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ABSTRACT 

  
Most mining operations continue to function with the mine and processing plant working in 

isolation. Both have separate objectives, separate cost centers and Key Performance Indicators (KPIs) that 
do not consider the total mining cost and effects on upstream and downstream operations. Using these 
KPIs alone, the two entities appear to operate efficiently, however, considering the whole operation, they 
often operate well below maximum efficiency. In order to improve the productivity and reduce the total 
mining cost, all unit operations at mines should be streamlined by using a structured Drill to Mill 
methodology which includes ore characterisation, drill&blast and crushing/grinding circuit modelling and 
optimisation. Excavator productivity, total waste mining cost reduction, wall-control improvements, 
minimising ore loss/dilution are some of the important aspects of these Drill to Mill projects. We have 
worked with operations around the world to significantly increase their production: generating typically 
5 to 40% increased mill throughput, reduced specific energy consumption and reduced total mining cost. 
Case studies are presented in this paper to demonstrate the gains achieved in the Drill to Mill value chain. 
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INTRODUCTION 

 
Most mines still continue to function with the mine and processing plant working in isolation. 

Both have separate objectives, separate cost centres and key performance indicators (KPIs) that do not 
reflect the customer/supplier relationships that inherently exist. Using these KPIs alone, the two entities 
appear to operate efficiently; however considering the whole operation, they often operate well below 
maximum efficiency and sometimes they may fail to achieve required crusher/mill throughput due to the 
issues of experiencing harder ore or fluctuations in the feed size distribution (Dance et al, 2006). 

 
Figures 1-2 shows the ore hardness and blasting size distributions measured at a mine site. Figure 

1 shows that almost all areas of the pit at this mine exhibit the same average strength but also have a 
wide range of possible strengths. This indicates that the metallurgical domain convention being used may 
not clearly determine sources of hard or soft material. Figure 2 shows that F80 (80% passing size) of the 
blasted ore types vary between 200mm and 800mm at a major gold mine (Esen, 2017). Certainly, this site 
was not achieving a consistent fragmentation. They achieved target F80 of 400mm in 57% of the blasts. 
The study found that even target F80 was too coarse. This target was set before the Drill to Mill study. 
These two figures show the fluctuations in ore hardness and fragmentation and present the challenges 
faced by many mine sites.  

 
Fluctuations in ore hardness and feed size distribution can have a significant influence on crusher 

and mill performance. For some operations, where feed size to this equipment is not well controlled, this 
can create significant problems with mill stability. The manipulation of the ROM feed size creates 
opportunities to improve crushing and milling equipment performance and efficiency. 



How should the mines manage the variabilities in hardness and fragmentation? How can the 
mines run the plant more efficiently (more throughput, less power consumption and less wear)? How do 
the ore properties affect mill production? How can you increase the mill throughput? This paper addresses 
these questions and presents some case studies demonstrating the benefits of the Drill-to-Mill plant 
optimisation approach. 

 

 
 

Figure 1. Ore hardness as measured by point load strength, IS50 by metallurgical domain 
 

 
 

Figure 2. Measured fragmentation data at a gold mine 
 

DRILL TO MILL METHODOLOGY 
 
Drill to Mill can be best defined as the development of integrated operating and control strategies 

from the mine to the plant that maximise throughput, minimise the overall cost per tonne and maximise 
profitability. The methodology involves a number of important steps: benchmarking, ore characterisation, 
measurements, modelling/simulation, implementation and monitoring of the defined integrated 
operating strategies. Ore characterisation is a key step in this methodology as ore properties are used in 
drill&blast fragmentation model, crusher and grinding circuit model (Figure 3). 
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Investigations by several consulting groups and researchers to date have shown that all the 
processes in the Drill to Mill value chain are inter-dependent and the results of the upstream mining 
processes (especially blast results) have a significant impact on the efficiency of downstream milling 
processes such as crushing and grinding. Numerous Drill-to-mill projects to date resulted in mill 
throughput increases of between 5 and 30 % depending on the ore strength and comminution properties 
(Dance et al., 2006; Esen et al., 2007; Kanchibotla and Valery, 2010; Esen, 2013; La Rosa et al., 2015). 

 

 
 

Figure 3. Drill to Mill methodology (Esen, 2010) 
 
Benchmarking 

 
The first step of the Drill to Mill is to benchmark the current practices by auditing the operation 

and control of the drill&blast, load&haul, crushing and grinding processes. 
 
The quality of blast pattern implementation is assessed and the resulting ROM fragmentation is 

measured using image analysis. The crushing and grinding circuits are surveyed and process control 
strategies reviewed. All of these measurements allow mathematical models to be developed for the 
complete process chain. These models are later used to simulate the impact of operational changes in the 
mine or concentrator on the entire process. 
 
