
ABSTRACT: In this research we subject Prada limestone samples to temperatures of 600 ºC, and 
then we perform Sievers’ J-miniature drill tests to study the evolution of the penetration over time. 
We identify two characteristic intervals in the penetration–time plots: a superficial region with a 
variable penetration rate that includes an initial maximum value, and a deeper region in which the 
penetration rate stabilizes. Thermally treated samples exhibit an increase in the initial and final 
penetration rates, which indicates thermal damage both superficially and in-depth. We also observe 
that the time necessary to reach a stable drilling rate dramatically increases with temperature, 
involving an important part of the total test time. That has a clear influence on the final SJ value from 
Sievers’ J-miniature drill tests and is a starting point to determine a corrected SJ value for thermally 
treated limestones. 

Keywords: Rock drillability, Sievers’ J-miniature drill tests, SJ value, Thermal treatment, 
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1 INTRODUCTION 

The use of fire to facilitate the excavation of the rock mass is an art of tunnelling that began at the 
dawn of civilization. The mines excavated in Spain during the Roman Empire in search of gold are 
excellent examples of the use of this technique, due to the complex systems employed and the 
hundreds of millions of cubic meters of earth excavated. For example, the mining works at Las 
Médulas (Spain) were described in detail by Pliny the Elder in the 1st century A.D., including the 
firesetting technique, which was used to excavate more than 325 km of galleries (Juncá-Ubierna, 
1998). The firesetting method involved setting fire to combustible material (mainly wood or a 
combination of wood and charcoal) in contact with the rock surface. Therefore, the combination of 
differential expansion of the minerals in the rock, and the increase in pore pressure because of water 
vapor, created large internal stresses that led to the fragmentation of the rock. Water was then used 
with the primary intention of cooling the hot rock before it was worked by hand. Historical reports 
describe a much more effective cracking and extraction when the rock was cooled by using water 
(Hooson, 1747). An evidence of the use of the firesetting technique is the existence of deep layers of 
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ash, partially burnt wood and smoke-blackened roofs that are preserved in mines of all ages around 
the world, such as the Ai Bunar mine in Bulgaria, the oldest known mine in the world dating back to 
the fifth millennium B.C. Firesetting could maintain temperatures of the order of 700 °C for 
considerable periods and reach maximum values of 800 °C in carefully constructed fires (Weisgerber 
& Willies, 2000). The decline of this technique in the 18th and 19th centuries coincided with the 
introduction of the use of explosives and steel drills (Craddock, 1992). 

Thermal-assisted drilling techniques are a topic of growing interest to make mining and civil 
engineering more efficient and cost-effective (Jamali et al., 2019; Rossi et al., 2020). Existing 
research demonstrates that the drillability of rocks is dominated by their mechanical and physical 
properties (Capik et al., 2017; Saeidi et al., 2014; Yarali & Soyer, 2011; Yenice, 2019; Yetkin et al., 
2016), and high temperatures cause severe damage that alters these properties (Andriani & 
Germinario, 2014; Garrido et al., 2021; Martínez-Ibáñez et al., 2021; Sengun, 2014; Yavuz et al., 
2010; Zhang et al., 2017), facilitating drillability (Martínez-Ibáñez et al., 2021). 

The SJ value from Sievers' J-miniature drill tests (Sievers, 1950) is mostly combined with S20 
from brittleness tests (von Matern & Hjelmér, 1943) to determine the widely used Drilling Rate Index 
(DRI) (Selmer-Olsen & Blindheim, 1970). These values represent different aspects of a rotary-
percussive drilling process, with S20 indicating the impact action of the drill bit and SJ indicating the 
thrust and rotation (Su et al., 2016). Penetration-time curves obtained from Sievers' J-miniature drill 
tests can be registered and used as an indication of the drilling rate on rock samples (Dahl et al., 
2007). However, few research exists on the use of such curves as a complementary method for 
studying rock drillability (O’Connor et al., 2020; Yetkín, 2021). Moreover, the shape of such curves 
and their defining characteristics remain unstudied for thermally treated rocks. 

In this research we study penetration – time curves and its derivative, the penetration rate – time 
series from Sievers’ J-miniature miniature drill tests on samples heated to 105 and 600 ºC to observe 
differences. These curves can provide valuable information on the effects of temperature on the 
drillability of Prada limestone. 

2 MATERIALS AND METHODS 

This research is focused on the Prada limestone, a lower Cretaceous formation located in the Serra 
de Prada, a range of mountains in the Catalan south Pyrenean zone (Spain). Rock samples were taken 
from two horizontal survey boreholes drilled during the design stage of the Tres Ponts Tunnel, that 
was open to service in autumn 2021. 

