    
the additions of PP fibres in the mixture.           
Reduction in pore pressure appeared to increase 
with increasing dosages up to 2.5 kg/m3. The extra 
porosity and narrow channels formed by the   
melting of polypropylene fibre may minimise     

Figure 10. Compressive load rig. 
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internal vapour pressures in the concrete,        
eliminating the potential of spalling. 

6 ACKNOWLEDGMENT 

The authors would like to express gratitude to the 
University of Portsmouth for funding this research. 

REFERENCES 

Aljazeera News, ‘Bangladesh mosque gas pipeline 
explosion’ 
https://www.aljazeera.com/news/2020/09/killed-
bangladesh-mosque-gas-pipeline-blast-
200905072009767.html, 2020. 

 
Arano et al. 2021. Material characterisation approach 

for modelling high-strength concrete after      
cooling from elevated temperatures. 

 
Barnett, S.J. et al. 2007b. Ultra-high performance   

fibre reinforced concrete for explosion resistant 
structures. In: Russell, M.I., Basheer, P.A.M. 
(Eds.), Concrete Platform. Queen's University of 
Belfast, Belfast, UK, pp. 565-573. 

 
BBC News, ‘Beirut explosion: What we know so far’ 

https://www.bbc.co.uk/news/world-middle-east-
53668493, 2020. 

 
Bekaert 2022. ‘https://www.bekaert.com/en/product-

catalog/construction/underground/steel-fiber-
reinforced-concrete-faq#3’. 

 
Bilodeau, A., Kodur, V.R. and Hoff, G.C. 2004.    

Optimization of the type and amount of          
polypropylene fibres for preventing the spalling 
of lightweight concrete subjected to hydrocarbon 
fire. Cement and Concrete Composites, 26(2), 
163-174. 

 
Bratina, S., Cas, B., Saje, M. & Planinc, I. 2005.  

Numerical modelling of behaviour of reinforced 
concrete columns in fire and comparison with 
Eurocode 2, Int. J. of Solids & Structures, 42 
(2005), 21-22, pp. 5715-5733. 

 
BSI, 2009. Testing hardened concrete. Making and 

curing specimens for strength tests. BSI. 
 
Butterworth, J.W., Lee, J.H., & Davidson, B.J. 2002. 

Experimental determination of modal damping 
from full scale testing. 

 
Dauti, D. et al. 2018. Modelling concrete exposed to 

high temperature: Impact of dehydration and    
retention curves on moisture migration.             
International Journal for Numerical and         

Analytical Methods in Geomechanics. 42. 
10.1002/nag.2802. 

 
Ele International, 2022: https://www.ele.com/product/ 

adr-touch-control-pro-2000-auto-bs-en-
compression-machine- 

 
Fehling, E., Schmidt, M., Walraven, J. & Ãhlich,     

S. 2015. Ultra-high performance concrete UHPC 
: fundamentals, design, examples.                   
Beton-Kalender Ser. Wilhelm Ernst & Sohn   
Verlag fur Architektur und Technische, Berlin, 
Germany. 

 
Fletcher, I., Welch, S., Torero, J., Carvel, R, &     

Usmani, A. 2007. Behaviour of concrete       
structures in fire. Thermal Science - THERM SCI. 
11. 37-52. 10.2298/TSCI0702037F. 

 
Hager, I. 2013. Behaviour of cement concrete at high 

temperature. Bulletin of the Polish Academy of 
Sciences, Technical Sciences. 61. 10.2478/bpasts-
2013-0013. 

 
Hertz, K.D. & Sorensen, L.S. 2005. Test method for 

spalling of fire exposed concrete. Fire Safety 
Journal 40, 466–476. 

 
Khalifa et al. 2001. High-temperature behaviour of 

HPC with polypropylene fibres From spalling to 
microstructure. 

 
Khoury, G.A. 2008. Concrete spalling assessment 

methodologies and polypropylene fibre toxicity 
analysis in tunnel fires. Structural concrete, 9(1), 
11-18. 

 
Kodur, V. 2014. Properties of concrete at elevated 

temperatures. ISRN Civil Engineering. Vol 2014, 
Article ID 468510. 

 
LUSAS 2019. User Reference Manual. Surrey, UK. 
       Ozawa, M. & Morimoto, H. 2014. Effects of  

various fibres on high-temperature spalling in 
high-performance concrete, Constr. Build. Mater. 
71 (2014) 83–92. 

 
Naus, D. (2006). The effect of elevated temperatures 

on concrete materials and structures—A          
Literature Review at ORNL. 10.2172/974590. 

 
Noumowe, A. 2005. Mechanical properties and     

microstructure of high strength concrete         
containing polypropylene fibres exposed to    
temperatures up to 200 C." Cement and Concrete 
Research, 35, 2192-2198. 

 
Phan, L. 2002. High-strength concrete at high      

temperature - an overview, Utilisation of high 

https://www.ele.com/product/%20adr-touch-control-pro-2000-auto-bs-en-compression-machine-
https://www.ele.com/product/%20adr-touch-control-pro-2000-auto-bs-en-compression-machine-
https://www.ele.com/product/%20adr-touch-control-pro-2000-auto-bs-en-compression-machine-


 

 
- 422 - 

strength/high performance concrete. International 
Symposium 6th Freunde der Bavingenieur,   
Leipzig, GE. 

 
Qin et al. 2021. A comprehensive review on fire 

damage assessment of reinforced concrete    
structures.The Authors. Published by Elsevier 
Ltd. 

 
Sarshar, R. 1989. Effect of elevated temperatures on 

the strength of different cement pastes and     
concretes. Imperial College of Science         
Technology and Medicine University of London. 

 
Sika, 2022. 

https://gbr.sika.com/dms/getdocument.get/7f4699
51-b306-41d8-961b-
09de104f93c3/sika_fibermesh_-150.pdf 

 
The New York Times, 2019. ‘Explosion at China 

chemical plant’ https://www.nytimes.com/2019 
/03/22/world/asia/china-chemical-plant-
explosion.html. 

 
Varona et al. 2018. Influence of the nature of          

aggregates on the behaviour of concrete subjected 
to elevated temperature. 

 
Wang, H-F. & Zhang, R-L. 2019. A method for      

determining Rayleigh damping parameters of 
complex field. Stavební obzor - Civil               
Engineering Journal. 28. 420-434. 
10.14311/CEJ.2019.03.0034. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://gbr.sika.com/dms/getdocument.get/7f469951-b306-41d8-961b-09de104f93c3/sika_fibermesh_-150.pdf
https://gbr.sika.com/dms/getdocument.get/7f469951-b306-41d8-961b-09de104f93c3/sika_fibermesh_-150.pdf
https://gbr.sika.com/dms/getdocument.get/7f469951-b306-41d8-961b-09de104f93c3/sika_fibermesh_-150.pdf
https://www.nytimes.com/2019%20/03/22/world/asia/china-chemical-plant-explosion.html
https://www.nytimes.com/2019%20/03/22/world/asia/china-chemical-plant-explosion.html
https://www.nytimes.com/2019%20/03/22/world/asia/china-chemical-plant-explosion.html

