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Abstract

This research is focused on Prada limestone, a lower Cretaceous formation located in the
Catalan south Pyrenean zone (Spain). Rock samples were taken from boreholes drilled
during the design stage of the Tres Ponts Tunnel. The work presented here explores dif-
ferent aspects related to the thermal behaviour of Prada limestone and the derived con-
sequences on the Tres Ponts Tunnel. Firstly, this work reports the variation in the tex-
tural, physical, and mechanical properties of Prada limestone after being heated at
temperatures of between 105 and 600 °C and then cooled at a slow rate or by quenching
and determines key temperatures and cooling methods that would most affect stability
in case of a fire in the Tres Ponts Tunnel. Secondly, this research focuses on the causes
and mechanisms involved in the explosive behaviour and release of sulphurous gas ob-
served on a dark grey fraction of samples from Prada limestone. Implications of such
dark grey samples are critical in underground infrastructure and mining engineering
works, as the explosive potential of that sample represents risk of mass fracturing and
dramatic strength decay. Moreover, the sulphurous gas released has harmful health ef-
fects and may form acid compounds that corrode materials, shorten their durability, and
increase maintenance costs. Later, this work determines if thermal treatment on Prada
limestone has a significant effect on improving its drillability. Understanding the varia-
tion in the drilling performance of the thermally treated Prada limestone would help im-
prove the efficiency of mechanical excavation means. Finally, some correlations are
proposed to indirectly determine the strength, deformational, and drillability features of
Prada limestone after being thermally treated from simple, quick and non-destructive
tests.
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Resumen

Esta investigacion se centra en la caliza de Prada, una formacién del Cretacico inferior
ubicada en la zona sur pirenaica de Catalufia (Espafia). Se tomaron muestras de roca de
sondeos perforados durante la etapa de disefio del tinel de Tres Ponts. El trabajo aqui
presentado explora diferentes aspectos relacionados con el comportamiento térmico de
la caliza de Prada y las consecuencias derivadas en el tinel de Tres Ponts. En primer
lugar, este trabajo describe la variacion en las propiedades texturales, fisicas y mecanicas
de la caliza de Prada después de ser sometida a temperaturas de entre 105 y 600 °C, y
luego enfriada a un ritmo lento o mediante templado, y determina las temperaturas clave
y los métodos de enfriamiento que afectan mas la estabilidad en caso de incendio en el
tunel de Tres Ponts. En segundo lugar, esta investigacion se centra en las causas y me-
canismos implicados en el comportamiento explosivo y la liberacion de gas sulfuroso
observado en una fraccion gris oscuro de muestras de caliza de Prada. Las implicaciones
de tales muestras de color gris oscuro son criticas en infraestructuras subterraneas y en
mineria, ya que el potencial explosivo de esas muestras conlleva el riesgo de fracturacion
masiva y de disminucion brusca en la resistencia. Ademas, el gas sulfuroso liberado tiene
efectos nocivos sobre la salud de las personas y el potencial de formar compuestos acidos
que corroen los materiales, acortando su durabilidad y aumentando los costes de mante-
nimiento. Posteriormente, este trabajo determina si el tratamiento térmico sobre la caliza
de Prada tiene un efecto significativo en facilitar su perforabilidad. Comprender la va-
riacion en el rendimiento de perforacion de la caliza de Prada tratada térmicamente ayu-
daria a mejorar la eficiencia de los medios mecénicos de excavacion. Finalmente, se
proponen algunas correlaciones para determinar indirectamente las caracteristicas de re-
sistencia, deformacion y perforabilidad de la caliza de Prada tras ser tratada térmica-
mente, a partir de pruebas simples, rapidas y no destructivas.
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Resum

Aquesta investigacid es centra en la calcaria de Prada, una formacio6 del Cretaci inferior
situada a la zona sud pirinenca de Catalunya (Espanya). Es van prendre mostres de roca
de sondejos perforats durant I'etapa de disseny del tunel de Tres Ponts. El treball aqui
presentat explora diferents aspectes relacionats amb el comportament térmic de la calca-
ria de Prada i les conseqiiéncies derivades al tinel de Tres Ponts. En primer lloc, aquest
treball descriu la variaci6 en les propietats texturals, fisiques i mecaniques de la calcaria
de Prada després de ser tractada a temperatures d'entre 105 1 600 °C, i després refredada
a un ritme lent o rapid, i determina les temperatures clau i els métodes de refredament
que afecten més I'estabilitat en cas d'incendi al tunel de Tres Ponts. En segon lloc, aquesta
investigacio es centra en les causes i mecanismes implicats en el comportament explosiu
i l'alliberament de gas sulfurds observat en una fraccio gris fosc de mostres de calcaria
de Prada. Les implicacions de tals mostres de color gris fosc son critiques en infraestruc-
tures subterranies i en mineria, ja que el potencial explosiu d'aquestes mostres comporta
el risc de fracturacié massiva i de disminucié brusca en la resistencia. A més, el gas
sulfurés alliberat té efectes nocius sobre la salut de les persones i el potencial de formar
compostos acids que corroeixen els materials, retallant la seua durabilitat i augmentant
els costos de manteniment. Posteriorment, aquest treball determina si el tractament ter-
mic sobre la calcaria de Prada té un efecte significatiu en facilitar la seua perforabilitat.
Comprendre la variacié en el rendiment de perforacio de la calcaria de Prada tractada
térmicament ajudaria a millorar I'eficiéncia dels mitjans mecanics d'excavaci6. Final-
ment, es proposen algunes correlacions per determinar indirectament les caracteristiques
de resisténcia, deformacio i perforabilitat de la calcaria de Prada després de ser tractada
térmicament, a partir de proves simples, rapides i no destructives.
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Chapter 1. Introduction

1.1. Presentation

This PhD thesis 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).
The stratigraphy of the Prada formation has been widely studied in a narrowing of the
Segre river as it passes next to the Serra de Prada, in an area known as the Congost de
Tres Ponts (Garcia Senz 2002). Rock samples studied in this PhD thesis were taken from
two horizontal survey boreholes drilled during the design stage of the Tres Ponts Tunnel,
which is planned to be entirely excavated in Prada limestone in the municipalities of
Organya and Figols, close to Congost de Tres Ponts. The tunnel will be oriented north-
south on the C-13 road, measures 1273 m in length, and its maximum depth from ground
surface will be of 285 m. Figure 1.1. shows the area of study including the Serra de
Prada, Congost de Tres Ponts, and the Tres Ponts Tunnel.

The work presented here explores different aspects related to the thermal behaviour of
Prada limestone and the derived consequences on the Tres Ponts Tunnel. Firstly, this
work reports the variation in the textural, physical, and mechanical properties of Prada
limestone after being heated and determines key temperatures and cooling methods that
would most affect stability in case of a fire in the Tres Ponts Tunnel. Secondly, this
research focuses on the causes and mechanisms involved in the explosive behaviour and
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release of sulphurous gas observed on a dark grey fraction of samples from Prada lime-
stone. This work then determines if thermal treatment of Prada limestone has a signifi-
cant effect on improving its drillability. Finally, to help make initial decisions if the Tres
Ponts Tunnel is affected by a fire, several correlations using quick, simple, and non-
destructive tests are proposed to predict key strength, deformational, and drillability fea-

tures of Prada limestone after being thermally treated.
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Figure 1.1. Location of the Tres Ponts Tunnel in the Congost de Tresponts area. Image modified
from Institut Cartografic i Geologic de Catalunya (www.icc.cat).

This PhD thesis is presented as a compendium of publications in accordance with the
regulations for doctorate studies at the Universitat Politécnica de Valéncia, approved by
the Governing Council in its session of 15 December, 2011, published in the Official
Bulletin of the Universitat Politécnica de Valéncia No. 54, modified by agreement of the
Doctoral Commission on 9 April, 2013, and approved by the Governing Council on 25
April, 2013. In accordance with the above, a post-print (author’s version) of the pub-
lished articles, and a general discussion of the results are included as individual chapters.

The PhD presented here opts for an International Doctorate Mention, as conditions have
been accomplished according to Spanish regulation ‘Real Decreto 99/2011, de 28 de
enero, por el que se regulan las ensefianzas oficiales de doctorado’. During the training
period for the doctorate, the student completed a visit of three months outside Spain in
the Institute for Sustainability and Innovation in Structural Engineering (ISISE,
www.isise.net), in the Universidade do Minho, Guimaraes (Portugal). Given the existing
mobility restrictions due to Covid-19, the stay was made in a virtual modality in accord-
ance with the provision of the Permanent Commission of the Doctoral School of the
Universitat Politécnica de Valéncia of 20 May, 2020. The visit and activities have been
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endorsed by the supervisor, Dr Tiago Filipe Silva Miranda, and approved by the Aca-
demic Committee of the Doctorate Programme. Research carried out during the stay
focused on the study of the variation in the drillability of Prada limestone after being
subjected to high temperatures, and its relationship with the variation in the physical and
mechanical properties of the material. This research resulted in an article included as
Chapter 4 in this PhD thesis. The required language requirement has been also accom-
plished as the complete document is presented in a language for scientific communica-
tion in the field of knowledge (i.e. English), other than Spanish or another official lan-
guage in Spain.

1.2. Background

Fires in road tunnels are not rare events and although most are relatively small, such fires
can become more serious events. Dramatic tunnel fires that occurred in the Mont Blanc
(France-Italy 1999), the Tauern (Austria 1999), and the Gotthard (Switzerland 2001)
gave rise to international regulations and recommendations. Various factors that fully
condition fire safety were identified (PIARC 2016): tunnel design; location of the tunnel;
geometry of the road; monitoring; technical standard of the vehicles; traffic regulation;
and speed limits or driving culture. Huge heat rates are released in pool fires of burnable
liquids and in fully developed fires in the cargo of heavy goods vehicles (ITA 2004).
Therefore, temperatures measured in the ceiling and wall surfaces of a tunnel can reach
1400 °C in the early stages of a fire, and persist for hours (Keski-Rahkonen et al. 1986;
PIARC 1999). Such elevated heat release may cause dramatic cracking and spalling in
the concrete lining (Prochazka and Peskova 2008; Bamonte et al. 2016) and heat transfer
through the lining to the rock mass according to existing bi-layer models (Ferreira et al.
2014). Rock mass is quickly exposed to high temperature in a tunnel fire if there is no
lining, or a thin layer of shotcrete exists. Smith and Pells (2008) studied the effects of
high temperatures in tunnels excavated from sandstone in Australia and observed a de-
crease in uniaxial compression strength and elastic modulus. Substantial explosive spall-
ing events were also reported at relatively low temperatures (little more than 100 °C)
with real fire and in a real accident (Smith and Pells 2009). Studies on tunnels in igneous
rocks in Sweden (Nordlund et al. 2014) identified key temperatures causing severe var-
iations in the mineralogical, physical, and mechanical properties of rocks, and a strong
dependence of micro-cracking on the reduction in compression strength. Nevertheless,
case-studies focused on the thermal performance of rock in which tunnels are made are
still scarce.

The study of the variation in textural, mineralogical, physical, and mechanical properties
of limestones, not specifically focused on tunnel engineering, points to heating as a cause
for decay in rock integrity. A decrease in strength limit due to microcracking at relatively
low temperatures (up to 250 °C) was described for a limestone from Anstrude (France)
(Lion et al. 2005). In Yavuz et al. (2010) marked decreases in bulk density, ultrasound
wave velocities, and effective porosity were registered at 400°C. Andriani and
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Germinario (2014) observed a clear reduction in uniaxial compressive strength (UCS)
from 500 °C on calcareous and dolomitic rocks from Apulia in Italy. Temperatures above
600 °C usually mark a dramatic decline in UCS (Mao et al. 2009; Sengun 2014). Zhang
et al. (2017b) indicated that from 500 to 600 °C the maximum strength slowly decreased,
while peak strain continuously increased, elastic modulus declined quickly, and Pois-
son’s ratio dropped. Zhang and Lv (2020) found a strong relationship between the min-
eral content and limestone properties under the effect of temperature for limestones from
Shandong Province (China). Brotons et al. (2013) reported a greater variation in the
physical and mechanical features of carbonate rocks when cooled by water immersion.
Thus, existing research points to heating and cooling methods as causes for decay in rock
integrity. Magnitude and key temperatures strongly depend on the physical and miner-
alogical properties of the limestone considered.

Different mechanisms control property variation in limestones, temperature, heat-
ing/cooling rate, and mineral and textural composition play key roles. Cooling at a high
rate (quenching) provokes tensile stresses that result in crack formation (Mallet et al.
2014), causing a reduction in resistance and deformational properties and an increase in
permeability (Kumari et al. 2018) even at temperatures below 300 °C (Kim et al. 2014).
This effect can also be observed when using high local heating rates (i.e. greater than
5 °C/s) (Nordlund et al. 2014; Rossi et al. 2018). Low heating rates cause thermal damage
in carbonate rocks, and this is linked to the anisotropic expansion of calcite, since local
thermal stress concentrations occur between mineral particles that lead to microcracking
(Sippel et al. 2007; Yavuz et al. 2010). Mismatches in thermal expansion coefficients
between mineral particles lead to local thermal stress concentrations that increase mi-
crocracking (Liu and Xu 2013; Zhang et al. 2017b; Villarraga et al. 2018; Yang et al.
2019). The loss of constitution water leads to the destruction of the mineral lattice, caus-
ing increased porosity and rock expansion (Ranjith et al. 2012). Finally, thermo-chemical
damage involves some specific chemical reactions in limestones, such as the thermal
decomposition of calcite that starts at 500 °C, exhibits the highest decomposition rate at
around 700 °C, and is complete near 900 °C. The presence of pyrites may be common in
limestones with organic content (Berner 1985) and heating pyrite-bearing natural mate-
rials produce severe problems in various productive processes. For example, oxidation
of pyrites is one of the main sources of SO, emission from various industrial activities,
such as cement production (Hansen et al. 2003; Cheng et al. 2014), coal conversion
(Seehra and Jagadeesh 1981), and power production (Lv et al. 2015). Pyrite oxidation is
harmful to the corrosion kinetics of metallic engineered components (Verron et al. 2019).
It is also a destabilising factor in different industrial processes such ceramic production,
where sulphur emissions produce defects in the final product (Gomez-Tena et al. 2014).
Oxidation of pyrites is an exothermic reaction that destabilises the fabrication process of
explosive products (Xu et al. 2015). A research gap exists in the thermo-chemical dam-
age in pyrite-bearing limestones, and that could explain the explosive behaviour and re-
lease of sulphurous gas in a fraction of the samples from Prada limestone when heated.
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There is little research on the effects of high temperatures and cooling methods in the
drilling performance of rocks. Rossi et al. (2018) explored the effects of using a flame
jet to achieve high local heating rates, and determined a severe decay of 30% in rock
strength for temperatures up to 600 °C. Rossi et al. (2020) studied a combined thermo-
mechanical drilling (CTMD) technique and stated that thermal treatment of rocks causes
extensive thermally induced cracks in the rocks, which significantly enhances the pene-
tration performance of the cutting tool. Jamali et al. (2019) used high powered laser tech-
nology to decrease rock strength, drilling resistance, and fracture toughness. Existing
research is still scarce on the drilling performance of thermally treated rocks, even when
that would help improve the efficiency of mechanical excavation.

Understanding the thermal effects on physical, mechanical, and drilling properties of
limestones would enable predicting the resistance and deformational parameters from
other physical properties, whose determination is quicker and easier. Existing research
is mostly centred on correlating properties for intact rocks, and few authors have focused
on thermally treated samples. Thus, multivariate regression analysis enabled the predic-
tion of thermal changes in strength from density, porosity, thermal expansion coeffi-
cients, and ultrasonic waves on sandstones (Gautam et al. 2016). Predictions for the same
type of rock improved when using artificial neural network and adaptive neuro-fuzzy
inference systems (Sirdesai et al. 2017).

1.3.  Research objectives

The main objective of this PhD thesis is to explore the effects of high temperatures on
Prada limestone. In view of the research context, some questions shall be raised in rela-
tion to the thermal effects on Prada limestone and the consequences derived for the Tres
Ponts Tunnel.

Q1. What are the micro and macro-structural effects of high temperatures in Prada lime-
stone?

Q2. What mechanisms are behind thermal damage and explosive behaviour registered in
a dark fraction of the Prada limestones?

Q3. Could temperature and cooling methods improve the drilling of Prada limestone?

Q4. Do significant correlations exist between properties in the thermally treated Prada
limestone? Would correlations be useful to indirectly predict the final values of strength,
elasticity, and drillability after a fire in the Tres Ponts Tunnel affecting Prada limestone?

