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ABSTRACT: Measurement while drilling data are produced in enormous quantity in 
underground and surface mines across the world. The data comprise parameters recorded 
during the drilling process, including penetration rate, rotation pressure, feed pressure, per-
cussive pressure, damping pressure and flush pressure. MWD data are shown to be very use-
ful for rock mass characterization, blasting applications and geological modelling of the rock 
mass. In this study, an open pit mine in Austria was selected for data collection as a part of 
SLIM project. The MWD data collected from drilling rigs were processed to identify differ-
ent zones of rock mass, i.e. weak, fractured or competent rock. The results were compared to 
3D images obtained by close-range terrestrial digital photogrammetry for validation; which 
showed a close agreement with each other. The method can be used to characterize the rock 
and to modify the charging of explosives in the boreholes for improved blasting results.

1 INTRODUCTION

Measurement while drilling (MWD) is a technique that monitors relevant drill process 
parameters, which usually include penetration rate, percussive pressure, rotation pressure, 
feed pressure, damping pressure and flush pressure during the drilling operation. The tech-
nique increases the available information about the rock mass and improves the characteriza-
tion of the rock mass (Khorzoughi, 2013). In particular, MWD technique provides a better 
description of the hidden volume of the rock mass compared to other exploration methods 
(Segui & Higgins, 2002). The most important aspect of MWD is that it collects information 
with reduced time and cost compared to other methods like core drilling or geophysical sur-
veys (Khorzoughi, 2013). The technique was introduced in the oil industry in 1911 to dimin-
ish the uncertainties involved in drilling operations and was applied to mining in the 1970s 
(Segui & Higgins, 2002). Since then, many researchers have applied this technique to improve 
different mining operations.

Leighton (1982) used drill monitoring technique to optimize fragmentation, reduce blast 
damage and increase slope stability by improving the blast design. Similarly, Piyush et al. 
(2016) used MWD to improve the blast design and its results. Schunnesson (1996) interpreted 
the MWD parameters to identify the fracture zones along the borehole in a railway tunnel 
and calculate rock quality designation (RQD). Ghosh et al. (2018) assessed the chargeability 
of production boreholes by analyzing the MWD parameters. Drill monitoring parameters 
have also been used for real-time assessment of the unconfined compressive strength of the 
rock mass (Rodgers et al., 2018). Information extracted from MWD data can be used for bet-
ter blast design, resulting in less ore dilution, improved fragmentation size and better muck-
pile diggability (Khorzoughi, et  al., 2018). A combination of MWD data and excavation 
design parameters in underground constructions can predict the blast-induced excavation 
damage zone quite well (Van Eldert, et al., 2018).

MWD data have often been used to relatively characterize the rock mass (Khorzoughi, 
2013; Van Oosterhout, 2016; Khorzoughi, et al., 2018) but established methods for rock mass 
characterization has rarely been used to validate results. These methods vary from traditional 
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one-dimensional scanline and two-dimensional window surveys using compass-clinometer 
technique (Gaich, et al., 2006; Sturzenegger & Stead, 2009) to modern photogrammetry and 
laser scanning techniques (Ferrero, et al., 2009). In the last two decades, aerial and close-
range terrestrial digital photogrammetry (CRTDP) has evolved as a powerful tool widely 
used for 3D topographic modelling and rock mass characterization (Westboy, et al., 2012). 
Wolf & Dewitt (2000) used the term ‘close-range’ for a distance between camera and object 
up to 300 m. CRTDP is gaining widespread application as a mapping tool to characterize 
natural and man-made rock slopes in 3D (Sturzenegger & Stead, 2009). It is a useful tool for 
comprehensive surveys of the geometrical-structural layout of the rock face, even in remote 
sites (Firpo, et al., 2011). Sturzenegger & Stead (2009) document the following advantages 
with this technique:

− It provides more representative data than other conventional methods, as it is not restricted 
to the base of the outcrop;

− It makes it easier to access steep and high rock faces;
− It is safer in poor rock conditions, as the surveyor does not need to physically access the 

rock face;
− It makes the record more permanent;
− It is applicable in magnetic environments where conventional compass-clinometer method 

fails to work

Recent advancements in computing technologies and digital photography have increased 
the potential of CRTDP to be used in geotechnical engineering for rapid construction of 
3D models and rock mass characterization (Sturzenegger & Stead, 2009). Many commercial 
software packages are available to generate 3D models of the rock face and to extract its 
structural parameters.