A total of 10 samples were selected and a temperature of 105 ºC was initially applied to remove 
natural moisture. Then samples were separated into two groups of 5 samples: the first group was 
subjected to thermal treatment and the other group was used for the determination of the intact rock 
properties. Thermal treatment consisted of heating samples in a furnace at temperatures of 600 ºC. A 
gradient of 5 ºC/min was applied and, once the furnace reached the target temperature, it was 
maintained for one hour. Samples were then cooled at a slow rate to room temperature. 

Sievers' J-value represents the rock surface hardness or resistance to indentation. Tests were 
performed on both intact and thermally treated samples to observe the differences. More specifically, 
the performed test consisted in the measurement of the drillhole depths after 200 revolutions of an 
8.5 mm miniature drillbit acting with a vertical load of 20 kg. The test was repeated five times on 
each rock sample, and the Sievers' J-value was calculated as the mean value of the depth of the 
miniature drill holes, measured in tenths of millimeters (Bruland, 2000). In this research the 
penetration of the drillbit was real-time monitored during the test, and the depth-time curves were 
represented every 0.5 s. 

3 RESULTS AND DISCUSSION 

Figure 1 represents Sievers’ J-values (SJ) for samples heated to 105 and 600 ºC. Due to the reduced 
number of samples available, mean values may not be representative and, therefore, box-whisker 
plots with indication of the median values are plotted.  

-2698-



Prada limestone exhibited a significant decrease in resistance to indentation when heated to 600 
ºC. Thus, SJ values for intact Prada samples are in the range of “Medium” to “High” resistance to 
indentation in the scale of Dahl et al.(2012). In contrast, drillability in Prada limestone sharply 
increased after thermal treatment: samples exhibited SJ values in the range of “Low” resistance to 
indentation. The causes for such a dramatic decay in the resistance to indentation at 600 ºC are linked 
with severe thermal damage in this rock in terms of increased porosity and growth and coalescence 
of microcracks (Martínez-Ibáñez et al., 2021). Although the intact Prada limestone has a 
homogeneous appearance, it is a natural material with small variations in its composition and texture, 
including microcracking, and this explains the dispersion in the results obtained at 105 ºC. We 
attribute a larger scattering in SJ at 600 ºC to the referred thermal damage suffered by the rock. 

 
Figure 1. Variation of Sievers’ J-value (SJ) with temperature. Categories of resistance to indentation 

according to Dahl et al. (2012). 

Figure 2 represents penetration and drilling rate over time for both intact and thermally treated 
representative samples. We identify two distinct intervals: a surface area with a variable penetration 
rate that has a maximum value at the beginning, and a deeper area where the penetration rate becomes 
stable. When samples are heated to 600 ºC, the initial and final penetration rates increase, suggesting 
greater damage to both the surface and the depth of the sample.  

Additionally, it takes much longer for the drilling rate to stabilize when samples are thermally 
treated, which takes up a significant portion of the total testing time. Thus, the penetration rate 
stabilizes in the first 3-4 seconds of the test in the intact samples, while in thermally treated samples 
the time is extended to around 7 - 8 seconds, the penetration rates being much higher. This implies 
that a significant part of the total SJ value is due to these first seconds of the test: a 20 % of the total 
penetration occurs in the first 7 seconds in the thermally treated sample. 

All the above has a significant influence on the accuracy of the SJ value, as the initial penetration 
rate is not representative of the characteristic drillability of the overall thermally treated Prada 
limestone. 
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Figure 2. Depth – time and drilling rate – time plots for samples heated to 105 and 600 ºC. 

4 CONCLUSIONS 

In this research we novelty study penetration – time and penetration rate – time curves from Sievers’ 
J-miniature miniature drill tests in thermally treated samples. We devise conclusions about the 
drilling performance of limestones from Prada formation and the influence of temperature. To do so, 
we subjected samples to temperatures of 105 and 600 ºC and cooled them at a slow rate to observe 
differences. The following are the primary conclusions derived from this research: 

• Two characteristic zones are identified here in view of penetration–time and penetration 
rate – time plots: a surface area with a variable penetration rate that has a maximum value 
at the beginning, and a deeper area where the penetration rate becomes stable. 

• Samples heated to 600 ºC exhibited an increase in both the initial and final penetration 
rates due to thermal damage in the rock. 

• The time necessary to reach a stable drilling rate increases with temperature, and that 
involves an important proportion of the final SJ value.  

All the above has a clear influence on the final SJ value from Sievers’ J-miniature drill tests and is a 
starting point to determine a corrected SJ value for thermally treated limestones. Future research 
should focus on this topic, using a larger number of samples, temperatures, and a wider number of 
limestone types. 
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