Ore Characterisation 

 
Our Drill to Mill methodology utilises simple and inexpensive measurements that can be 

performed by trained site personnel. Quite often, the measurements are already being collected by the 
operation. The advantage of simple measurements is the amount of data that can be collected in a very 
short timeframe, as the limited number of samples require shipping to an outside laboratory. When 
attempting to characterise an entire orebody, the density of data is very important. 

 
For ore characterisation, we use measurements of rock strength (Point Load Index, PLI and/or 

UCS) and rock structure (Rock Quality Designation, RQD and/or fracture frequency). Both PLI and RQD 
measurements (Figure 4) can be taken on drill core and Point Load tests can also be performed on core 
(full/half) and/or irregular shaped samples of material. The PLI value can be correlated to Uniaxial 
Compressive Strength (UCS) as well as the JKMRC Drop Weight test parameters A and b (Figure 5). The 



Drop Weight parameters are necessary in order to model the crushing and grinding circuits. Therefore, 
the use of the Point Load Index allows sites to characterise their rock properties quickly and easily while 
still making use of the sophisticated grinding models that are available. 

 
The rock structure is represented by the RQD value that indicates the fracture frequency present 

in the drill core. This measurement is routinely taken at operations for geotechnical purposes but has 
been shown to be very useful in blast fragmentation modelling in the absence of detailed rock mass 
structure mapping. We also use the window mapping data collected by site personnel, scanline mapping 
data and/or digital photogrammetric techniques (if available). 

 
Once the PLI and RQD (or fracture frequency) data are available, the range of rock properties are 

mapped out and blast domains are defined (Figure 6). Within each domain, the material will behave 
similarly in the blasting, crushing and grinding processes while all of the domains cover the complete range 
of rock properties that are present. 

 

 
 

Figure 4. UCS (a) and RQD (b) data at a large open pit mine (Esen, 2010) 
 

 
 

Figure 5. PLI vs JK Axb 
 



 
 

Figure 6. Blasting domains – example 
  

Measurements 
 
Another aspect of our Drill to Mill methodology is the heavy reliance on measurement. If material 

size is the quality parameter of interest, the first site visit is used to collect measurements of size: ROM 
fragmentation, primary crusher product and mill feed. In addition, attempts are made to measure the 
reduction in material size for different ore types or domains in order to calibrate the mathematical models 
over a wider range of conditions. 

 
Image analysis is used to measure blast fragmentation by collecting numerous photographs of the 

muckpiles/stockpiles well as haul trucks dumping at the primary crusher. For measurements of crushing 
and grinding circuit performance, surveys are performed to collect data on all the process streams.  
 
Modelling/Simulation 

 
The measurements collected while at site are combined with the rock characterisation domains 

to model the complete blasting and comminution process. We use these data to develop site-specific 
models of blast fragmentation, crushing and grinding. This allows customised blast patterns to be 
developed that optimise both crushing and grinding performance. For each domain, blast designs are 
defined to generate the optimal fragmentation size for downstream processes. This may involve an 
increase or decrease in energy, depending on the rock characteristics of each domain. 

 
The objective of any modified blast design is to minimise the overall cost for the entire process by 

distributing the energy required to fragment the rock mass, sensibly and effectively. In addition, the 
crushing and grinding models allow the impact of operational and control strategies to be investigated 
and optimised. 

 
HANDLING MINING CONSTRAINTS IN THE DRILL TO MILL METHODOLOGY 

 
Wall-control 

 
Blasting near pit walls gets mixed reactions from different mining departments. It often 

represents a significant disruption to efficient work flow for many mines. However, it is a critical 
component for geotechnical engineers who are tasked in delivering safe and competent pit walls and 
being in compliance with pit slope design. During Drill-to-Mill studies, it is often questioned and should 



be handled carefully by following a structured wall-control project which should be a critical component 
of the Drill to Mill Project. The wall-control program should include: 

 
• Review current wall-control designs 

• Benchmark crest loss/gain, toe loss/gain  

• Identify the areas with significant crest loss/gain, toe loss/gain and propose design solutions 

• Conduct single hole blasts to collect waveforms at the catch benches and data analysis 

• Review delay times and tie-up 

• Review presplit efficiency 

• Evaluate the combined blasting technique and its delay timing 

• Review the KPIs and revise the solutions if necessary 

 
We delivered several wall-control projects globally with great success. Some recent examples are 

shown in Figures 7-8. If implemented correctly, it has even potential for wall-steepening which can deliver 
large savings to the mine. 