This study characterized rock into weak/fractured and hard/competent rock depend-
ing on its relative response to the MWD parameters and then validated the results using 
CRTDP. MWD data and stereoscopic images were collected from an open-pit mine in 
Austria, and an algorithm was developed using MATLAB to plot the drilling parameters 
for the depth of  the hole. ShapeMetriX3D (by 3GSM) was used to develop 3D models 
from stereoscopic images and extract structural information on the rock face to validate 
the MWD results.

2 METHODOLOGY

This research was based on a literature review, measurement while drilling data, stereoscopic 
images of the bench face, 3D models and data analysis. Commercial software packages MAT-
LAB and ShapeMetriX3D were used to analyze data collected from VA Erzberg’s open-pit 
iron ore mine in Austria.

2.1 Site description

VA Erzberg’s open-pit iron ore mine is located in Eisenerz, an old mining town of Styria in 
the central-western part of Austria located about 260 km south-west of the capital, Vienna. 
Erzberg is estimated to have the largest reserves of iron ore in the country, with approximately 
260 million tons of iron ore. Geologically, it is in the greywacke zone, a band of sedimentary 
rocks that metamorphosed in the Paleozoic era between the Central Eastern and Northern 
Calcareous Alps of Austria.

The mine is the world’s largest deposit of siderite (FeCO3) mineral, mixed with dolomite 
(CaMg(CO3)2) and ankerite (CaFe(CO3)2), and the most common minerals in the deposit 
are siderite, ankerite, dolomite and calcite. Azurite, malachite and vermilion are also found 
occasionally. Less common minerals include sideroplesite, chalcanthite, erzbergite, epsomite, 
rancieite, enargite, dravite and others. Chemical analysis of cutting samples from the mine 
presents ten (10) different chemical products, including Fe, CaO, SiO2, MgO, Mn, Al2O3, 
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Na2O, K2O, S and P. Given the presence of these different mineral compositions in the mine, 
the iron concentration ranges from 22–40%, giving an average value of 33%.

The Erzberg mine has been in operation for more than 1300 years. The deposit was initially 
mined using underground methods. Later, in 1890, the mining was changed to open-pit, with 
mining done in benches. In 1986, underground operations were totally ceased and open-pit 
mining became the only method. As per current production and reserve estimation, the mine 
can be operating for another 30–35 years.

Currently, The Austrian mining company VA Erzberg is carrying out the mining activity 
with a workforce of about 250 persons. The mine has a total of 31 benches, of which 21 are 
currently active. A total of about 12 million tons of rock, including 8 million tons of waste, 
is mined out annually using conventional drill and blast technique. Because of the varying 
nature of the ore quality, different short term and long term plans have been made using 
deposit models to maintain a good balance of iron concentration for processing purposes.

After blasting, the waste is dumped in a nearby dump area, and the ore is hauled to the 
crushers. Two gyratory crushers (with a capacity of 1200 tons per hour) break the boulders 
and bigger pieces of rock into a maximum particle size of 15 centimeters. The crushed mate-
rial is processed further to remove the waste from the ore. This processing phase includes 
sensor based sorting for the high quality ore (iron content > 30%) and dense media separation 
for the low quality ore. After removal of the waste, 3 million tons of ore are crushed again 
to achieve the final product size of 2–10 mm in diameter which are transported to Linz and 
Donawitz for processing into high quality steel.

2.2 Measurement while drilling

In the Erzberg mine, drilling is done with fully mechanized Epiroc D65 drill rigs equipped with 
pneumatic Down-The-Hole (DTH) hammers. The Epiroc drill monitoring system retrieves 
and stores MWD data. The recorded data include time (YYYY-MM-DDThh:mm:ss), depth 
(m), penetration rate (m/min), feed pressure (bar), rotation pressure (bar), and percussive 
pressure (water pressure measured by bar). The sampling interval along the borehole is set 
to 5 cm. On each drill rig MWD data are stored on a USB memory. For this test MWD data 
were collected from two different bench faces for a total of 14 boreholes. The length of the 
boreholes was approximately 30 m.