To give an appropriate response to such questions, the following specific objectives are
established for this PhD thesis:

1. Review the existing literature regarding the effects on the stability of rock
masses derived from fires in tunnels, and the effects of high temperatures
on the physical, mechanical, and drilling properties of limestones.
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2. Determine key temperatures that play an important role in the thermo-
mechanical behaviour of Prada limestone, and evaluate the influence of
cooling methods.

3. Explore the mechanisms involved in the thermo-chemical damage of a dark
grey fraction of the Prada limestone.

4. Determine key temperatures and the influence of cooling methods on the
drillability of Prada limestone.

5. Propose correlations between properties following from simple, quick, and
non-destructive tests on thermally treated Prada limestone that are useful to
indirectly predict final values of strength, elasticity, and drillability.

1.4. Hypotheses

1.4.1.  Effects of high temperatures in the physical and mechanical properties of
Prada limestone

According to existing research, high temperatures are expected to induce a marked decay
in the physical and mechanical properties of Prada limestone. Pore growth and micro-
cracking are supposed to develop during the heating process, resulting in a generalised
cracking of the samples at the maximum target temperature (600 °C). Key temperatures
are expected to be critical for severe variation in physical and mechanical features. Dif-
ferences between cooling methods are also expected to be relevant: samples cooled by
quenching would show a more severe variation of mechanical and physical properties.
Consequently, it is expected that micro-cracking will be greater in water-cooled samples
than in those cooled in air.

1.4.2. Thermal damage mechanisms on pyrite-bearing limestones

The presence of pyrites may be common in limestones with organic content (Berner
1985) and providing them a dark tone. Such pyrites could experiment thermal oxidation
when limestones are heated. Thermal oxidation of pyrites is a well-known process that
involves the release of SO, and the formation of Fe,O3 (hematite) at temperatures above
400 °C (Hong and Fegley 1997; Gazulla et al. 2009). Such gas releases might increase
the pore pressure and could explain, at least in part, the explosive behaviour of dark grey
samples of Prada limestone, and the sulphurous gas released into the atmosphere.

1.4.3.  Thermal effects on the drilling performance of rocks

Rock properties influencing drillability have been discussed by various authors for non-
thermally treated rocks. The strength of the intact rock exhibits a strong influence in the
efficiency of the drilling process (Altindag 2010; Yarali and Soyer 2011, 2013; Yasar et
al. 2011). Elastic and plastic deformations also occur in the drilling (Jamshidi et al. 2013;
Ataei et al. 2015; Su et al. 2016). Therefore, it is expected that strength and elastic pa-
rameters exhibit significant variations when samples are thermally treated, and so the
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drilling performance of rock would vary with temperature. In addition, the Drilling Rate
Index (DRI) is related to ultrasound wave velocity, and this is a parameter closely linked
with the texture (porosity and fissures) in the rock. The thermal treatment of Prada lime-
stone is supposed to result in pore growth and micro-crack progression, and that would
lead to an increase in the ability to indent represented by Sievers’ J-value (SJ), and a
drop in the strength of rock to withstand crushing represented by brittleness (S2o). For
these reasons, an improvement in the drillability of Prada limestone is expected in terms
of the DRI, and its variation is estimated to be more significant for the water-cooled
samples.

1.4.4. Prediction of mechanical and drillability parameters using correlations

Previous research is mainly focused on carbonate rocks at room temperature. Estimations
of rock strength from predictors such density, porosity, and ultrasound wave velocity
have been proposed by many authors using simple regression analysis (Yasar and
Erdogan 2004; Baykasoglu et al. 2008; Dehghan et al. 2010; Yagiz et al. 2012; Aboutaleb
et al. 2018). Research on strength and drillability prediction from temperature and
physical properties (such as density, porosity, thermal expansion coefficients, and
ultrasound ultrasonic waves) for thermally-treated rocks is scarce and the existing
research is mainly focused in sandstones (Gautam et al. 2016). For these reasons,
correlations are expected to determine the variation in strength, deformational and drilla-
bility features with temperature, from other physical and mechanical properties of Prada
limestone.

1.5. Rationale
The reasoning that underpins this research follows:

This study aims to provide an in-depth insight into the changes induced by temperature
and cooling methods on the chemical, textural, physical, and mechanical properties of
Prada limestone. The obtained results will enable an evaluation of the degree of damage
in this limestone if affected by fire in the Tres Ponts Tunnel — and the subsequent deter-
mination of the new physical and mechanical properties of this rock after a fire event.

Investigations describing thermo-chemical damage on pyrite-bearing rocks are scarce,
although this type of rock is common in civil and mining engineering works. The prac-
tical relevance in underground engineering works is critical since high temperatures can
lead to strength decay in the rock. In addition, sulphurous gases released into the atmos-
phere can harm the health (ATSDR 1998) of people involved in tunnel construction
works, users, or emergency intervention teams in case of a fire event. Additionally, sul-
phurous gases can react with other atmospheric chemical elements forming acid com-
pounds (sulphurous or sulphuric acid) that corrode metals, concrete, limestone, and other
materials (Kumar and Imam 2013), shortening the service life of underground structures
and increasing maintenance costs.
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Modern mechanical excavation strongly depends on the efficiency of the means involved
in order to optimise investment costs, and so, understanding the variation in the drilling
performance of thermally treated Prada limestone will help improve the efficiency of
mechanical excavation means.

Different phases can be defined in the development of a fire inside a tunnel that are
important for the integrity of the structure (CETU 2005): a) the structural stability that
fully conditions the time available for evacuation; b) the safety conditions during post-
fire inspection; and c) the scope of the repair and the time during which traffic will be
disrupted after a fire. The use of correlations will enable predicting the strength and
deformational features from other parameters whose determination is quicker and easier.
Additionally, correlations enable easily performed and quick evaluations of drillability
based on basic geomechanical parameters to support the Tres Ponts Tunnel excavations.
This research fills a gap on correlating parameters for thermally treated limestones.

1.6. Methodology

The materials and methods used in this thesis are briefly described in this section. For
the sake of completeness, the reader is referred to the methodology sections of the arti-
cles that form the compendium of this thesis, included in Chapters 2, 3 and 4.

1.6.1. Rock samples preparation

Samples (Figure 1.2a) were taken from two horizontal survey boreholes drilled during
the design stage of the Tres Ponts Tunnel, which is planned to be entirely excavated from
Prada limestone. Boreholes 1 and 2 were in the southern and northern mouths of the
tunnel and reached prospection depths of 65.30 m and 91.45 m, respectively. Borehole
cores with a diameter of 65 mm were cut with a slenderness of 2.5 (Figure 1.2b) to per-
form uniaxial compressive strength (UCS) tests according to International Society for
Rock Mechanics (ISRM) standards (Fairhurst and Hudson 1987). Samples were very
homogeneous and only presented slight changes in the grey tone and very thin veins of
calcite (Figure 1.2¢). A temperature of 105 °C was initially applied to remove moisture
from the rock samples for the determination of the intact rock properties (Figure 1.2d).
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Figure 1.2. Core samples taken from horizontal survey boreholes (a) and cut samples with a
slenderness of 2.5 (b). Slight changes in the grey tone and very thin veins of calcite observed in
the tested samples (c). Heating of the samples at 105°C for the determination of the intact rock

properties (d).

1.6.2. Testing plan

The testing plan followed to meet the objectives established for this PhD thesis is struc-
tured into three stages. The first stage aims to identify key temperatures for rock
weakening and the influence of the cooling method on the variation in the geomechanical
properties of rock. Thus, a total of 55 cylindrical samples of 63 mm in diameter and a
slenderness of 2.5 were randomly selected from both horizontal boreholes to perform
ultrasound and uniaxial compression strength tests. In addition, 55 irregular fragments
were selected to determine unit weight and open porosity variation with temperature,
mercury intrusion porosimetry tests, and scanning electron microscopy observations.
Samples were then heated at 105, 200, 300, 400, 500 and 600 °C, and then cooled using
one of two methods to simulate different modes of fire intervention: air-cooling or water-
cooling. Variations in chemical composition and microstructure, physical (open porosity,
volume, dry total weight, P- and S-wave velocities), and mechanical (uniaxial
compressive strength, elastic modulus, and Poisson’s ratio) properties were then
analysed. To study the influence of the natural location of the samples (borehole and
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depth) on property variation, statistical techniques (ANOV A and linear regression) were
used. Finally, a set of correlations were proposed to indirectly determine the variation in
strength and elasticity from physical properties.

Second stage explores the variation in the drilling performance of Prada limestone with
temperature. Therefore, the Sievers J drillability test and the brittleness Sy tests were
performed on samples thermally treated in the first stage. The variation in Drilling Rate
Index (DRI) with temperature was obtained from Siever’s J (SJ) and Sy values at each
temperature. The results were compared and correlated with that from physical and me-
chanical properties at various temperatures obtained in the first stage. Figure 1.3
illustrates the number of laboratory tests performed for each temperature and the number
of samples used for the first and second stages in this research methodology.

air-cooled X
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10 cores 10 cores water-cooled
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Figure 1.3. Methodological scheme of the laboratory tests and the number of cylindrical and
irregular samples tested to accomplish the first and second research stages. The tests performed
at each temperature (T) are: unit weight (UW); open porosity (OP); ultrasound wave velocity
(US); uniaxial compression strength (UCS); microstructure by scanning electron microscopy
(SEM); pore distribution by mercury intrusion porosity (MIP); Siever’s J drillability value
(SJ); and brittleness value (S20).

Finally, the third stage is focused on exploring the causes and mechanisms of the explo-
sive behaviour of a dark grey fraction of the Prada formation. For this aim, the variation
in physical properties (colour, open porosity, P and S-wave velocities) at temperatures
of 105, 300, 400 and 500 °C is studied. Moreover, chemical, mineralogical, and micro-
structure changes are determined; and special attention is paid to the thermal reactions
involved and the gases released.

1.6.3. Thermal treatment on samples

To accomplish the first and second stages of the testing plan described in the previous
section, the samples were subjected to thermal treatment in a furnace at temperatures of
200, 300, 400, 500 and 600 °C (Figure 1.4). Thermal treatment was limited to 600 °C as
the rock lost its integrity at higher temperatures due to mass cracking — and so preventing
open porosity, ultrasonic, and UCS tests. A gradient of 5 °C/min was applied to reach
the target temperatures and once reached, it was maintained for one hour. Samples heated

10
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at 400, 500, and 600 °C were cooled at a slow rate inside the furnace to 300 - 350 °C to
ensure a safe manipulation, and then the furnace was opened. To simulate various modes
of fire intervention equipment, samples were cooled in one of two ways: air-cooled at a
slow rate to room temperature; or by rapid cooling using water immersion according to
the procedure described by Brotons et al. (Brotons et al. 2013). A set of thermocouples
registered the temperature inside the furnace every minute using a PicoLog 6 data logger.
For the third stage of the research methodology described in the previous section, target
temperatures were limited to 300, 400, and 500 °C and samples were air-cooled.

1.6.4. Laboratory tests
Chemical composition

Rock fragments were pulverised after being heated to 105, 300, and 500 °C. Total carbon
and sulphur content was then determined using an Eltra CS IR spectrometer after heating
in a furnace. The whole rock analysis was performed by X-ray fluorescence (XRF) using
a XRF Panalytical Axios Fast equipment. The phase composition of samples was
analysed by powder X-ray diffraction (XRD) on a Bruker D8-Advance diffractometer
with a Goebel mirror (non-planar samples) using Cu Ka radiation and a setting of 40 kV
and 40 mA. XRD data were collected and interpreted using the XPowder software
package, which allows a quantitative analysis for the identified phases. Determination of
oxidizable organic matter aims to explain the different coloration between light and dark
grey textures. To do so, finely ground rock samples previously subjected to 105 °C and
500 °C were selected, and oxidizable organic matter contents were determined using po-
tassium permanganate, according to Spanish standard (UNE-EN-103204 2019).

Thermo-chemical behaviour

Thermal analyses of dark grey samples were conducted using thermogravimetric (TG),
differential thermal analysis (DTA), and differential scanning calorimetry (DSC), TG-
DTA-DSC, and TG-DTA coupled to a mass spectrometer (MS). TG-DTA-MS and TG-
DTA-DSC experiments were performed using a NETZSCH STA 449 Jupiter F5 thermal
analyser. The NETZSCH Aeo6los Quadro Mass Spectrometer was coupled to the TG-
DTA analyser. Measurements were conducted under dynamic mode from 25 to 700 °C
at a heating rate of 10 °C min~' under air conditions (N2:0; in 4:1) at 50 ml/min.

11
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Figure 1.4. Intact samples placed in the furnace (a); screenshot from PicoLog data register
showing temperatures from thermocouples in the furnace (b); samples after being heated exhib-
iting cracking, splitting and explosive behaviour (c); samples cooled at a rapid rate by water im-

mersion (d).

Microstructure

Optical and scanning electron microscopy (SEM) in backscattered electron mode was
used to study the petrographic features of Prada limestone. Sample surfaces were pol-
ished with alumina and diamond powder; the finest abrasive used was a 0.4 mm diamond
powder. Uncovered polished surfaces were studied in a Hitachi S-3000 N variable pres-
sure SEM working in a low vacuum, and salt tested surfaces were analysed in a high
vacuum SEM in secondary electron mode (Figure 1.5). Mercury intrusion porosimetry
(MIP) was used to obtain pore size distribution in samples thermally treated at 105, 300,
and 600 °C. Tests were developed with a PoreMaster 60 GT (Quantachrome Instru-
ments). The employed surface tensions and contact angles of mercury were 480 mN/m
and 130°, respectively.

12
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Figure 1.5. Rock samples were prepared and placed in holders (a). SEM image of texture and
fissures of a sample after thermally treated at 600 °C (an increase of 1000x was used) (b).

Physical properties

A preliminary colour classification of the intact rock was performed using Munsell soil
colour charts (GLEY 2 chart for low chroma colours). To observe colour differences
before and after heat treatment, both the faces of samples were polished and moistened,
and their images were captured using an HP OfficeJetPro 7740 scanner with a resolution
of 600 ppi. The average sRGB colour values of the pixels were obtained for representa-
tive regions of the material using software GIMP 2.10.12. The colour was described in
terms of CIELAB space colour (CIE 1977) as used by many authors (Pospisil et al. 2007,
Gonzalez-Gomez et al. 2015) where L* represents lightness (i.e. the darkest black at L*
= 0, and the brightest white at L* = 100), and a* and b* chromaticity. The a* axis repre-
sents green in the negative direction and red in the positive direction, and b* axis repre-
sents blue in the negative direction and yellow in the positive direction.

Open porosity and unit dry weight values before and after thermal treatment were deter-
mined using irregular samples. To do so, saturation and buoyancy techniques were ap-
plied according to the methods suggested by the ISRM (Franklin 1979). Ultrasonic meas-
urements were carried out over cylindrical samples before and after thermal treatment,
according to the method suggested by the ISRM (Aydin 2014). The transmission method
consisted of two Olympus V1548 0.1 MHz piezoelectric sensors coupled to the sample
at constant pressure. Compressive (P) and shear (S) waves were measured using polar-
ised Olympus transducers videoscan V1548 (0.1 MHz) (Figure 1.6). An emitting-receiv-
ing equipment (Proceq Pundit lab +) was used to acquire and digitalise the waveforms
to be displayed, manipulated, and stored.
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Figure 1.6. Piezoelectric sensors (a) were covered with a shear wave transmitting gel (b).

Mechanical properties

UCS tests were performed on cylindrical samples with a slenderness of 2.5 according to
the method suggested by the ISRM (Fairhurst and Hudson 1987) (Figure 1.7). Core faces
were polished to ensure flatness and perpendicularity relative to the axis. A four-column
press machine (Mecénica Cientifica SA model 28.5200) with a capacity of 2000 kN was
used, and a compression rate of 0.5 MPa/s was applied until the ultimate load. Strain
gauges (Tokyo Measuring Instruments Lab PF-30-11) measuring 30 mm in length
(120.3£0.5 Q, k=2.13+1) were used for longitudinal and lateral strains. Values were reg-
istered for each loading cycle using MecaSoft software v.1.3.8. Young's tangent modulus
and the corresponding Poisson ratio were determined from values of 50% of the ultimate
sample load according to the method suggested by the ISRM mentioned above.

Figure 1.7. Detail of a sample thermally treated at 400 °C with longitudinal and lateral gauges
installed before (a) and after failure at 250 kN (b).

Drilling properties

Sievers' J-miniature drill test constitutes a measure of rock surface hardness or resistance
to indentation, and is defined as the measured drillhole depths after 200 revolutions of
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an 8.5 mm miniature drillbit acting with a vertical load of 20 kg (Figure 4.5). 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 1/10 mm according
to Bruland (2000). The brittleness test gives a good measure of the ability of rocks to
resist crushing by repeated impacts. The test was conducted according to Bruland (2000),
and so a total of 500 g of aggregate in the fraction 11.2 - 16.0 mm was prepared from
each sample. Then, the aggregate was crushed by 20 impacts in the mortar and then the
value Sy was expressed as the percentage of material passing the 11.2 mm sieve (Figure
4.6).