 

 
 

Figure 7. Wall-control results at a gold mine (Gungor et al, 2017). Crest loss and gain data are displayed. 
The project delivered less crest loss 
 

 
 

Figure 8. Wall-control results at a gold mine (Esen, 2018). Red and green lines show design and actual 
slope profiles, respectively. The project delivered good compliance results with the design wall profile 

 
  



Ore loss and dilution 
 
Blasting causes movement of the rock and can be detrimental to the accurate delineation of the 

ore and waste regions within the resulting muck pile. The consequences can be ore loss and dilution Most 
of the time, ore is mixed with waste and/or have several grades (high/low grade classifications). Figure 9 
shows that blast moves significantly (Thornton, 2009) especially at powder factors above 0.50kg/m3. If a 
mine has powder factor of 0.80kg/m3, ore moves approximately 5-6m in horizontal direction. If the 
ore/waste boundaries are not changed after the blast, one should expect some levels of ore loss and 
dilution. In order to prevent this, mines may follow below two methodologies: 

 
• Design the blast timing in such a way that ore moves to ore and waste moves to waste (Figure 10). This is 

called segregation or selective blasting. It is very effective if it is implemented appropriately by using design 
softwares. Usually, we implement this technique where the boundaries are not complex (see Figure 10). 

• Use of polypipes or blast movement monitors (Thornton, 2009). Pipes have limitations in that it provides 2-
D horizontal movement vectors, time consuming, labour-intensive, poor recovery etc. Blast movement 
monitoring by using advanced sensors has been widely accepted in the gold industry. 

 

 
Figure 9. Powder factor vs average mid-bench horizontal blast movement (Thornton, 2009) 

 

 
 

Figure 10. Ore/waste segregation at a gold mine (Esen, 2018) 



Waste mining productivity 
 
It is very important to understand the waste mining productivity during Drill to Mill studies as it 

affects overall total mining cost and ore access time. In our Drill to Mill methodology, we analyse the 
excavator performance and their downtime in detail to improve the dig rates and minimise the total waste 
mining cost. As an example, Table 1 shows that optimised blasts increased the excavator loading 
productivity at a gold mine by 25-30% which is the highest dig rate in any projects the author have been 
involved. In this project, optimised waste mining costs were lower than benchmark blasts. This paper was 
published in this conference (Bachramov et al, 2019). Please refer to this paper for more details. 

 
Table 1. Excavator dig rates before and after Drill to Mill project (Bachramov et al, 2019) 

  
Dig rate before Drill 

to Mill, t/h 
Dig rate after Drill to 

Mill,  t/h 
% Increase 

EX 1900 845 1100 30.2 

EX 1200* 638 798 25.1 

* limited data for “after Drill to Mill” 
 

CASE STUDIES 
 
Table 2 shows some of the recent major Drill to Mill projects that the author has been involved. 

The results clearly show that these projects delivered significant throughput increases with mills and 
crushers. It demonstrates that the methodology can deliver significant values (up to 40% in mill 
throughput; 16% increase in crusher throughput) to the mines if the correct Drill to Mill methodology is 
applied. It is often a very minor investment in projects considering the value delivery at sites. 

 
Table 2. Recent Drill to Mill project examples 

 

Mine Country Metal Process % increase in 
throughput 

Antamina Peru Cu/Zn grinding 25-40% 

Iduapriem Ghana Au grinding 23% 

Kisladag Turkey Au crushing 11% 

Candelaria  Chile Cu grinding 15% 

Pustynnoye Kazakhstan Au crushing 16% 

Pustynnoye Kazakhstan Au grinding 12% 

 
Figure 11 shows the difference in fragmentation before and after a Drill to Mill project. There is a 

significant change in the fragmentation curve. Less F80 and more fines (-10mm) enabled process 
optimization as crusher/grinding operating parameters can be optimised better by feeding finer feed to 
the plant. Figure 12 shows the response of the SAG mill when very fine feed is sent. The mill tonnage 
increased from 3,500 to 4,000tph before to around 5,000tph for the modified blast material. With the 
stockpile depleted and normally blasted material sent to the concentrator, tonnage returned to below 
4,000tph. 



 
 

Figure 11. Fragmentation data before and after optimisation project (Esen, 2017) 
 

 
 

Figure 12. The response of the SAG mill to the fine feed (Dance et al, 2007). 
 

CONCLUSIONS 
 
Drill to Mill methodology was shown to deliver values to the mines if implemented appropriately 

by the right group of consultants. Successful implementation of the project relies on patience, team 
coordination and cooperation by all stakeholders at the mine. The results can be very rewarding: 
deliveries were including but not limited to 5-40% increased mill throughput, up to 16% primary crusher 
throughput increase, 10-15% reduction in SAG mill specific energy, reduced total mining cost, improved 
wall-control, reduced dilution/ore loss, improved excavator dig rates, etc. 

 
It involves a structured approach and includes the following steps: benchmarking, ore 

characterisation, measurements, modelling/simulation, implementation and monitoring of the defined 
integrated operating strategies. A project is normally comprised of a number of site visits spaced over a 
few months and can be up to one year.  



Based on the ore domain definitions, blasting, crushing and grinding models are used to 
determine specific operating and control strategies that optimise the efficiency of processing each 
domain. This methodology has been used in a wide range of applications from conventional circuit 
optimisation, throughput forecasting and greenfield operations. For existing operations, significant 
increases in performance have been realised through the application of the Drill to Mill methodology as 
demonstrated by the case studies. 
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