2.3 Image collection

For this study, stereoscopic images were taken using a Nikon D70 s camera with an 18 mm 
zoom lens. The camera was calibrated and provided by 3GSM as a component of the Shap-
eMetriX3D software package. At least two images (stereoscopic image pair) are required to 
generate a 3D model. Several images were taken parallel to the bench face, and the best ones 
were used for further processing. For the software, the distance between the imaging points 
(baseline distance) should be about 1/10 to 1/8 of the distance between the imaging point and 
the rock face (3GSM, 2010). The standard procedure to take stereoscopic images for Shap-
eMetriX3D is described by 3GSM (2010) and Gaich et al. (2006). Figure 1 shows the image 
of one of the benches at the mine site.

Range poles with target discs can be seen in the image that are used for referencing and 
scaling the 3D models. The coordinates of the range poles were determined using GPS and 
used for referencing the 3D model in a global co-ordinates system.

2.4 Model generation

The software has a special tool, ‘Reconstruction Assistant’, to convert the stereoscopic image 
pair into a 3D image. The images were loaded onto the software, and 3D models were gen-
erated using this tool. Another tool, ‘Surface Trimmer’, was used to edit the 3D images to 
remove the undesired areas from the images. Finally, the software’s ‘Referencer’ tool was used 
to reference the generic 3D images onto global co-ordinates system. These steps follow the 
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standard procedures outlined by 3GSM (2010). Figure 2 shows a 3D image developed using 
these tools.

3 DATA ANALYSIS

To characterize the rock as weak/fractured or hard/competent rock depending on its relative 
response to the MWD parameters, the data analysis comprised the following two steps:

1. MWD data analysis
2. Structural data analysis

Figure 1. Bench face with range poles at Erzberg’s open pit mine in Austria.

Figure 2. 3D model of a bench face with global co-ordinates at Erzberg’s open pit mine in Austria.
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3.1 MWD data analysis

MWD data were collected from the drilling rigs. To extract information from the collected 
data, an algorithm was developed using MATLAB. The development of the algorithm 
included:

− Data importation
− Noise reduction
− Parameters extraction
− Variation detection

The drill monitoring system feature three types of files: drill plan (DP), drill quality (DQ), 
and MWD. The DP file contains the drill plan that were transferred to the drill rig from the 
mine office. The DQ file gives the status of the drilling process, whether it was successful or 
if  there were any failures during the drilling operation. The MWD file contains penetration 
rate, percussive pressure, rotation pressure, feed pressure, damping pressure and flush pres-
sure measured during the drilling process.

‘Hole ID’ and ‘Plan ID’ from the DQ file and the MWD file were used to import drill-
ing parameters for the required boreholes. Data were imported into MATLAB and filtered 
to remove noise or faulty MWD samples. Faulty samples included unrealistic values, e.g. 
negative or abnormally high values for penetration rate or pressure. In addition, variations in 
drilling parameters during rod changes are not representative samples of the rock behavior 
during drilling. These unrepresentative samples were removed from the data using the devel-
oped algorithm. Figure 3 shows the drilling parameters plotted against the depth of the hole 
before and after filtering the data.

In Figure 3 (left side), one sampled penetration rate value is more than 2000 m/min; which 
is an unrealistic value for penetration rate. The figure also shows drops in percussive pressure 
and feed pressure at 6 m intervals that correspond to adding a new rod after every 6 m. It is 
important to remove these faulty and unrepresentative samples to get a clear picture of the 
rock behavior.

Drilling parameters were extracted and plotted against the depth of the borehole using the 
algorithm. The coordinates of the start and end point of the borehole were stated on the plot, 
along with the status of drilling activity, i.e. success or fail.

Penetration rate is the most effective drilling parameter to characterize the rock mass using 
MWD (Khorzoughi, 2013). For example, a fractured rock mass exhibits higher penetration 
rate and increased rotation pressure (Vezhapparambu, et al., 2018). Penetration rate increases 
when the drilling encounters a fracture and demonstrates high variation in an extensively frac-
tured rock mass (Schunnesson, 1996). The torque/rotation pressure also shows an increase 

Figure 3. MWD data before and after filtering unrepresentative samples.
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when drilling through a broken rock mass as it has the tendency to stall the drill bit (Schun-
nesson, 1996). The Rock strength, fractures and voids can affect the penetration rate (Segui 
& Higgins, 2002). The peaks on the logs of penetration rate to depth show the presence of 
fractures, and widths of these peaks indicate the fractures’ aperture size (Khorzoughi, 2013). 
As the drill bit encounters an open fracture, penetration rate increases and rotary torque 
decreases, as there is no resistance based on the aperture size (Khorzoughi, 2013). The feed 
pressure and pull down pressure show a slight drop as well, because there is no engagement 
of the drill bit with the rock mass (Khorzoughi, 2013).