1.7.  Scientific publications presented in this PhD thesis and its
relationship with the research topic

The main results of this PhD thesis have been published in journals indexed in the Journal
Citation Reports of Clarivate Analytics in the year 2021. A post-print (author’s version)
of these articles are included as individual chapters in this PhD thesis:

Journal Article #1. Published in the journal Construction and Building Materials, and
included as Chapter 2 in this PhD tesis:

Martinez-Ibdiiez V, Garrido M, Hidalgo Signes C, Tomdas R (2021). Micro and macro-
structural effects of high temperatures in Prada limestone: key factors for future fire-

intervention protocols in Tres Ponts Tunnel (Spain). Construction and Building
Materials 286:122960. https://doi.org/10.1016/j.conbuildmat.2021.122960

This article was published in the journal Construction and Building Materials, an
international reference in the field of construction and building materials and their
application in new works and repair practice. This journal is published by Elsevier and
identified as ISSN 0950-0618. Impact Factor (IF) is of 4.419, and this journal is ranked
10/63 (Q1) in the field of construction & building technology, 11/134 (Q1) in the field
of civil engineering, and 86/314 (Q2) in the field of multidisciplinary materials science,
according to the most recent statistics published by JCR (2019).

In this article, samples of Prada limestone are heated at temperatures of 105, 200, 300,
400, 500 and 600 °C, and later cooled with air or water to simulate fire extinguishing
interventions. Analysis of changes in the thermally treated samples are focused in the
chemical composition and microstructure, physical (i.e. open porosity, volume, dry total
weight, and ultrasound wave velocities) and mechanical properties (i.e. uniaxial
compressive strength, elastic modulus, and Poisson’s ratio). Results point to a rock
weakening even at low temperatures (200 °C). Initial trans-granular fissures and porosity
could be appreciated when heating to 400 °C, and samples cooled using water showed
greater property variation at 300-400 °C. A trans-granular micro-crack progression is
observed at 500 °C using scanning electron microscope (SEM), and this leads to a
dramatic thermal decay in terms of an increase in porosity and decrease in P- and S-wave
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velocities under both cooling methods. Water-cooled samples show micro-crack
coalescence and growing fissures that produce a greater loss in uniaxial compressive
strength (UCS). Well-formed fissures are perceived at 600 °C, with samples almost los-
ing their integrity due to mass cracking, and thermal damage is also greater when samples
are quickly cooled. Statistical analyses are performed to discard the influence of the
natural location of the borehole samples in the variability of the experimental results,
and this enables correlations to be proposed for predicting UCS and elastic modulus from
volume, open porosity, and P-wave velocity after thermal treatment.

Journal Article #2. Published in the journal Rock Mechanics and Rock Engineering,
and included as Chapter 3 in this PhD thesis.

Martinez-Ibariez, V., Benavente, D., Hidalgo Signes, C., Tomas, R., & Garrido, M. E. E.
(2021). Temperature-Induced Explosive Behaviour and Thermo-Chemical Damage on

Pyrite-Bearing Limestones: Causes and Mechanisms. Rock Mechanics and Rock
Engineering, 54(1), 219-234. https://doi.org/10.1007/s00603-020-02278-x

This article was published in the journal Rock Mechanics and Rock Engineering, an
international reference in the experimental and theoretical aspects of rock mechanics,
including laboratory and field testing, methods of computation and field observation of
structural behaviour. This journal is published by Springer and identified as ISSN 0723-
2632, has an impact factor (IF) of 4.140, and is ranked 5/39 (Q1) in the field of geological
engineering, and 25/200 (Q1) in the field of multidisciplinary geosciences, according to
the most recent statistics published by JCR (2019).

In this research, two different varieties of Prada limestone are compared: a dark grey
texture, bearing quartz, clay minerals, organic matter and pyrites; and a light grey texture
with little or no presence of such components. The explosion of some samples was
observed when heating the dark texture from 400 °C, and it is remarkable that the
violence of the explosive events was clear and cannot be confounded with ordinary
splitting or cracking on thermally treated rocks. To evaluate the causes and mechanisms
behind such differences in the dark and light grey samples, chemical and mineralogical
composition, texture, microstructure, and physical properties (i.e. colour, open porosity,
ultrasound wave velocity) are evaluated at temperatures of 105, 300, 400 and 500 °C.
Thermal oxidation of pyrites releasing SO is identified in the dark texture from 400 °C
by means of thermogravimetric analysis, as a cause for the dramatic increase in pore-
pressure, leading to a rapid growth and coalescence of microcracks and a catastrophic
decay in rock integrity. Apart from the explosive events, variations in ultrasound wave
velocities and open porosity are greater in the dark texture than in the light grey. Results
in this research point towards a significant contribution of oxidation of pyrites for the
thermo-chemical damage to the rock, among other factors such as the pre-existence of
micro-fissures and a thermal expansion coefficient mismatch between minerals.
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Journal Article #3. Published in the journal Applied Sciences, and included as Chapter
4 in this PhD thesis.

Martinez-Ibaiiez V, Garrido M, Hidalgo Signes C, Basco A, Miranda T, Tomas R (2021).
Thermal effects on the drilling performance of a limestone. relationships with physical

and mechanical properties. Applied Sciences 11:3286.
https://doi.org/10.3390/app 11073286

This article was published in the Special Issue ‘Effects of Temperature on Rock and
Rock Masses’ in the journal Applied Sciences, an international publication covering all
aspects of applied physics, applied chemistry, engineering, environmental and earth sci-
ences, and applied biology. This journal is published by MDPI and identified as ISSN
2076-3417. Impact Factor (IF) is of 2.474, and this journal is ranked 88/177 (Q2) in the
field of multidisciplinary chemistry, 32/91 (Q2) in the field of multidisciplinary
engineering, 63/155 (Q2) in the field of applied physics, and 161/314 (Q3) in the field
of multidisciplinary materials science, according to the most recent statistics published
by JCR (2019).

In this article, samples of Prada limestone are subjected to temperatures of 105, 200, 300,
400 and 600 °C, and then cooled at a slow rate or by quenching. Sievers' J value and
brittleness Sy are then evaluated for each temperature and the drilling rate index (DRI)
was calculated. Thermal treatment implied a sustained increase in the drillability of rock.
At 600 °C, SJ and Sy tripled and doubled, respectively, and the DRI increased by 40%
on the initial values obtained for the intact rock. Results are inconclusive in the influence
on the cooling method on the drilling performance of Prada limestone for the tested range
of temperatures. Strong correlations are observed between most of the physical,
mechanical, and drillability variables on the thermally treated samples. This is attributed
to thermal damage in the rock, especially at certain temperatures, affecting
proportionally all the studied properties of the Prada limestone — and so coefficients of
determination are high.

In addition to the articles published in journals, partial results derived from this research
were accepted to be presented in the ISRM International Symposium Eurock 2020 —
Hard Rock Engineering, initially planned for the 14-19 June in Trondheim, Norway.
However, this event was cancelled due to Covid-19 pandemic, and consequently, the
articles were not orally presented. The conference proceedings were finally published
digitally via Onepetro.org:

Conference Article #1. Martinez-1bariez, V., Garrido, M. E., Signes, C. H., & Tomas,
R. (2020). Indirect Evaluation of Strength for Limestones Subjected to High
Temperatures. In ISRM International Symposium - EUROCK 2020. Trondheim, Norway.
Available in https://onepetro.org/ISRMEUROCK/proceedings/EUROCK20/All-
EUROCK20/ISRM-EUROCK-2020-110/447352
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Conference Article #2. Martinez-Ibanez, V., Garrido, M. E., Signes, C. H., & Tomas,
R. (2020). Study of Explosive Behaviour at High Temperatures on Limestones from a
Road Tunnel in Spain. In ISRM International Symposium - EUROCK 2020. Trondheim,
Norway. Available https://onepetro.org/ISRMEUROCK/proceedings/EUROCK20/All-
EUROCK20/ISRM-EUROCK-2020-184/447430

Finally, the following conference articles, which will be presented in forthcoming
national and international conferences to be held in 2021 and 2022, have been accepted:

Conference Article #1 (accepted). Martinez-Ibariez V, Garrido M, Hidalgo Signes C,
Basco A, Miranda T, Tomas R. Variation of Drilling Rate Index (DRI) with temperature
and its relationship with thermal damage on ‘Prada’ limestone. In: ISRM International
Symposium - EUROCK 2021

Conference Article #2 (accepted). Martinez-Ibariez V, Garrido M, Hidalgo Signes C,
Tomas R. Determination of thermal conductivity variation through Modified Transient
Plane Source (MTPS), and its relationship with porosity variation on thermally treated
Prada limestone. In: ISRM International Symposium - EUROCK 2021

Conference Article #3 (abstract accepted). Martinez-Ibarniez V, Garrido M, Hidalgo
Signes C, Seron J, Basco A, Miranda T, Tomas R. Variacion del valor de perforabilidad
Sj de Sievers con la temperatura y su relacion con el factor de dario de una roca caliza.
In: XI Simposio Nacional de Ingenieria Geotécnica (Mieres, Spain) 2022

1.8. Dissertation structure

The dissertation presented in this document is structured in six chapters. This PhD thesis
is presented as a compendium of publications in accordance with the regulations for
doctorate studies at the Universitat Politécnica de Valéncia, and so a post-print (author’s
version) of the published articles, and a general discussion of the results are included as
individual chapters.

e Chapter 1. Introduction. This section provides a research context, states the
objectives, hypothesis, rationale, and briefly describes the research
methodology used in this work. It also presents the published journal articles
derived from this research, and justifies their concordance with the research
topic of this PhD thesis.

e Chapter 2. Micro and macro-structural effects of high temperatures in
Prada limestone: key factors for future fire-intervention protocols in Tres
Ponts Tunnel (Spain). This is journal article #1, published in Construction and
Building Materials. This research identifies key temperatures for severe decay
on physical and mechanical properties of Prada limestone, and relates them with
the variation in microstructure. Moreover, it explores correlations to predict
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strength and deformational features to perform an initial evaluation of the integ-
rity of rock and may help in making the initial decisions after a fire in the Tres
Ponts Tunnel.

Chapter 3. Temperature-induced explosive behaviour and thermo-
chemical damage on pyrite-bearing limestones: causes and mechanisms.
This is journal article #2, published in Rock Mechanics and Rock Engineering.
This novel research points to a significant contribution of oxidation of pyrites
on the thermo-chemical damage of pyrite-bearing Prada limestones, involving
the explosion of certain samples.

Chapter 4. Thermal effects on the drilling performance of a limestone:
relationships with physical and mechanical properties. This is journal article
#3, published in Applied Sciences journal. This research describes an
appreciable increase in the drilling ability of the thermally-treated Prada
limestone. In addition, correlations are presented for variations in the drilling,
mechanical, and physical properties with temperature.

Chapter 5. Discussion. This is a global discussion about the significance of the
results, and of the contribution of the articles presented in the previous chapters.
Chapter 6. Conclusions. The main conclusions derived from the published
articles are presented in this section. This work has opened new lines of research
that will be presented in this chapter.
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Abstract

Temperature and cooling methods strongly affect the stability of tunnels drilled in rock
masses and so condition interventions for fire emergencies. Samples from two horizontal
boreholes drilled in Prada limestone during the design stage of the Tres Ponts Tunnel in
the Catalan south Pyrenean zone (Spain) are heated from 105 to 600 °C, and subse-
quently cooled with air or water to simulate fire extinguishing interventions. Changes in
chemical composition and microstructure, physical properties (open porosity, volume,
dry total weight, P and S-wave velocity), and mechanical properties (uniaxial compres-
sive strength, elastic modulus, and Poisson’s ratio) are analysed. Rock weakening is ob-
served even at low temperatures (T<300 °C). The influence of the cooling method ap-
peared at intermediate temperatures of 300-400 °C and open porosity, P and S-wave
velocities, and elastic modulus show greater variation for water-cooled samples. A tem-
perature of 500 °C is of paramount importance for Prada limestone as it leads to a dra-
matic increase in porosity and a notable decrease in P and S-wave velocities under both
cooling methods. Trans-granular micro-crack progression is observed at 500 °C using
scanning electron microscope (SEM), and water-cooled samples show a greater loss in
uniaxial compressive strength (UCS), and this is due to micro-crack connections and
growing fissures. Thermal damage at 600 °C is also greater when samples are quickly
cooled. An ANOVA and a simple regression analysis are performed to discard the influ-
ence of the natural location of the borehole samples in the obtained experimental results.
Finally, correlations to predict UCS and elastic modulus from volume, open porosity,
and P-wave velocity after thermal treatment are proposed using simple exponential and
potential functions to help make preliminary decisions after a tunnel fire. These predic-
tive results on the effects of fire on Prada limestone will be considered for the definition
of future fire intervention protocols in the Tres Ponts Tunnel.

Keywords

thermal damage; physical and mechanical properties; cracks; tunnel fire; limestone; cor-
relations
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2.1. Introduction

Vehicle fires in road tunnels are not very rare events and their consequences may be far
greater than fires in open spaces (Ingason 2012). The extreme events that occurred in the
Mont Blanc tunnel (France-Italy 1999), the Tauern tunnel (Austria 1999) (Leitner 2001),
and the Gotthard tunnel (Switzerland 2001) dominated discussion of tunnel fires in the
early 21% century and gave rise to international regulations and recommendations.
Although the majority of tunnel fires are relatively small events, they nevertheless have
the potential to evolve into more serious events depending on various factors: tunnel
design; location of the tunnel; geometry of the road; monitoring; technical standard of
the vehicles; traffic regulation; and speed limits or driving culture (PIARC 2016). Fully
developed fires in the cargo of heavy goods vehicles and pool fires of burnable liquids
can develop very high heat release rates (ITA 2004). Temperatures in the ceiling and
wall surfaces can reach from 400 °C (private car) to 1400 °C (heavy goods vehicle) in
the early stages of a fire, and persist for hours (PIARC 1999) with dramatic consequences
for tunnel structure.

Different phases can be defined in the development of a fire inside a tunnel that are
important for the integrity of the structure (CETU 2005): a) the structural stability fully
conditions the time available for evacuation; b) the safety conditions during post-fire
inspection; and c) the scope of repair and the time during which traffic will be disrupted
after a fire. The effect of high temperature on tunnel lining has been studied using full-
scale tests (PIARC 1999). The heat generated during a major fire may cause a dramatic
drop in concrete strength and spalling that exposes reinforcement to high temperatures
and accelerating structural degradation. Even fire-resistant advances for lining protection
can never completely prevent concrete weakening and spalling due to high temperatures,
and so heat will transfer through the lining to the rock mass. Obviously, rock mass will
be quickly exposed to high temperature in a tunnel fire if there is no reinforced concrete
or only a thin layer of shotcrete.

Some studies are specifically focused on the evaluation of the performance of the rock
mass of a tunnel affected by fire. Smith and Pells (2008) used real fire to register
substantial explosive spalling events at relatively low temperatures (little more than the
boiling point of water) on sandstone tunnels in Australia. Moreover, these authors
observed a decrease in uniaxial compression strength and elastic modulus in sandstone
samples when using an electrical furnace. Conclusions on rock spalling were later
confirmed in a real accident (Smith and Pells 2009), and the generation of steam pressure
was recognised as the main mechanism causing spalling. Studies on tunnels in igneous
rocks in Sweden (Nordlund et al. 2014) enabled the identification of ranges of
temperatures causing key variations in the mineralogical, physical, and mechanical
properties of rocks. These authors generated high temperature gradients to simulate
standard time-temperature curves. The results showed a strong dependence of micro-
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crack formation on the mineralogy, as well as a direct influence on the reduction in
compression strength.

The study of the variation in physical, mineralogical, and mechanical properties of rocks
with temperature, not specifically focused on tunnel engineering, is an issue of current
interest among the scientific community due to its application in various fields such as
mining (Li et al. 2017), cultural heritage (Koca et al. 2006; Brotons et al. 2013),
geothermal energy (Pei et al. 2018), or underground storage of radioactive waste (Zhang
et al. 2017a). Research points to heating as the cause for decay in rock integrity, and
where magnitude and key temperatures strongly depend on the type of rock and their
diverse physical and mineralogical properties. Some of the above mentioned works are
focused on limestones, one of the most common types of sedimentary rocks. Lion et al.
(2005) described a decrease in strength due to microcracking at low temperatures
(T<250 °C) in a limestone from Anstrude (France). Yavuz et al. (2010) observed that
microcracking does not seem to occur below 150 °C on limestones from Turkey; while
marked decreases in bulk density, P-wave velocity, and effective porosity were
registered at 400°C. Andriani and Germinario (2014) observed a clear reduction in
uniaxial compression strength (UCS) from 500°C on calcareous and dolomitic rocks
from Apulia in Italy. Temperatures above 600°C usually mark a dramatic decline in UCS
(Mao et al. 2009; Sengun 2014). Zhang et al. (2017b) studied limestones from Linyi
(China) noting that from 200 to 500 °C the porosity and pore volume rapidly increased,
and from 500 to 600 °C the maximum strength, elastic modulus, Poisson’s ratio, and
hardness decreased — while peak strain continuously increased. Crosby et al. (2018)
observed a lowering of peak strength at confining pressures up to 10 MPa on triaxial
tests caused by microcracking that did not affect the strength of the heated Salem
limestone at greater pressures. Induced microcracking by thermal treatment lowered
peak strength at confining pressures up to 10 MPa on triaxial tests, and did not affect the
strength of limestone at greater pressures. Zhang and Lv (2020) found a strong
relationship between the mineral content and limestone properties under the effect of
temperature for limestone from Shandong Province (China).

Valuable general knowledge about the thermal performance of limestone has been
produced. Nevertheless, case-studies focused on the thermal performance of rock where
future tunnels are to be drilled are still scarce. Therefore, we consider that certain features
could be found in the thermal performance of limestone formations that fully condition
fire emergency interventions, as it is known that certain temperature ranges and cooling
methods usually compromise the stability of rock. Understanding the thermal
performance of rock enables predicting mechanical parameters by using non-destructive
tests on heated limestone and correlations whose determination is quick and easy.
Previous research mainly focused on rocks at room temperature and estimated the UCS
using simple regression analysis, multivariate regression analysis, or soft-computing
tools such as neural networks and adaptive neuro-fuzzy inference systems. Predictors in
most cases were physical properties such as mineral grain characteristics (Singh et al.
2001; Sonmez et al. 2004, 2006; Zorlu et al. 2008; Cevik et al. 2011), density, porosity,
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and wave velocity (Gokceoglu and Zorlu 2004; Singh et al. 2013, 2017; Yesiloglu-
Gultekin et al. 2013; Armaghani et al. 2016; Sharma et al. 2017). Such correlations
strongly depend on the type of rock, so several studies are focused on carbonate
specimens (Yasar and Erdogan 2004; Baykasoglu et al. 2008; Dehghan et al. 2010; Yagiz
et al. 2012; Aboutaleb et al. 2018). Little research is available on strength prediction for
thermally-treated rocks. Multivariate analysis enabled the prediction of thermal damage
on Dholpur sandstone (India) from temperature and mechanical parameters (i.e.
compressive strength, failure strain, and elastic modulus) (Gautam et al. 2016). Dholpur
sandstone was also studied after thermal treatment using multivariate regression analysis
to predict changes in strength from temperature and physical properties (such as density,
porosity, thermal expansion coefficients, and ultrasonic waves). These predictions
improved when using artificial neural network and adaptive neuro-fuzzy inference
systems (coefficients of determination were close to 1) (Sirdesai et al. 2017). Such
techniques and predictors were used to improve the prediction of thermal damage
(Sirdesai et al. 2018).

In this research, laboratory tests have been made on samples from two horizontal bore-
holes drilled during the design stage of the Tres Ponts Tunnel, which will be entirely
excavated from Prada limestone in the Catalan south Pyrenean zone (Spain). Samples
were thermally-treated at temperatures of 105, 200, 300, 400, 500 and 600 °C, then
cooled using two methods: air-cooling (slow rate) and water-cooling (rapid rate) to sim-
ulate different modes of fire intervention. Variations in chemical composition and mi-
crostructure, physical (open porosity, volume, dry total weight, P- and S-wave veloci-
ties), and mechanical (uniaxial compressive strength, elastic modulus, and Poisson’s
ratio) properties were analysed. Various Prada formation features were observed such as
key temperatures for rock weakening, and the influence of the cooling method. Statistical
techniques (ANOVA and linear regression) were used to study the influence of the nat-
ural location of the samples (borehole and depth) on property variation and so explore
the viability of comparing results between different samples and generalising the results
throughout the tunnel. Finally, several correlations have been proposed to indirectly de-
termine the variation in strength and elasticity from the variation in physical properties
(such as volume, open porosity, and P-wave velocity) with temperature. This research
fills a gap on correlating parameters for thermally-treated limestone. The results also
provide a valid approach to predict the effects of a fire in the Tres Ponts Tunnel by help-
ing in planning intervention protocols for emergency response teams, predicting times
available for evacuation, evaluating safety conditions during post-fire inspections, as
well estimating the extent of the damage and the time needed for repair.
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2.2. Materials and methods

2.2.1. Sample preparation

The Tres Ponts Tunnel is planned on the C-13 road near Organya in the Catalan south
Pyrenean zone (Spain). The tunnel is oriented north-south, measures 1273 m in length,
and will have a maximum depth of 285 m. It will be entirely excavated from Prada lime-
stone, a lower Cretaceous limestone formation with a mudstone-wakestone texture and
fossil fauna (Garcia Senz 2002). Rock samples were taken from two horizontal survey
boreholes drilled during the design stage. Boreholes 1 and 2 were in the southern and
northern mouths of the tunnel and reached prospection depths of 65.30 m and 91.45 m,
respectively. The planning and performance of the survey works was led by an
independent engineering consultancy in charge of tunnel design. Therefore, the position
and depth of the boreholes were decided according to tunnel design criteria.

Borehole cores with a diameter of 65 mm were cut with a slenderness of 2.5 to perform
uniaxial compression strength tests according to International Society for Rock Mechan-
ics (ISRM) standards. Samples were very homogeneous and only presented small
changes in the grey tone and very thin veins of calcite. Furthermore, no changes were
observed in the material composition throughout the length of the boreholes. Five cylin-
drical samples and five irregular fragments were used for the determination of rock prop-
erties for each temperature and cooling method. This number of samples was defined by
the limited availability of borehole rock cores, and the minimum number of specimens
recommended by the ISRM standard for the uniaxial compression strength test (Fairhurst
and Hudson 1987). Thus, a total of 55 cylindrical samples of 63 mm in diameter and a
slenderness of 2.5 were randomly selected from both horizontal boreholes to perform
ultrasound and uniaxial compression strength tests. In addition, 55 irregular fragments
were selected to determine unit weight and open porosity variation with temperature,
mercury intrusion porosimetry tests, and scanning electron microscopy observations.
Figure 2.1 illustrates the number of laboratory tests performed for each temperature and
the number of samples used.
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Figure 2.1. Laboratory tests and the number of cylindrical and irregular samples tested at each
temperature (T) to determine: unit weight (UW); open porosity (OP); ultrasound wave velocity
(US); uniaxial compression strength (UCS); microstructure by scanning electron microscopy
(SEM); and pore distribution by mercury intrusion porosity (MIP).

2.2.2. Heating and cooling procedures

Research reveals that water content can play a key role in the determination of UCS and
the deformational features of the intact rock, even for small variations in the moisture
content due to changes in the relative humidity of the air (Rabat et al. 2020b, a). Natural
moisture in rocks is also related to spalling events at temperatures lower than 200 °C
(Smith and Pells 2008, 2009; Nordlund et al. 2014). Even when water absorption in Prada
limestone is extremely low (0.45+0.20 %), we decided to study its properties after
moisture was completely removed by pre-heating the samples. Although such initial
heating may induce micro-structural effects on the rock, we are interested in the micro
and macro-structural effects of high temperatures and its implications for Tres Ponts
Tunnel fire-intervention protocols. Thus, a temperature of 105 °C was initially applied
to remove moisture from the rock samples for the determination of the intact rock
properties and in line with other authors (Yavuz et al. 2010; Brotdns et al. 2013; Sengun
2014). Subsequently, the samples were subjected to thermal treatment in a furnace at
temperatures of 200, 300, 400, 500 and 600 °C. Thermal treatment was limited to 600 °C
as the rock lost its integrity at higher temperatures due to mass cracking, and so
preventing open porosity, ultrasonic, and UCS tests. A gradient of 5 °C/min was applied
to reach the target temperatures and once reached, it was maintained for one hour.
Samples heated at 400, 500, and 600 °C were cooled at a slow rate inside the furnace to
300 °C to ensure a safe manipulation of the rock, and then the furnace was opened. To
simulate different modes of fire intervention equipment, samples were cooled in one of
two ways: air-cooled at a slow rate to room temperature; or by rapid cooling using water
immersion according to the procedure described by Brotons et al. (2013). A
thermocouple registered the temperature inside the furnace every minute using a
PicoLog 6 data logger.
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2.2.3.  Laboratory tests

Rock fragments were pulverised after being heated to 105, 300, and 500 °C. Total carbon
and sulphur content was then determined using an Eltra CS IR spectrometer after heating
in a furnace. The whole rock analysis was performed by fusion and X-ray fluorescence
(XRF) using XRF Panalytical Axios Fast. Optical and scanning electron microscopy
(SEM) in backscattered electron mode was used to study the petrographic features of
Prada limestone. Sample surfaces were polished with alumina and diamond powder; the
finest abrasive used was a 0.4 mm diamond powder. Uncovered polished surfaces were
studied in a Hitachi S-3000 N variable pressure SEM working in a low vacuum, and salt
tested surfaces were analysed in a high vacuum SEM in secondary electron mode. Mer-
cury intrusion porosimetry (MIP) was used to obtain pore size distribution in samples
thermally-treated at 105, 300, and 600 °C. Tests were developed with a PoreMaster 60
GT (Quantachrome Instruments). The employed surface tensions and contact angles of
mercury were 480 mN/m and 130°, respectively.

Open porosity and unit weight values before and after thermal treatment were determined
using irregular samples. To do so, saturation and buoyancy techniques were applied
according to the methods suggested by the ISRM (Franklin 1979). Ultrasonic
measurements were made over cylindrical samples before and after thermal treatment,
according to the ISRM suggested method (Aydin 2014). The transmission method
consisted of two Olympus V1548 0.1 MHz piezoelectric sensors coupled to the sample
at constant pressure. Compressive (P) and shear (S) waves were measured using
polarised Olympus transducers videoscan V1548 (0.1 MHz). Emitting-receiving
equipment (Proceq Pundit lab +) was used to acquire and digitalise the waveforms to be
displayed, manipulated, and stored.

UCS tests were performed on cylindrical samples with a slenderness of 2.5 according to
the ISRM suggested method (Fairhurst and Hudson 1987). Core faces were polished to
ensure flatness and perpendicularity relative to the axis. A four-column press machine
(Mecanica Cientifica SA model 28.5200) with a capacity of 2000 kN was used, and a
compression rate of 0.5 MPa/s was applied until the ultimate load. Strain gauges (Tokyo
Measuring Instruments Lab PF-30-11) of 30 mm long (120.3+0.5 Q, k=2.13%1) were
used for longitudinal and lateral strains. Values were registered for each loading cycle
using MecaSoft software v.1.3.8. Young's tangent modulus and the corresponding
Poisson ratio were determined from values of 50% of the ultimate sample load according
to the ISRM suggested method mentioned above.

28



Chapter 2. Micro and macro-structural effects of high temperatures in Prada limestone: key factors
for future fire-intervention protocols in Tres Ponts Tunnel (Spain)

2.2.4. Statistical analysis

A variance analysis (ANOVA) was performed to determine the potential influence of the
sample position on the results. P-wave velocity normalised to the same samples at a ref-
erence temperature of 105 °C was chosen to study the influence of the sample’s position
on results before thermal treatment, since it is a parameter closely linked with other prop-
erties such as porosity, elastic modulus, or the Poisson ratio. Normalised P-wave velocity
and uniaxial compression strength were chosen to study the influence of sample position
on results after heating. The variables described above were compared with other factors
to evidence relative influence (such as the position of the samples in the boreholes, the
borehole from which they were extracted, the temperature variation, and the cooling
method). F-tests enabled the identification of the main factors in the variability of each
studied property, and the verification of the null hypothesis (i.e., no difference between
means for F=1). P-values tested the statistical significance of each factor (statistical sig-
nificance for F<0.05). Additionally, a simple regression analysis was performed as an
alternative method to study the dependence between P-wave velocity for intact samples,
the depth of extraction of the sample in the boreholes, and the borehole from which the
samples were extracted.

Finally, several correlations have been proposed to predict the variation in peak strength
and elastic modulus from the variation in physical properties (such as volume, open po-
rosity, and P-wave velocity) as a useful, simple, and quick method to estimate the me-
chanical properties of the rocks after a tunnel fire. Mean values of peak strength, elastic
modulus, and normalised physical variables for each temperature have been used, and
the best-fitting linear, exponential, logarithmic, or potential curves (fitted using the least
squares method) have been adopted. The coefficient of determination (R?) and the resid-
uals (the difference between predicted and observed values) have been used to evaluate
the goodness-of-fit of the data to the curve.

2.3. Results

2.3.1. Geochemical and microstructural characterisation

Mineral elements in Prada limestone before and after heating were obtained using XRF
analysis (Table 2.1). The analysis showed that CaO was the most abundant element at
all temperatures, followed (by far) by MgO. Clay minerals such as SiO,, Al,Os, and
Fe;O3 appeared in proportions of less than 1 %. SiO» was the dominant compound and
this is related to the presence of quartz. Thermal treatment enabled the identification of
an important proportional decrease in MgO with temperature, while CaO remained
almost constant. Indicative mineral composition of Prada limestone in terms of the pro-
portion of calcite, dolomite, and argillaceous material was deduced following the proce-
dure described by Meng et al. (2020) and based on the chemical affinity of compounds
to mineral elements (obtained by XRF) and the ratio of molecular weight. Results show
that the primary mineral component of the intact rock is calcite (Cc) with a proportion
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above 93% that increased with temperature Table 2.2). The content of dolomite (Cd) was
above 6% for the intact rock and this proportion decreased with temperature. Argilla-
ceous material (Ca) showed a proportion of around 1% for all temperatures.

Table 2.1. Mineral element content of Prada limestone at different temperatures.

Temperature
(°C) CaO (%) MgO (%) AOs (%) SiO2 (%) Fe203 (%)
100 54.30 1.34 0.11 0.65 0.19
300 54.40 0.78 0.16 0.95 0.21
500 54.15 0.47 0.12 0.83 0.11

Table 2.2. Mineral composition of Prada limestone before and after heating.

Temperature
(°C) Cd (%) Cc (%) Ca (%)
100 6.11 92.95 0.95
300 3.57 95.13 1.31
500 2.16 96.76 1.07

SEM enabled the identification of micro-defects of increasing magnitude in Prada lime-
stone when heated. Initial trans-granular fissures and porosity could be appreciated when
heating to 400 °C, with no significant differences between air- (Figure 2.2a) and water-
cooled samples (Figure 2.2b). Pore-size increase and fissure growth could be clearly ap-
preciated at 500 °C. When that temperature was reached, isolated fissures were observed
in air-cooled samples (Figure 2.2¢), and fissures were larger and more connected in wa-
ter-cooled samples (Figure 2.2d). Well-formed fissures could be observed at 600 °C for
both air (Figure 2.2¢) and water-cooled samples (Figure 2.2f). MIP analysis reflected
dual porosity features on samples heated at 105 °C (Figure 2.3). A small size pore family
is recognised (in the range of 0.006-0.02 um) that represents the interparticle porosity
defined by grain minerals, cements, and fine-grains. A second pore family representing
micro-fissures, which are more abundant and appear in larger sizes (4-10 um) can also
be recognised. Samples heated at 300 °C and then air-cooled show an increase in the
number of pores and large micro-fissures (> 200um) that MIP cannot measure com-
pletely. Results show differences when samples are heated to 300 °C and cooled with
water, where pores smaller than 10 um almost disappear (attributable to a disaggregation
of the samples induced by the effect of water immersion). It is remarkable that retained
mercury was maximum in samples heated at 300 °C (Hg retained 89%) probably due to
a growth in pore size and a lack of connections that leads to an accumulation of mercury
in the sample. Finally, samples heated to 600 °C show new pores in a wide range of sizes
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that seem to be more connected than in those samples heated to lower temperatures due
to a smaller volume of retained mercury (Hg retained 74%).

Figure 2.2. SEM images showing pores (p) and fissures (f) for different temperatures and cool-
ing methods. An increase of 2000x was used for all figures.
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Figure 2.3. Cumulative mercury intrusion and pore size distribution for samples heated at dif-
ferent temperatures and cooled by (a) air; and (b) water immersion.