3.2 Structural data analysis

The ‘SMX Analyst’ tool of ShapeMetriX3D, which is very useful tool for present purposes, 
(Gaich, et al., 2006; Haneberg, 2008; Vasuki, et al., 2014; Beyglou, 2016; Buyer & Schubert, 
2017) was used to analyze the structural parameters of the 3D models,. Analysis included the 
following steps:

− Marking structures on bench face;
− Adding scanlines at borehole locations;
− Determining depth of structures along scanlines.

Figure 4 shows a bench face with marked structures and scanlines. Structures were marked 
manually using the features of the SMX Analyst tool. Scanlines were drawn at the borehole 
locations using the coordinates of the boreholes.

The software can generate different structural characteristics like dip, dip direction, spac-
ing, depth of the structures etc. Scanlines were used to extract information on the spacing 
and depth of the structures along the boreholes.

4 RESULTS AND DISCUSSION

MWD parameters show distinguishable responses to the following:

− Soft or weak rock
− Hard or competent rock

Figure 4. 3D model of a bench face with marked structures and scanlines on the surface.
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− Open joints
− Fractured or broken rock

Two of the drilling parameters, percussive pressure and feed pressure, are controlled by 
the machine and normally don’t respond to the rock behavior (Ghosh, et al., 2017). Varia-
tions in these parameters can be seen in Figure 3 for the rod changing process. The other two 
parameters, penetration rate and rotation pressure, are more sensitive to changes in the rock 
mass (Schunnesson, 1996). Figure 5 shows the MWD parameters for one borehole, including 
responses to soft rock, hard rock, open joints and fractured or broken rock.

In the figure, there is a zone of increased rotation pressure compared to the mean value, 
indicating a rock mass that is highly fractured or broken. This type of rock mass has a ten-
dency to hold or stall the drill bit; therefore, the rotation pressure is increased to maintain the 
rotation speed. Penetration rate is different for different rock masses. In the figure, penetra-
tion rate is higher at the start than the mean, indicating soft or weak rock. Next, a sudden 
rise indicating open joint, allows the bit to penetrate at a higher speed but only for a moment 
indicating a narrow aperture size. Following this, a zone with lower penetration rate than the 
mean indicates hard or competent rock; which was difficult to penetrate than the first zone 
(with soft rock). At the end, there is another increase in penetration rate with lots of varia-
tions indicating weak or soft rock. This zone is highly fractured, a finding confirmed by the 
rotation pressure.

5 CORRELATION AND VALIDATION

Coordinates of scanlines marked on the bench face and the boreholes from the MWD files 
were matched to correlate the results. Scanlines were used to determine the depth of the 
structures visible on the bench face. Information extracted from the 3D image of the bench 
face with the borehole discussed above suggests similar results. Figure 6 shows the bench face 
with different rock mass features. At the start, the bench face has weak rock which is removed 
as back break from the blast but can be seen on the bench face using dip and dip direction 
values. This material is separated from the competent rock at a depth of 9 m which can be 
seen as a joint or bedding plane on the bench face. This joint causes a sudden increase in the 
penetration rate and a drop in the other three drilling parameters indicating an open joint. 

Figure 5. MWD data variations related to different rock types.
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This is followed by a decrease in penetration rate to a depth of 14 m due to the underlying 
hard or competent rock. At the lower part of the bench face, there is a highly fractured and 
broken rock mass which causes an increase in penetration rate as well as an increase in rota-
tion pressure in MWD data, as the drill bit has a tendency to stall in such rock conditions. 
The last part of the MWD data cannot be seen in the image because of the loose material at 
the toe of the bench face and sub-drilling.

6 CONCLUSION

Results of MWD data and CRTDP data are in close agreement. A higher penetration rate 
suggests a weaker rock mass and vice versa. A sudden increase in penetration rate suggests 
the presence of an open joint as closed fractures or joints don’t cause the sudden variations 
seen in the results. Higher rotation pressure suggests a highly fractured or broken rock mass 
with higher resistance for the bit to rotate. Findings show that the MWD data variations can 
be used to predict the nature of the rock mass, and this information can be used to optimize 
the blast design. This will reduce the consumption of explosives in weaker rock mass and 
improve the stability of the remaining wall by reducing the back break effects.
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