2.3.2.  Variation of physical properties

The average initial values for physical and mechanical properties were initially deter-
mined for the intact rock (defined at a reference temperature of 105 °C) and are summa-
rised in Table 2.3. Variations in physical properties (open porosity, volume, dry total
weight, P- and S-wave velocities) with temperature were studied using normalised values
(i.e., results after heating were divided by those of the same samples obtained at the
reference temperature of 105 °C).

The variation in open porosity was small at low and intermediate temperatures (Figure
2.4). A marginal reduction in open porosity (slightly greater for water-cooled samples)
was reported at 200 °C. A gentle increase with temperature was then observed at up to
400 °C (a slightly greater increase is observed at 300 °C for water-cooled samples). For
all cooling methods, appreciable changes appeared at 500 °C, where open porosity tri-
pled the initial porosity. Moreover, an appreciable rise in standard deviation was ob-
served as the temperature increased. Additionally, differences are noticeable at 600 °C
according to the cooling method as samples cooled by water immersion and air exhibit
dramatic increases in mean total porosity of up to 5.68 and 3.82, respectively. Therefore,
open porosity showed the greatest variation with temperature among all the studied phys-
ical parameters. The variation of volume with temperature exhibited a similar trend to
open porosity (Figure 2.5). Variation in volume was of two orders of magnitude smaller
than that observed for open porosity. It is worth noting that dry total weight showed
almost negligible variations with the temperature, suggesting that volume change is
mainly responsible for the observed variation in dry density. The ultrasound wave ve-
locity decreased with temperature (Figure 2.6). Differences between cooling methods
appeared at 400 °C, since water-cooled samples exhibited a significant reduction. At
500 °C a considerable decrease in ultrasound velocities for both air and water-cooled
samples was observed. Finally, the lowest values of P- and S-wave velocities were
reached at 600 °C, and this was mostly noticeable for water-cooled samples.

32



Chapter 2. Micro and macro-structural effects of high temperatures in Prada limestone: key factors
for future fire-intervention protocols in Tres Ponts Tunnel (Spain)

Table 2.3. Reference values for samples forming Prada limestone, heated at 105 °C.

Parameter Value
Dry unit weight, pa (kN/m?) 26.84+0.25
Water absorption (%) 0.45+0.20
Unit weight of solids, ys (kN/m?) 27.21+0.01
Thermal conductivity, k (W/mk) 3.50+0.01
Open porosity, ne (%) 1.21+£0.54
Total porosity, n (%) 1.46+0.91
P-wave velocity, Vj (km/s) 5.35+0.06
S-wave velocity, Vs (km/s) 2.65+0.02
Uniaxial compressive strength, oci (MPa) 164.63+23.77
Elastic modulus, E (GPa) (from mechanical tests) 77.69+6.54
Poisson’s ratio, v (from mechanical tests) 0.31+0.05
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Figure 2.4. Open porosity (normalised values) for air and water-cooled samples.
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Figure 2.6. P- (a) and S-wave (b) velocities (normalised values) for air and water-cooled sam-
ples.

2.3.3. Variation of mechanical properties

Given the destructive nature of the UCS test, it was not possible to obtain values before
and after heating for a single sample. Therefore, changes in UCS, elastic modulus, and
Poisson’s ratio with temperature were studied using absolute values instead of normal-
ised values. UCS results exhibited significant values of standard deviation at certain tem-
peratures which hampered the identification of local changes (Figure 2.7). However, the
general trend showed a steady decrease in UCS (even at a low temperature of 200°C)
and final value at 600 °C was of above 20 % that for the intact rock. The mean values
and the small standard deviations at 400 and 500 °C in the air-cooled samples are con-
sistent with a slight increase in the values of UCS, or at least a stabilisation in the varia-
ble. Values showed a more substantial reduction of UCS at 500 °C in those samples
cooled by water immersion. Finally, mean values at 600 °C reached minimum values for
both cooling methods, and the considerable standard deviations prevent a full confirma-
tion that samples cooled with water achieve a lower strength than those cooled in air for
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the studied range of temperatures. During the mechanical tests, the axial and lateral de-
formations and the axial load were recorded. Figure 2.8 shows the stress-strain diagram
for representative air- (a) and water-cooled (b) samples. The features of the stress-axial
strain curve for air-cooled samples did not present significant changes up to 300 °C, and
then an abrupt increase in ductility is observed for both 400 and 500 °C. In the case of
water-cooled samples, the increase in ductility was more progressive except for an abrupt
increase at 400 °C. We observe a marked elastic axial deformation after the compression
phase and a lack of brittle deformation for both cooling methods. Axial stress-lateral
strain curves show a progressive increase in the transverse ductility of the samples.
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Figure 2.7. UCS values for air and water-cooled samples.
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Figure 2.8. Stress-strain curves for samples heated at different temperatures and then air- (a) or
water-cooled (b).

Elastic modulus (E) also showed a sustained decrease with temperatures up to about a

quarter of the values obtained for the reference samples heated at 105 °C (Figure 2.9a).
The influence of cooling methods was clearly noticeable at 400 °C, where water-cooled
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values registered an abrupt decrease. Final values at 600 °C were above 25 % of the intact
rock at 105 °C for air-cooled samples, and 11 % in water-cooled samples. Although a
slight increase in the mean value could be observed at 600 °C for air-cooled samples,
standard deviations reported at 500 and 600 °C are not negligible. Therefore, we con-
clude that the observed trend is consistent with a stabilisation in the variable. Poisson’s
ratio also showed a clear reduction with temperature (Figure 2.9b). Final values at 600 °C
were near one-third of the values obtained for the intact rock at 105 °C for both cooling
methods. Finally, normalised values for dynamic elastic modulus (Figure 2.10) were
computed following the ISRM suggested method (Aydin 2014) using ultrasonic wave
velocity and density variation. The trends were similar to those obtained for P- and S-
wave velocities. The differences between air- and water-cooled samples mainly appeared
at 400 °C, as observed for the static elastic modulus.
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Figure 2.9. Elastic modulus (a) and Poisson’s ratio (b) values for air and water-cooled samples.
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Figure 2.10. Dynamic elastic modulus (normalised values) for air and water-cooled samples.
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2.3.4. Influence of sample position on the variability of physical and mechanical
properties

The results from the performed ANOVA analysis are summarised in Table 2.4. They
enable discarding statistical significance for the depth of samples and number of bore-
holes on the variation of P-wave velocity for intact samples, and of P-wave velocity and
UCS for heated samples (since F-test values were around 1 and P-values were greater
than 0.05). Moreover, ANOVA analysis enabled the identification of temperature and
cooling method as factors with statistical significance. Depth in the horizontal borehole
cannot explain the variability of P-wave velocity for intact samples for both boreholes,
since the coefficient of determination of simple regression analysis (Figure 2.11) was
extremely low. These results agreed with the ANOVA analysis and enabled discarding
a significant influence of sample location on experimental results obtained in this study.
As a conclusion, the laboratory results of the different samples can be compared regard-
less of the borehole from which they were obtained and their location within the bore-
hole. This enables generalising laboratory results throughout the tunnel and opens the
door for using correlations to determine variation in mechanical parameters from other
physical variables.

Table 2.4. Results from ANOVA analysis.

Variable Factor F-test P-value  Significance

P-wave velocity for in-
tact samples (m/s)

Depth of samples (m) 0.87 0.5365 NO
Number of borehole 1.06 0.3070 NO
(1 or2)
Normalised P-wave
velocity for heated
samples
Depth of samples (m) 0.90 0.5109 NO
Temperature (°C) 54.63 0.0000 YES
Cooling method 13.32 0.0000 YES

(air or water)
Normalised UCS for
heated samples

Depth of samples (m) 2.10 0.0625 NO
Temperature (°C) 12.32 0.0000 YES
Cooling method 3.43 0.0406 YES

(air or water)
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Figure 2.11. Simple regression analysis of P-wave velocity and sample position.

2.3.5. Correlations between physical and mechanical properties.

As described above, some correlations have been proposed in this work to predict the
variation of UCS and elastic modulus (E) from the variation in physical properties (vol-
ume, open porosity, and P-wave velocity) for both air and water-cooled samples. With
this aim, simple regression curves and their respective coefficient of determination (R?)
were calculated (Table 2.5). The best coefficients of determination were found when
using exponential and potential curves. To discuss predictions of mechanical properties
from physical parameters in detail, we have calculated the difference between the esti-
mated and the observed values (i.e. the residuals) of UCS (Table 2.6) and E (Table 2.7).
Potential functions were used in all cases, except to predict E from P-wave velocity,
where exponential functions exhibited the best coefficients of determination.

The proposed functions for the prediction of UCS from normalised volume are repre-
sented in Figure 2.12a. Calculated values for air-cooled samples were greater than ob-
served for intermediate temperatures of 200, 400 and 600° C, and smaller than observed
at 500° C. The average residual for all temperatures was 20 MPa, and 21 MPa for the
highest temperatures (400 to 600° C). The fitting was better for water-cooled samples,
especially for intermediate and higher temperatures (300 to 600° C). The average residual
for all temperatures was 16 MPa, and 6 MPa for the highest temperatures. Predicted
values using normalised open porosity (Figure 2.12b) were greater for air-cooled sam-
ples than those observed for temperatures of 200, 400 and 600°, and smaller at 500° C.
The average residual for all temperatures and the highest temperatures was 21 MPa. The
obtained function showed better predictions for water-cooled samples, since the average
residual for all temperatures was 20 MPa, and 7 MPa for the highest temperatures. The
correlation between UCS and normalised P-wave velocity was represented (Figure
2.12¢). The average residuals for air-cooled samples were 22 MPa for all data, and 25
MPa for the highest temperatures. The fitted function was close to linear for water-cooled
samples, and residuals were minimum for almost every temperature, since the average
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residual was 9 MPa for all the dataset and 7 MPa for the highest temperatures. Correla-
tion functions exhibited good predictions for E for all physical parameters and cooling
methods, and the residuals were in all cases lower than those obtained for UCS predic-
tions. Predicted values for normalised volume are represented in Figure 2.13a, and for
air-cooled samples were greater than those observed for intermediate temperatures of
400 and 500° C, and smaller than those observed at 600° C. The average residual for all
temperatures and the highest temperatures was 5 GPa. The fitting was better for water-
cooled samples for temperatures of 300, 500, and 600° C, although predicted values for
400° C were clearly greater than observed. The average residual for all the dataset and
for the highest temperatures was 6 GPa. Predicted values using normalised open porosity
(Figure 2.13b) were greater for air-cooled samples than for those observed at 500° C, and
smaller at 600° C. The average residual for all temperatures was 4 GPa, and 3 GPa for
the highest temperatures. Predicted values for water-cooled samples were greater than
observed at 400° C and slightly lower at 500° C. The average residual for all temperatures
was 8 GPa, and 5 MPa for the highest temperatures. Finally, the correlation between E
and normalised P-wave velocity (Figure 2.13c) exhibited greater predicted values than
those observed at 400 and 500° C, and smaller at 600° C. Average residuals for air-cooled
samples were 4 GPa for all data, and 5 GPa for the highest temperatures. For water-
cooled samples, the predicted values were smaller than those observed at 200 and 500°
C, and greater than those observed at 400 and 600° C. The average residual was 5 MPa
for all the dataset and for the highest temperatures.

2.4. Discussion

Chemical analysis showed that Prada limestone was mainly formed by calcite (92.95 %)
and a small fraction of dolomite (6.11 %). Thermal treatment led to a gradual
decomposition of the latter as previously reported by different authors (Crosby et al.
2018; Meng et al. 2020). Slight or non-perceptible changes in calcite are considered
normal for the range of temperatures between 105 and 600 °C, because target
temperatures were much lower than that for carbonate dissociation, that exhibit the
highest decomposition rate at around 700 °C, and is complete near 900 °C (Ferrero and
Marini 2001). The content of oxides remained almost unchanged with temperature and
showed no clear trend. Thus, different mechanisms seem to be behind the observed
variation for Prada limestone. Thermal damage is linked to the anisotropic expansion of
calcite, since local thermal stress concentrations occur between mineral particles that
lead to microcracking (Sippel et al. 2007; Yavuz et al. 2010). The loss of constitution
water leads to the destruction of the mineral lattice, causing microstructural changes
(including increased porosity) and rock expansion (Ranjith et al. 2012). Such
microstructural changes could be directly observed for Prada limestone using SEM and
MIP techniques, and the consequent rock expansion was registered in terms of an
increase in open porosity and volume.
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Table 2.5. Coefficients of determination (R?) for simple regression curves studied to predict
UCS and elastic modulus (E) from normalised (N) physical parameters (volume, open porosity,
and P-wave velocity).

R? for UCS predictions R? for E predictions

Parameter (N) Cooling Linear Exponential Logarithmic Potential Linear Exponential Logarithmic Potential
Volume air 0.61 0.69 0.61 0.69 0.86 0.90 0.86 0.90
water  0.78 0.91 0.78 0.91 0.78 0.91 0.78 091
Open porosity air 0.60 0.67 0.64 0.68 0.88 0.92 0.93 0.96
water 0.75 0.89 0.79 0.88 0.71 0.87 0.84 0.91
P-wave velocity air 0.61 0.64 0.60 0.65 0.90 0.94 0.87 0.92
water  0.93 0.95 0.91 0.97 0.91 0.92 0.86 0.91

Table 2.6. UCS values from laboratory tests and predicted from normalised values (N) of physi-
cal parameters for each temperature, based on potential functions. Residuals have been also

represented.
Volume (N) Open porosity (N) P-wave velocity (N)
Tem-  Cool- Predicted Measured Resid- Predicted Measured Resid- Predicted Measured Resid-
perature  ing UCS UCS ual ucCs UCs ual UCS UCS ual
(O] (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

105 air 124.80 168.09 -43.29 130.71 168.09 -37.38 133.89 168.09 -34.20
water  126.64 168.09 -41.45 137.60 168.09 -30.49 156.33 168.09 -11.76

200 air 127.78 117.46 10.32 136.09 117.46 18.63 125.49 117.46 8.03
water  141.86 110.57 31.28 157.84 110.57 47.27 129.51 110.57 18.93

300 air  127.64 12801  -0.37  121.83 12801  -6.17 11433 12801  -13.67
water 11554 11157 3.97 94.03 11157 -17.54  117.14 11157 558

400 air 10620 7249 3371 98.62 7249 2612 11094 7249 3845
water 9317 10268 951  87.93 10268  -1475 8770  102.68  -14.98

500  air 6857 91.92 2335  63.98 91.92 2795  66.29 9253 2624
water 5231 45.02 7.30 51.51 45.02 649 4280 4502 221

600  air 2992 3158 -1.66  32.70 31.58 1.12 34.00 31.58 2.42
water 5046 44.40 6.06 54.75 4440 1035  53.28 44.40 8.88
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Table 2.7. Elastic modulus (E) values from laboratory tests and predicted from normalised val-
ues (N) of physical parameters for each temperature, based on potential functions except for P-
wave velocity, where exponential functions enabled the best predictions. Residuals have been
also represented.

Volume (N) Open porosity (N) P-wave velocity (N)
Tempera- Cool- Pre- Meas- Residual  Pre- Meas- Residual Predicted Measured Residual
ture (° C) ing dictedE uredE E (MPa) dictedE uredE E (MPa) E (MPa) E (MPa) E (MPa)
(MPa) (MPa) (MPa) (MPa)
105 air  64.41 7737  -1296 6742 7137 -9.94 73.13 77.37 -4.23
water  60.45 7737  -16.92 6749 7737 -9.88 82.28 7137 491
200 air 6632 6548 0.84 71.01 65.48 5.53 65.54 65.48 0.06
water 6937  70.29 -0.92 79.91 70.29 9.62 60.49 70.29 -9.79
300 air 6622 63.96 2.26 61.59  63.96 2.37 56.42 63.96 -7.54
water  54.08  56.22 2.15 4224 5622 -13.99 54.73 56.22 -1.50
400 air 5279 49.52 3.27 46.92  49.52 -2.60 57.66 49.52 8.14
water  41.65 27.23 14.42 38.89 27.23 11.66 34.24 27.23 7.01
500 air 30.78 24.15 6.63 26.89 24.15 2.74 28.20 24.15 4.05
water  20.68  22.76 -2.08 2013 2276 2.62 16.22 22.76 -6.53
600 air  21.08  25.00 392 2201 25.00 -3.00 22.04 25.00 -2.97
water  10.50 10.82 -0.32 11.51 10.82 0.69 13.54 10.82 2.73

Although the visual appearance of Prada limestone was very homogeneous, samples pre-
sented the slight variations that are typical of such natural materials (including changes
in the grey tone and the presence of calcite veins) in contrast to manufactured materials
whose composition and texture can be controlled. In our study, standard deviation (SD)
on UCS for all temperatures was 23.07 MPa with a maximum value of 37.94 MPa at
600 °C. These values are similar to those reported by Sengun (2014) (mean SD 25.28
MPa; and maximum SD 31.7 MPa). For elastic modulus, we registered mean SD for all
temperatures of 8.21 GPa with a maximum of 13.80 GPa at 400 °C, which are of the
same order of magnitude as those obtained by Gonzalez-Gomez et al. (2015) (mean SD
10.17 GPa; maximum SD 15 GPa). We state that accuracy in our results can be consid-
ered normal for a natural material such as the studied rock. Trends have been discussed
in view of mean values and also considering standard deviation at each temperature. This
leads us to make conclusions based on general trends and to dismiss variations based on
mean values when SD is high.
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Figure 2.12. Correlation between UCS and normalised values of volume variation (a), open po-

42

P-wave velocity (normalised values)

rosity (b) and P-wave velocity (c) using potential functions.



Chapter 2. Micro and macro-structural effects of high temperatures in Prada limestone: key factors
for future fire-intervention protocols in Tres Ponts Tunnel (Spain)

a) o b) e
v Mean value ” Mean value
8 ® 100 <~— Tenperature \ @ 100 <— Tenperature
70 {200® Lo 70 200 =\
w X o 200 @Y 300
8 300 £ 60 \
& 60 Regression curve for &
b aircooled sanples > = 300 Regms/slzn culvle for
S50 250 400  @ircooled sanples
3 3
£ 40 £ 40 _ Regression curve for
2 - y=64.412x%5% 8 . y ‘R‘f‘}%g ;; :33 water-cooled sanples
& 30 ke R?=0.902 g . 205 =0.
= 400 = 500 5 ® 600 e ® 600
20 Regression curve for 500 - - 20 500 . 600
water-cooled sanples N teel . T
10 { ®E - air cooled y REjU ’i)";‘:/:’ 600-m 10 { ®E-aircooled y=67.491x108 =
= E - water cooled ” o | E-water cooled R?=0.9113
0
0.995 1.000 1.005 1.010 1015 1.020 1.025 1.030 0 1 2 3 4 5 6
Volume (normalised values) Open porosity (normalised values)
20 20
15 | ®E - air cooled - 15 ®E - air cooled
S 10 { ®E-water cooled S 10 - W<~ predicted - £ measured = E - water cooled
9 . 9}
= 5 = 5 °
o 2 N o °
R hd = O] - 5 * o - -
2 . 2 .
& -10 & -10 .
5 : ~———E predicted - E measured 15 -
-20 -20
0.995 1.000 1.005 1.010 1.015 1.020 1.025 1.030 0 1 2 3 4 5 6
\blume (normalised values) Open porosity (normalised values)
Cc) 9%
®E - air cooled y=23.869163057
R*=0.9175"
80 1 mE - water cooled Mean value e 100
70 Tenperature —> 200 @
s 200e.” A 200
o)
by 300 »-
= 50 L ® 400
S L
240 Regression curve for Y= 5.0586e25712
o water-cooled sanples R?=0.9367
S
7
@ 30
w - = 400
m 500 m | 600 & "o 500 !
20 Y- Regression curve for
PP aircooled sanples
10 {= 600
0
04 05 06 07 08 09 10 11
P-wave velocity (normalised values)
15
510 ®E - air cooled
& "% | mE - water cooled - .
S5 ° [ ]
0 L
S o
4 L]
35 ° M
k] L] °
L) E predicted - E measured——— ®
15
0.4 05 -06 07 08 09 1.0 1.1

P wave velocity (normalised values)

Figure 2.13. Correlations between static elastic modulus and normalised: (a) volume variation;
(b) open porosity; and (c) P-wave velocity.

Thermal effects on Prada limestone at lower temperatures (105 to 200 °C) refer to a dra-
matic drop in UCS of more than 30% for all cooling methods (Figure 2.7) which were
previously reported at low temperatures by Lion et al. (2005). Thus, structural resistance
within the Tres Ponts Tunnel may be affected from the initial stages of a fire. A decrease
in elastic modulus at 300 °C coincided with an increase in open porosity for water-cooled
samples, and this points to an influence of the cooling method at intermediate
temperatures. Furthermore, when open porosity increases, elastic modulus also decreases
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at 400 °C, as observed for low-porosity limestones (such as Prada) in previous research
(Yavuz et al. 2010; Sengun 2014). Such variation in open porosity and elastic modulus
is explained by means of an expansion of fissures with temperature that leads to a
considerable deformation (as observed on stress-strain plots on Figure 2.8). This is
consistent with other works (Lion et al. 2005; Gonzalez-Gomez et al. 2015), and
produces a gradual decrease in the elastic modulus (Zhang et al. 2017b). A decrease in
ultrasound velocity was registered at 400 °C due to thermal cracking, as reported for
limestone by different authors (Yavuz et al. 2010; Andriani and Germinario 2014;
Sengun 2014; Yang et al. 2019). This fact is consistent with initial trans-granular fissures
and porosity observed using SEM at 400 °C (Figure 2.2b). P- and S-wave velocities de-
crease and elastic modulus drops were greater for water-cooled samples, so the induced
micro-structural changes are a function of the maximum temperature as deduced by
Crosby et al. (2018) and the cooling method. The dynamic elastic modulus trend was
similar to that observed for P- and S-wave since ultrasound velocities describe similar
trends and dry unit weight showed little variation. It is worth noting that dynamic and
static elastic modulus showed similar differences for air- and water-cooling methods for
temperatures equal to and greater than 400 °C. The temperature of 500 °C marked a key
point for Prada limestone. Samples showed a sharp increase in open porosity for both
cooling methods, as well as a decrease in P- and S-wave velocities. This threshold tem-
perature also exhibited a significant growth in the density of trans-granular fissures ob-
served by SEM (Figure 2.2¢), as previously reported by Chen et al. (2009). For these
reasons, 500 °C is a threshold temperature from which severe physical damage develops
in Prada limestone. Differences induced by the cooling method were perceived for me-
chanical resistance, since samples cooled by water immersion exhibited a steep drop in
the compressive strength of the rock, probably related to the enlargement, coalescence,
and connectivity of the trans-granular fissures observed by SEM (Figure 2.2d) in water-
cooled samples. The trends at 600 °C showed slight variations after the abrupt changes
observed at up to 500 °C, in agreement with the work published by Zhang et al. (2017b).
Porosity was an exception and continued exhibiting a significant increases for water-
cooled samples. It is remarkable that final values at 600 °C showed greater variations for
water-cooled samples for most parameters, and this indicates greater thermal damage
when samples are cooled by water immersion — which is consistent with the results
published by Brotons et al. (2013).

A controversial issue arises in the variation of Poisson's ratio for high temperature. Some
authors did not report any induced effect of temperature on the rocks (Heuze 1983;
Zhang et al. 2018) or describe a decreasing trend (Lion et al. 2005; Brotons et al. 2013;
Zhang et al. 2017b). However, Yang et al. (2019) suggest that the different instrumental
devices, methods, or even the diversity of samples, could lead to such scattered results.
This study throws light on this aspect and advances in the analysis of this mechanical
parameter using both slow and rapid cooling methods. A continuous decrease in
Poisson’s ratio can be observed in all cases. This trend is related to a greater transverse
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ductility in the sample in view of the axial stress-lateral strain curves determined in our
study.

The performed ANOVA (Table 2.4) and simple regression analyses (Figure 2.11) con-
firmed the negligible impact of the sample positions (meaning their location in the bore-
hole) in the variability of physical and mechanical properties. As a conclusion, the la-
boratory results for the different samples can be compared regardless of the borehole
from which they were obtained and their location within the borehole. This fact opens
the door to the possibility of generalising laboratory results throughout the tunnel to de-
termine variation in mechanical parameters (UCS and elastic modulus) from other phys-
ical parameters (normalised volume, open porosity, and P-wave velocity) in the event of
a fire. Consequently, simple correlations can be fitted to indirectly obtain reference val-
ues for the rock affected by temperature in order to make initial decisions after a fire in
the tunnel, since previous experiments show that simple regression can provide good
predictions for intact carbonate rocks (Yasar and Erdogan 2004).

In this research, the best predictions were achieved using exponential and potential func-
tions. Focusing on UCS predictions for air-cooled samples, the coefficients of determi-
nation varied depending on the physical property studied (between 0.65 and 0.69), that
is, fitting-quality and average residuals (between 20 and 25 MPa) were similar for all the
predictors studied. Samples cooled with water showed better determination coefficients
between 0.88 and 0.97, the latter being for correlations with P-wave velocity, and aver-
age residuals were calculated between 9 and 20 MPa, being minimal when using P-wave
velocity. Predictions for water-cooled samples were more accurate for the highest tem-
peratures (between 400 and 600 °C), with residuals of 6 — 7 MPa, with P-wave velocity
being the best predictor in the analysis. In the case of elastic modulus predictions, coef-
ficients of determination varied from 0.87 to 0.96 and average residuals for the highest
temperatures were calculated between 3 and 6 GPa for all predictors and cooling meth-
ods. Predictions of elastic modulus by means of potential and exponential functions were
more accurate than those of UCS, with little difference between predictors and cooling
methods. The influence in data accuracy has also been evaluated. Predictions of UCS
and elastic modulus using normalised volume requires the observation of changes in the
third decimal, and the accepted accuracy in volume determination using buoyancy tech-
niques is 0.1 g (Franklin 1979) and this implies a variation in the fourth decimal in the
calculated normalised volume. This makes such correlation little sensitive to the accu-
racy of the data determination. In the case of predictions made from normalised open
porosity, an accuracy of 0.1% is accepted in open porosity determination (Franklin
1979). This means that variation in the third decimal could be expected in the normalised
values, and so predictions using open porosity would be little sensitive to data accuracy.
Accuracy in ultrasound P-wave time is 0.1 ps, and consequently, variation in the third
decimal could be expected in the P-wave normalised values, and so that correlation is
insensitive to data accuracy. For these reasons, such correlations enable predicting
mechanical parameters from non-destructive tests on limestone affected by high
temperatures.
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2.5.

Conclusions

In this research, samples from Prada limestone were taken from two horizontal boreholes
in the design stage of the Tres Ponts Tunnel. Samples were thermally treated at temper-
atures of 105, 200, 300, 400, 500 and 600 °C, and subsequently air or water-cooled. Var-
iation in chemical composition and microstructure, as well as physical (open porosity,
volume, P- and S-wave velocities) and mechanical (uniaxial compressive strength, elas-
tic modulus, and Poisson’s ratio) properties were analysed. The following are the pri-
mary conclusions:

1.
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Prada limestone is a rock formed by calcite (92.95 %) and a small fraction of
dolomite (6.11 %). Thermal cracking is mainly associated with anisotropic ex-
pansion of calcite. A clear increase in cracking and porosity with temperature
was observed using SEM and MIP and this leads to the loss of physical and
mechanical properties.

Rocks showed severe weakening in terms of a drop in UCS even at low temper-
atures (T<200°C). Therefore, the structure might be threatened in the initial
stages of a fire. Thermal Tres Ponts Tunnel damage (open porosity increase, as
well as P- and S-wave velocity decay) increased in the range of temperatures
between 300 and 400 °C according to porosity and micro-fissure progression,
and damage was greater in water-cooled samples.

The temperature threshold of 500 °C is of paramount importance in Prada lime-
stone and is linked to a dramatic increase in porosity and a decrease in P- and
S-wave velocity, and this is associated with the trans-granular fissure progres-
sion observed using SEM. Such fissures are larger and more connected in water-
cooled samples, which lead to appreciable loss in UCS. Consequently, emer-
gency intervention plans in the Tres Ponts Tunnel should consider such effects
when deciding on fire-extinction methods.

A final temperature of 600 °C confirmed greater thermal damage due to water-
cooling, as values showed greater variation for most parameters. UCS was of
above 20 % that for the intact rock and higher temperatures led to samples losing
their integrity due to mass cracking.

ANOVA and simple regression analyses enabled discarding a significant influ-
ence of the natural sample position in the variability of physical and mechanical
properties, therefore results can be compared between different samples, and
conclusions can be generalised throughout the tunnel.

Predictions for elastic modulus were more accurate than those for UCS, with
little difference between predictors and cooling methods. Calculated values of
UCS after thermal treatment were better for water-cooled samples, especially
when using P-wave velocity as a predictor. Exponential and potential functions
exhibited best coefficients of determination, are easy to use, and provide quick
indicative values to make the initial decisions after a tunnel fire.
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This study provides an in-depth insight into the changes induced by temperature in the
properties of Prada limestone. The obtained results enable evaluation of the degree of
damage and any changes produced in the Tres Ponts Tunnel excavated in this limestone
if it is affected by a fire that produces thermal effects.
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Abstract

In this investigation, two different varieties of Prada limestones were studied: a dark grey
texture, bearing quartz, clay minerals, organic matter and pyrites, and a light grey texture
with little or no presence of such components. We have observed two effects of different
intensity when heating the dark texture from 400 °C: i) the explosion of certain samples
and i1) greater thermal damage than in the light grey texture. Chemical and mineralogical
composition, texture, microstructure, and physical properties (i.e. colour, open porosity,
P and S-wave velocity) have been evaluated at temperatures of 105, 300, 400 and 500 °C
in order to identify differences between textures. The violence of the explosive events
was clear and cannot be confounded with ordinary splitting and cracking on thermally
treated rocks: exploded samples underwent a total loss of integrity, displacing and over-
turning the surrounding samples, and embedding fragments in the walls of the furnace,
whose impacts were clearly heard in the laboratory. Thermogravimetric results allowed
the identification of a process of oxidation of pyrites releasing SO, from 400 °C. This
process jointly with the presence of micro-fissures in the dark texture, would cause a
dramatic increase in pore-pressure, leading to a rapid growth and coalescence of mi-
crocracks that leads to a process of catastrophic decay in rock integrity. In addition to
the explosive events, average ultrasound velocities and open porosity showed a greater
variation in the dark grey texture from 400 °C. That results also points towards a signif-
icant contribution of oxidation of pyrites on the thermo-chemical damage of the rock,
among other factors such as the pre-existence of micro-fissures and the thermal expan-
sion coefficient mismatch between minerals. Implications in underground infrastructure
and mining engineering works are critical, as the explosive potential of pyrite-bearing
limestones bear risk for mass fracturing and dramatic strength decay from 400 °C. More-
over, SO, released has harmful effects on health of people and the potential to form acid
compounds that corrode materials, shortening their durability and increasing mainte-
nance costs.

Keywords

limestone; pyrite oxidation; thermal treatment; explosive behaviour; thermo-chemical
damage
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3.1. Introduction

The variation in physical, mineralogical, and mechanical properties of rock with temper-
ature is an issue of current interest among the scientific community, due to its applica-
bility in different fields of engineering and architecture — such as mining (Behnia et al.
2017), geothermal energy (Pei et al. 2018), underground storage of radioactive waste
(Zhang et al. 2017a), building materials (Brotons et al. 2013; Fioretti et al. 2018), tun-
nelling (Nordlund et al. 2014), and rock drilling (Rossi et al. 2018). As a general over-
view, an increase in temperature leads to a growth in pores and fissures, and a decrease
in ultrasonic wave propagation, uniaxial compression strength, and elastic modulus. Al-
together, a temperature increase points to a decay in rock integrity, whose magnitude and
key temperatures strongly depend on the type of rocks, and their diverse physical and
mineralogical properties.

Limestone is one of the most common types of sedimentary rocks. Its mineralogical
composition is mostly calcite, which presents an anisotropic thermal expansion. A de-
crease in strength limit due to microcracking at relatively low temperatures (up to
250 °C) was described for a limestone from Anstrude (France) (Lion et al. 2005). Below
150 °C, microcracking does not seem to occur according to Yavuz et al. (2010), who
observed a marked decay in physical properties (i.e. bulk density, P-wave velocity, and
effective porosity) above 400°C. A clear reduction in uniaxial compression strength
(UCS) from 500°C, and a tendency to redden when heating, were described for calcare-
ous and dolomitic rocks from Apulia in Italy (Andriani and Germinario 2014). Temper-
atures above 600°C usually mark a dramatic decline in UCS (Sengun 2014). Subsequent
research contributed by accurately setting the temperature variation ranges for lime-
stones from Linyi, China (Zhang et al. 2017b). These authors indicated that from 200 to
500 °C the porosity and pore volume rapidly increased, and from 500 to 600 °C the
porous parameters were relatively stable. The maximum strength slowly decreased while
peak strain continuously increased, elastic modulus declined quickly, Poisson’s ratio
dropped suddenly, and the hardness decreased from mid-hard to soft. Recently, research
correlated physical and mechanical properties to define a thermal damage factor (Yang
et al. 2019).

Different mechanisms control thermal damage of rocks, where the heating/cooling rate
plays a fundamental role. On the one hand, a sharp variation of temperature when cooling
(quenching) leads to tensile stresses that nucleate cracks (Mallet et al. 2014) even at
temperatures below 300 °C (Kim et al. 2014), causing a reduction on strength and elastic
properties and enhancing permeability (Kumari et al. 2018). Such effect can be observed
after high local heating rates (i.e. greater than 5 °C/s), where thermal cracking is domi-
nated by the stress concentrations caused by high thermal gradients (Nordlund et al.
2014; Rossi et al. 2018). On the other hand, low heating rates cause thermal cracking in
carbonate rocks mainly controlled by the anisotropic expansion of calcite (Sippel et al.
2007; Yavuz et al. 2010). Finally, thermo-chemical damage involves some specific
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chemical reactions, such as thermal decomposition of calcite that starts at 500 °C, exhib-
iting the highest decomposition rate at around 700 °C, and being complete near 900 °C.

Presence of pyrites may be common in limestones with organic content (Berner 1985),
and that gives them a dark tone. Such pyrites could experiment thermal oxidation when
limestones are heated. The investigation of pyrite thermal oxidation is important in a
wide number of productive fields. The wide occurrence of pyrite in different minerals
and coals makes it one of the main sources of SO; (acid rain precursor) emission from
various industrial activities, such as coal conversion (Seehra and Jagadeesh 1981), power
production (Lv et al. 2015), and cement production (Hansen et al. 2003; Cheng et al.
2014). Pyrite in auriferous and carbonaceous matters is usually found in association with
valuable metallic elements such as Au, Ag, and Cu and their recovery includes the oxi-
dative roasting of raw materials (Zhang et al. 2019). Pyrite is common in sedimentary
rocks studied as a potential host rock for radioactive waste like claystone, and its oxida-
tion is harmful to the corrosion kinetics of metallic engineered components (Verron et
al. 2019). The oxidation reaction of pyrite is a destabilising factor in commercial emul-
sion explosive products, due to its exothermic reaction (Xu et al. 2015). In ceramic pro-
duction, research focuses on reducing sulphur emissions produced when heating clays
containing pyrites — which involve defects in the final product (Gomez-Tena et al. 2014).

However, investigations describing thermo-chemical damage on pyrite-bearing rocks are
scarce, although this type of rocks is common in civil and mining engineering works. In
this research, we study the thermal behaviour of a pyrite-bearing limestone from Prada
formation (Spain) to explore the causes and mechanisms of induced thermal damage. To
this aim, we evaluate the variation of physical properties (colour, open porosity, P and
S-wave velocities) at different temperatures between 105 and 500 °C; we determine
chemical, mineralogical, and microstructure changes; and we pay special attention to the
thermal reactions involved and the released gases.

3.2. Materials and methods

Rock samples were taken from two horizontal boreholes in Organya, in the Catalan south
Pyrenean zone (Spain). Both were drilled in a lower Cretaceous limestone formation
locally named Prada limestone, widely described by Garcia Senz et al. (2002). The depth
explored in horizontal borehole 1 was of 65.30 m and 91.45 m in borehole 2. Intact rock
showed a bluish grey colour, and two varieties of samples could be clearly distinguished
according to their lightness: light and dark grey.

Dark and light grey samples forming Prada limestone were separated in two groups. A
total of 20 irregular fragments, with an average volume of 113+36 cm?, were then ran-
domly selected from each group to determine the physical properties of the intact rock
(i.e. dry density, water absorption, unit weight of solids, total and open porosity) and to
compare the variation of open porosity with increase of temperature. In addition, a total
of 68 cylindrical samples of 63 mm in diameter and a slenderness of 1.0 and 2.5 were
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chosen among both dark and light grey specimens to compare thermal damage between
textures. Finally, four cylindrical samples were selected from each group to determine
UCS for the intact rock. Table 3.1 depicts the number of samples tested for each group
(dark or light grey) and their dimensions. All samples were identified by the borehole
number and the depth at which they were extracted (Figure 3.1). A temperature of 105 °C
was applied to remove moisture content and are considered references for the determi-
nation of the intact rock properties.

Table 3.1. Number of samples tested for each group (dark or light grey). All samples were first
heated at 105 °C, then treated at 300, 400 and 500 °C. Additional 4 cylindrical samples from
each group were used to determine UCS for the intact rock (at 105°C).

Temperature Dark grey limestones Light grey limestones
) Irregular sam- Cylindrical Irregular sam- Cylindrical
ples samples ples samples
105 15 34 15 34
300 5 10 5 10
400 5 10 5 10
500 5 10 5 10

; '
- o o e
+ ol o e e
Dark grey texture ool e e Dark grey texture
' o
Ll o

Figure 3.1. Cylindrical cores from Prada limestones before thermal treatment. Samples with a
dark grey texture are identified in the figure.

Samples were subjected to thermal treatment, except those used for UCS tests. The heat-
ing process was performed in a furnace under air atmosphere and constant pressure.
Temperatures of 300, 400, and 500 °C were selected and a gradient of 5 °C/min was
applied. Once the target temperature was reached, it was maintained for one hour. Then,
cooling stage started inside the furnace at a slow rate from 5 to 1 °C/min. Once the tem-
perature inside the furnace reached 300 °C, limestones were then put outside the furnace
and naturally cooled at air (at a slow rate) to room temperature (21 °C). It is worth noting
that during the heating process, one thermocouple registered the temperature inside the
furnace, another thermocouple was in contact with the surface of one cylindrical sample,
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and a third one was installed inside the sample, in a small drill made along its axis. The
evolution of the temperature was registered every minute using a PicoLog 6 data logger.
Special attention was paid to perceptible sounds through the furnace chamber indicating
explosions of samples during heating, and the temperature at which that occurred. Once
the furnace was opened, the explosive events of certain samples had already happened,
and the visual damage were recorded.

Fragments from representative dark and light grey rock fractions were then pulverised.
Total carbon, sulphur, and sulphides content were determined over pulverised rock sam-
ples using an IR spectrometer after heating in a furnace. The whole rock analysis was
performed using fusion and X-ray fluorescence.

Determination of oxidizable organic matter aims to explain the different coloration be-
tween light and dark grey textures. To do so, finely ground rock samples previously
subjected to 105 °C and 500 °C were selected, and oxidizable organic matter contents
were determined using potassium permanganate, according to Spanish standard (UNE-
EN-103204 2019).

Thermal analyses of dark grey samples were conducted using thermogravimetric, differ-
ential thermal analysis, and differential scanning calorimetry, TG-DTA-DSC, and TG-
DTA coupled to a mass spectrometer. TG-DTA-MS and TG-DTA-DSC experiments
were performed using a NETZSCH STA 449 Jupiter F5 thermal analyser. The NE-
TZSCH Aedlos Quadro Mass Spectrometer was coupled to the TG-DTA analyser. Meas-
urements were conducted under dynamic mode from 25 to 700 °C at a heating rate 10 °C
min~! under air conditions (N»:0; in 4:1) at 50 ml/min.

The phase composition of samples was analysed by powder X-ray diffraction (XRD) on
a Bruker D8-Advance diffractometer with a Goebel mirror (non-planar samples) using
Cu Ko radiation and a setting of 40 kV and 40 mA. XRD data were collected and inter-
preted using the XPowder software package, which allows a quantitative analysis for the
identified phases.

Optical and scanning electron microscopy (SEM) in backscattered electron mode was
used to study the petrographic features of Prada limestone. Thin-section examination
was performed under an optical polarising microscope (Model Zeiss Assioscop). For the
SEM analysis, sample surfaces were polished with alumina and diamond powder; the
finest abrasive was a 0.4 mm diamond powder. Uncovered polished surfaces were stud-
ied in a HITACHI S-3000 N variable pressure SEM working at low vacuum, and salt
tested surfaces were analysed in a high vacuum SEM in secondary electron mode. The
chemical analysis of the elements associated with the SEM images were accomplished
using the energy dispersive X-ray (EDX) technique.

Mercury intrusion porosimetry (MIP) was used to obtain fine porosity results and pore
size distribution in both dark and light grey samples. Tests were developed with a
PoreMaster 60 GT (Quantachrome Instruments). The employed surface tensions and
contact angles of mercury were 480 mN/m and 130°, respectively.

54



Chapter 3. Temperature-induced explosive behaviour and thermo-chemical damage on pyrite-bearing
limestones: causes and mechanisms

Physical properties of both dark and light grey limestones were determined using irreg-
ular samples. Dry density, water absorption, unit weight of solids, total and open poros-
ity, were determined before and after thermal treatment using saturation and buoyancy
techniques according to the suggested methods of the International Society for Rock
Mechanics (ISRM) (Franklin 1979).

A preliminary colour classification of the intact rock was performed using Munsell soil
colour charts (GLEY 2 chart for low chroma colours). To observe colour differences
before and after heat treatment, both faces of samples were polished and moistened, and
their image captured using an HP OfficeJetPro 7740 scanner with a resolution of 600
ppi. The average sRGB colour values of the pixels were obtained for representative re-
gions of the material using software GIMP 2.10.12. The colour was described in terms
of CIELAB space colour (CIE 1977), used by many authors (Pospisil et al. 2007;
Gonzalez-Gomez et al. 2015) where L* represents lightness (i.e. the darkest black at L*
= 0, and the brightest white at L* = 100), and a* and b* chromaticity. The a* axis repre-
sents green in the negative direction and red in the positive direction, and b* axis repre-
sents blue in the negative direction and yellow in the positive direction.

The presence of discontinuities such as pores and fissures, reduces the propagation ve-
locity of the mechanical waves, and so it is a commonly used parameter to evaluate the
evolution in rock deterioration. Thus, ultrasonic measurements were carried out over
light and dark grey cylindrical samples before and after thermal treatment. The transmis-
sion method consists of two piezoelectric sensors coupled to the sample at constant pres-
sure. Compressive (P) and shear (S) waves were measured using polarised Panametric
transducers (1 MHz). Emitting-receiving equipment (Panametrics-NDT 5058PR) and an
oscilloscope (TDS 3012B-Tektronix) were used to acquire and digitalise the waveforms
to be displayed, manipulated, and stored. Every measurement of the P and S waves was
repeated three times to test the reproducibility of the experiments and the corresponding
results.

Finally, UCS tests were performed to determine mechanical properties for the intact rock
(at 105 °C) for both light and grey textures. A slenderness of 2.5 was decided to ensure
their suitability according to ISRM suggested methods (Fairhurst and Hudson 1987).
Core faces were polished to ensure flatness and perpendicularity relative to the axis. A
four-column press machine Mecanica Cientifica SA model 28.5200 with a capacity of
2000 kN was used. A compression rate of 0.5 MPa/s was applied until the ultimate load
and controlled by MecaTouch software v.1.1. Strain gauges of 30 mm long Tokyo Meas-
uring Instruments Lab PF-30-11 (120.3+£0.5 Q, k=2.13+1) were used for longitudinal
and transverse strains. Values were registered for each loading cycle using MecaSoft
software v.1.3.8. The tangent Young's modulus and the corresponding Poisson's ratio
were determined from values of 50% of the sample ultimate load
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3.3. Results

3.3.1. Chemical, mineralogical, petrographic and microstructural characterisation

Prada limestone is a grainstone or biosparite with abundant bioclasts (0.2—2 mm): mainly
planktonic foraminifera and minor amounts of molluscs, red algae, bryozoan, and fre-
quently fragmented echinoderm (Figure 3.2). Some angular and sub-angular grains of
monocristalline quartz (0.02—0.1 mm) are also present. Sub-rounded grains of iron sul-
phides (0.02-0.04 mm) are irregularly distributed in the limestone (Figure 3.2A). They
can be found dispersed in the rock matrix and concentrated in grain borders, cement, or
stylolites. Cement is abundant and mainly consists of micro and meso-crystalline mosa-
ics of calcite spar. Cement fills interparticle (bioclasts) porosity. Syntaxial cement is re-
lated to fragmented echinoderms. Micritic matrix is minor (<5%) and irregularly distrib-
uted. Discontinuities are abundant and consist of fissures, calcite veins and a minor
amount of stylolites (Figure 3.2E and Figure 3.2F).

Observations using SEM allowed identify two different textures on Prada limestones:
dark and light grey. Samples with a dark grey texture showed a higher concentration of
pyrite, quartz and fissures (Figure 3.3a) than those with a light grey aspect (Figure 3.3b).
Fissures were mainly intergranular and did not show a preferred orientation. Pyrite ap-
peared with both cubic and well-formed framboidal (raspberry like aggregates of pyrite
spheres) geometries (Figure 3.3c) at 105 °C with different sizes and distribution. Such
structures evolved to incomplete framboids when heated to 500 °C (Figure 3.3d). EDX
analysis was performed over different framboidal structures. Thus, a structure heated to
105 °C was formed mainly by Fe (30.97%) and S (34.48%), and a small fraction of O
(4.78%), while another structure when heated to 500 °C showed increased values for Fe
(65.83%), a severe decrease in S (2.66%), and an appreciable increase in O (75.51%).

Chemical composition (expressed as weight percent) is different for both textures (Table
3.2). Dark grey texture presented SiO; (9.27 %), what is consistent with grains of
monocristaline quartz referred above, and other oxide combinations such as Al,O3 (2.74
%), Fe203(1.33 %) and K0 (0.49 %) related to a clay fraction in the limestone. Sulphur
was present in the dark texture (0.85 %), partly forming sulphide (0.60 %), and organic
matter was also present (1.16 %). Moreover, light grey limestones showed residual or
inexistent percentages of quartz and clay minerals, sulphide and organic matter, while
percentages of CaO and C were slightly greater than in the dark texture. Results for dark
grey limestones after calcination at 500 °C revealed decreases in the total amount of sul-
phur, sulphide, total carbon and calcium, and an increase in quartz and clay compounds.
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Figure 3.2. Optical microphotographs of intact Prada limestone. (A) Grain-supported texture
composed of bioclasts, angular and sub-angular grains of quartz and sub-rounded grains of
iron sulphides. Details of (B) molluscs, (C) foraminifera and (D) red algae. (E-F) Bioclasts and
micritic matrix cut by calcite veins. Microphotographs were taken under (A-E) parallel-nicols
and (F) crossed-nicols
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Figure 3.3. Images from scanning electron microscope of a dark grey sample (a) and a light grey
sample (b) before thermally treated, showing different content of pyrites, quartz, and fissure
distribution. Well-formed pyrite framboids appeared in dark grey samples heated to 105 °C (c).
Pyrite framboids showed uncomplete when heated to 500 °C (d)

Table 3.2. Compounds registered on light and dark grey samples.

Compound Light grey samples Dark grey samples
(%) 105 °C 105 °C 500 °C
CaO 54.30 46.60 40.70

AlLO3 0.11 2.74 3.62
SiO2 0.65 9.27 11.55
Fex03 0.19 1.33 1.52
K20 0.02 0.49 0.65
Cotal 11.80 10.20 9.87

Stotal 0.01 0.85 0.76
Sulphide - 0.60 0.47

Organic matter 0.11 1.16 -
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Results using XRD on dark grey samples before and after heat treatment enabled the
determination of a greater proportion of pyrites (expressed as percentage by weight) in
the intact rock (1.5%), and a decrease after heating to 500 °C (1.2%). The presence of
hematite was also registered after heat treatment on dark grey samples (0.6%). It is worth
noting that XRD can only characterise crystalline solid phases and consequently any
possible amorphous phase formed by the pyrite oxidation would be not detected using
this technique.

TG-DTA-DSC and TG-DTA-MS experiments on dark grey samples were conducted up
to 700 °C, and allowed the identification of three different stages (Figure 3.4), involving
the generation of different chemical compounds. Stage I (100 <T <200 °C) showed an
initial release of H>O (Figure 3.4a). Stage II (400 <T <600 °C) revealed a greater release
of H>O (Figure 3.4b), as well as of CO» (Figure 3.4d), with a peak at above 520 °C. Also
the release of SO, was recorded in a narrow range of temperatures, between 405 and
535 °C, and showed a marked peak at 460 °C (Figure 3.4c). Finally, stage III (T > 600 °C)
showed an increasing release of CO, with temperature (Figure 3.4d). Results on TG
curve (Figure 3.4a) revealed a small weight loss in stages 1 and 2 (less than 0.5% in
weight). DSC curve confirmed that reactions taking place on stage 2 are exothermic.

MIP analysis reflected dual porosity features on dark grey samples (Figure 3.5a), which
is in concordance with the textural characterisation. The first pore family represents the
interparticle porosity defined by grain minerals, cements, and fine-grains and shows a
small pore size (in the pore range of 0.01-0.2 um). A second pore family represents mi-
cro-fissures, which are more numerous, and appear in larger sizes (> 200um) that MIP
cannot measure completely. Otherwise, light grey samples showed interparticle porosity
with greater pore size (lower than 1 um), and very few micro-fissures (Figure 3.5b).
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3.3.2.  Variation of physical properties by thermal treatment

Some dark grey samples exploded inside the furnace when heated at 400 °C and 500 °C
exhibiting a total loss of structure and causing fragments spread over the furnace (Figure
3.6a, d, f, h), displacement, overturn or damage of the surrounding samples by fragments
impacts (Figure 3.6f), and even the embedding of some rock pieces in the walls of the
furnace (Figure 3.6a,b). We also perceived the sound of rock fragments impacting inside
the furnace. It occurred instantly, and such impacts were violent enough to be clearly
heard in the laboratory. Consequently, for the subsequent heating rounds the samples
were covered with a metal protection grid to avoid further damage in the furnace (Figure
3.6¢c, d, g, h). The temperatures recorded by the thermocouples were 470 °C inside the
furnace, 438 °C on the surface of an instrumented sample, and 390 °C in its centre in the
precise moment in which we heard the explosion of one sample. It is noteworthy that,
after the explosion, the room was impregnated by an intense acrid smell attributed to the
release of SO». That strong smell reached such intensity that a gas extraction system was
needed, and we were forced to leave the room. We undoubtedly related such phenome-
non with the explosive event, which due to its violence could not be confused with frac-
turing or splitting of the samples. Explosions were not registered for temperatures of
300 °C, neither in the light grey samples. In addition to the exploded specimens, some
dark samples fractured and clearly exhibited visible cracks. Table 3.3 summarizes the
number of dark samples that showed differing grades of damage for each temperature.
The maximum number of exploded samples was registered at 500 °C, although the grade
of fracturing of specimens was greater at 400 °C, and not evident for temperatures lower
than 300 °C.
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Figure 3.6. (a) Dark samples exploded or fractured when heated at 400 °C. (b) Detail of the
fragment embedded in the furnace chamber due to the violence of the event shown in (a). Dark
samples before (c) and after (d) heating at 400 °C. Note the protection grid used to preserve the
furnace. Dark and light grey cores before (e) and after (f) heating at 500 °C. Note that only dark

cores exploded, and their fragments overturned and damaged the surrounding light grey sam-
ples and the furnace chamber. A new set of dark samples before (g) and after (h) heating at
500 °C using the protection grid. The temperatures were being registered using thermocouples
when one sample exploded.
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Table 3.3. Number of samples that showed different grades of damage for each temperature.

Temperature Grade of damage
Fracturing and No visible
(°C) Explosion visible fissures damage
300 0 0 10
400 2 4 4
500 4 2 4

Before discussing the evolution of physical and mechanical parameters with temperature
of both textures, average values for the intact rock (defined at a reference temperature of
105 °C) are depicted (Table 3.4). Values of physical parameters were in the same range
for both textures, while mechanical parameters (UCS, Young’s modulus, and Poisson’s
ratio) were smaller for the dark grey samples.

Table 3.4. Reference values for dark and light grey samples forming Prada limestone, heated at

105 °C.
Parameter Dark gzz sam-  Light ﬁlreez sam-
Dry density, pa (KN/m?) 26.80+0.24 26.84+0.25
Water absorption saturated (%) 0.46+0.36 0.45+0.20
Unit weight of solids, ys (kN/m?) 27.23+0.01 27.21+0.01
Open porosity, n (%) 1.22+0.94 1.21+0.54
Total porosity, n (%) 1.60+£0.89 1.46+£0.91
P-wave velocity, Vp (km/s) 5.76+0.05 5.35+0.06
S-waves velocity, Vs (km/s) 3.11+0.02 2.65+0.02
Uniaxial compressive strength, oci (MPa) 103.76+59.11 164.63+£23.77
Young's modulus, E (GPa) (from mechanical tests) 50.65+20.44 77.69+6.54
Poisson's ratio, v (from mechanical tests) 0.24+0.06 0.31+0.05

Open porosity trends were compared for both textures using normalised average values
(i.e. results after heating were divided by those of the same samples obtained at the ref-
erence temperature of 105 °C) (Figure 3.7a). The porosity showed little variation be-
tween 105 and 300 °C, and then gradually increased from 300 °C. Differences between
textures appeared at 400 and 500 °C. Normalised open porosity was greater on dark grey
samples (2.61 at 400 °C; 3.43 at 500 °C) than on light grey (1.54 at 400 °C; 3.01 at
500 °C). Ultrasound wave velocity was also represented using normalised values. Values
of P- (Figure 3.7b) and S-wave (Figure 3.7¢) velocities progressively decreased with
temperature for both textures, although the rate of decline accelerated between 400 and
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500 °C. Differences between both textures appeared at 400 and 500 °C, since P-wave
normalised velocity was smaller on dark grey samples (0.84 at 400 °C; 0.57 at 500 °C)
than on light grey (0.89 at 400 °C; 0.64 at 500 °C); S-wave normalised velocity was also
smaller on dark grey samples (0.87 at 400 °C; 0.52 at 500 °C) than on light grey (0.93 at
400 °C; 0.75 at 500 °C).

Intact rock showed a bluish grey colour, with different grades of lightness: Munsell col-
our values varied from light bluish grey (5B 6/1) to dark bluish grey (5B 3/1). Visual
observation revealed colour variation when heating: one sample at 105 °C (Figure 3.8a)
evolved towards red and greater luminosity when heated at 400 °C (Figure 3.8b); while
reddening and lightness intensified when one sample was heated from 105 °C (Figure
3.8¢c) to 500 °C (Figure 3.8d). CIELAB values enabled the trend to be quantified: light-
ness L* and colour a*, b* increased with temperature, especially from 400 °C, with max-
imum values at 500 °C (Figure 3.8¢). The most significant variation could be observed
for L*, marking a clear trend towards lighter tones with higher temperatures, especially
between 400 °C and 500 °C. In relation to colour parameter a *, a slight increasing trend
could be observed at up to 400 °C, and an accelerated reddening of the samples from
400 °C to 500 °C. The parameter b * marked lower values than a*, showing an increasing
trend towards yellow with temperature.
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ity of dark and light grey samples after heat treatment. Reference values used for the normali-
zation are given in Table 3.4.
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3.4. Discussion

In this investigation, we study two different varieties of Prada limestones: (a) a dark grey
texture, bearing quartz, clay, organic matter, and pyrites, and (b) a light grey texture with
little or no presence of such components. Dark grey texture showed micro-porosity and
microcracks, while light grey samples showed greater pore size and few microcracks.
We have observed two negative effects of different intensity when heating the dark tex-
ture over 400 °C, not reported in the light grey texture. On the one hand, the explosion
of certain samples and, on the other hand, a greater thermal damage in terms of open
porosity and ultrasound wave velocity variation.

Dry density reference values are similar for dark and light grey samples, and values of
open porosity at 105 °C classify the samples as low-porosity rocks, compared to other
limestones (e.g. Sengun 2014; Yavuz et al. 2010; W. Zhang et al. 2017). A growing trend
in open porosity that accelerated between 400 and 500 °C was previously reported by
other authors (e.g. Yavuz et al. 2010), although values are smaller than those reported
for low-porosity rocks (e.g. Sengun 2014; W. Zhang et al. 2017). Samples showed typi-
cal initial ultrasonic wave velocity values for low porous limestones (e.g. Sengun 2014;
Yavuz et al. 2010), and the scatter is consistent with the observed microstructural heter-
ogeneity in Prada limestone. The decrease on P-wave velocity reflects microstructural
changes produced during heating, specially between 400 °C and 500 °C, which indicates
an increase in the number and size of fissures for that interval of temperatures, for both
light and dark grey textures. Although the effects of rapid cooling lead to increased ther-
mal damage (Kim et al. 2014; Mallet et al. 2014; Kumari et al. 2018), the cooling of
Prada limestones was carried out at a slow rate: in a first step at a rate of 1 to 5 °C/min
to 300 °C inside the furnace, and later under ambient conditions up to room temperature.
Otherwise, microstructural changes could be mainly explained by internal stress concen-
trations resulting from anisotropic thermal expansion of the calcite (Lion et al. 2005;
Malaga-Starzec et al. 2006). However the differing evolution of open porosity, P- and S-
wave velocities between textures at 400 and 500 °C is remarkable (Figure 3.7), and so
further additive mechanisms must be contributing on the thermal damage on the dark
grey texture.

Firstly, the variation of physical properties with temperature is attributed in certain cases
to the decomposition of clay minerals cementing particles or filling micropores (Zhang
and Lv 2020). Results in Table 3.2 are inconclusive and do not permit to ensure the
transformation of clay compounds in the range of tested temperatures, apart from the
amount of clay mineral contents is low according to the values of Al,O3; (Table 3.2).
Regarding to water content in clays, heating could lead to pore-pressure build-up when
clay is organized in a continuous phase (as layers or pockets) that significantly affects
the material features (Delage et al. 2000; Sultan et al. 2002; Gens et al. 2011). Indeed,
for temperatures up to 200 °C the loss of water is the main influencing factor on the
thermal damage of limestones (Zhang and Lv 2020), as the high-pressure vapour escap-
ing from the rock sample induces the generation and expansion of micro-fractures (Meng
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et al. 2020). TG-DTA-DSC and TG-DTA-MS tests on dark grey samples allowed con-
centrate between 100 and 200 °C the removal of water adsorbed on mineral surfaces and
in clay minerals. However, such range of temperatures is far from 400 and 500 °C, where
different thermal damage between textures was registered. Thus, we do not consider clay
mineral decomposition, nor the loss of water, a reason for a greater thermal damage on
the dark grey samples.

The presence of quartz on dark grey samples could also cause thermal damage in lime-
stones by the mineral phase transition. Rocks containing quartz experiment a sudden
microcracking and volume increase at the phase transition between 550 and 600 °C, with
a strong peak at 573 °C (Van der Molen 1981; Glover et al. 1995), but such mechanism
cannot explain different thermal damage between textures in the range of temperatures
tested (T<500 °C). Following with the different mineral composition between textures,
thermal coefficient of calcite (1.4 x 10 °C™!) is less than a half than that of clay (3.4 x
10 °C") or quartz (3.3 x 107 °C™") (Belmokhtar et al. 2017). Local thermal stress con-
centrations occur between mineral particles of different nature, due to mismatch in ther-
mal expansion coefficients, thus increasing microcracking. Such effect has been reported
in limestones by different authors (Liu and Xu 2013; Zhang et al. 2017b; Villarraga et
al. 2018; Yang et al. 2019), and the range of temperatures of 400 to 500 °C configures a
threshold for thermal cracking (Meng et al. 2020). Thus, microscale destructuring pro-
cess induced by differential thermal expansion of the mineral components contribute to
differences between textures when heated. Moreover, an initial micro-fissuring in the
intact dark grey samples lead to greater coalescence and growth of fissures when heated,
and so contributes on a greater thermal damage.

Nevertheless, existing research on thermal damage in limestones reports to microcrack-
ing, fracturing and splitting in the samples, but not to explosive events of such violence
as that observed in our research. Thus, there must be additional mechanisms triggering
the explosion of certain samples between 400 and 500 °C, and such mechanisms must
contribute, among those discussed above, on a greater thermal damage in the dark texture
in terms of open porosity and ultrasound velocity variation. For all above, we will discuss
the role of organic matter and the presence of pyrite.

Coloration constitutes a visible difference between textures forming Prada limestones.
That difference seems to be caused by a greater content on organic matter in the dark
grey texture, in view of the results from the potassium permanganate method: samples
showed six times more organic matter. Moreover, the presence of organic matter is re-
lated to the presence of pyrites (FeS,), which is common in continental margin sedi-
ments: these marine anoxic conditions enable bacterial sulphate reduction from organic
matter that later reacts with detrital iron minerals in the sediment to form pyrite (Berner
1970, 1982). Observations using SEM confirmed framboidal pyrite structures in the
group of dark grey samples, whose presence in organic matter can be a result of microbial
activity (Sawlowicz 2000; Shawar et al. 2018).
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XRD characterisation confirmed the presence of pyrite in the dark texture, and that was
corroborated with EDX analysis on the framboidal minerals. Presence of iron and sul-
phur was established in the chemical composition (Table 3.2). Therefore, a greater con-
tent of pyrites in the dark texture established an additional difference between varieties.

TG-DTA-DSC-MS analysis over dark grey samples showed three different stages (Fig-
ure 3.4) representing different chemical processes. Stage 1 (100 < T <200 °C) corre-
sponded to sample dehydration, involving removal of water adsorbed by the microporos-
ity of mineral surfaces and in clay minerals. Stage II (400 < T <600 °C) took place
between 400-600 °C and involved two different chemical processes: TG-MS curves dis-
played the presence of CO; and H>O from 400 to 600 °C, which is consistent with a
thermal oxidation of organic matter (Galbacs et al. 1998; Cuypers et al. 2002; Boyle
2004) that can be represented as CH2Oom) + O2 — CO; + H20. SO; was detected be-
tween 405 and 535 °C, showing a pronounced peak at 460 °C, which is consistent with
thermal oxidation of pyrites (Hong and Fegley 1997; Gazulla et al. 2009), which can be
represented as 2FeS; (pyrite) T 11/202 — Fe203 (ematite) + 4302, Finally, stage III (T >
600 °C) coincides with initial stages in the decomposition of inorganic carbonate and can
be written as CaCOj3 (cacitey — CaO + COo.

EDX analysis on dark grey samples after thermally-treated at 500 °C showed a clear
increase in oxygen accompanied by a decrease in sulphur, and chemical results (Table
3.2) showed a decrease in sulphide content, which is consistent with pyrite oxidation.
Moreover, thermal oxidation of pyrites produces hematite, which was confirmed by
XRD results. The range of temperatures for hematite formation can be described by
means of colorimetry analysis: the process of reddening limestone rocks by oxidative
conditions during thermal treatment has been experimentally proven and associated with
the apparition of hematite (Gonzalez-Gomez et al. 2015). Indeed, a tendency towards
reddish tones was visually appreciated between 400 °C and 500 °C (Figure 3.8), and nu-
merically confirmed in view of CIELAB a* values (Figure 3.8¢), which is consistent
with the range of temperatures for thermal oxidation of pyrites. For all the above, in view
of the results obtained using different techniques, it can be confirmed that an oxidation
process of pyrites takes place, releasing SO, when dark grey samples forming Prada
limestone are heated from 400 °C.

However, XRD, chemical characterisation, and framboids observed using SEM for sam-
ples heated to 500 °C revealed that pyrite transformation was incomplete for the test con-
ditions of temperature and time. This must be related to a lack of oxygen in the pore
space. Available oxygen in pores depends on the gas diffusion coefficient, which de-
creases in porous materials as porosity and pore size decreases (Currie 1960). MIP results
showed that dark grey limestone is a low-porosity rock with dual microstructure, which
leads to poorly connected small pores. Such tortuosity strongly affects availability for
gaseous transport (Benavente and Pla 2018). Consequently, air diffusion, and particu-
larly the presence of O2, must be limited in dark grey samples, which explains the in-
complete oxidation of pyrites. However, different conditions of volume, interstitial water
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content, and air exposure time, would enable greater O, penetration throughout the rock
and enable more efficient oxidation. An additional factor contributing to reduce the gas
diffusion coefficient in the rock was described by Hu et al. (2006), who stated that the
direct oxidation process leads to inward diffusion of oxygen due to the pore-blocking
effect of the formation of ferric/ferrous compounds.

The release of SO, from 400 °C leads to an increase in pore pressure. Moreover, thermal
oxidation of organic matter, which releases CO, and H»O specially from above 420 °C,
could contribute to increase the pore-pressure. In addition, the presence of CO, from
organic matter and calcite decomposition speeds up the thermal oxidation of the pyrite
(Lv et al. 2015; Zhang et al. 2019), which leads to a more violent chemical reaction. The
DSC curve showed that thermal oxidation of pyrites and organic matter are both exo-
thermic reactions which locally accelerate the thermal oxidation of pyrite (Figure 3.4).
The increasing presence of SO,, CO,, and H,O within closed pores may cause an expan-
sion of the rock, and so an accelerated fissuring. The observed behaviour is closely re-
lated to the initial number and distribution of micro-fissures, identified on dark samples
using MIP, and their two-dimensional shape, which causes a stress concentration in their
tips (Griffits 1920). Consequently, the heating of the pyrite-bearing limestone causes a
nonlinear decay in physical properties, also observed in other mechanisms of physical
and durability decay (Smith et al. 2008; Martinez-Martinez et al. 2013; Benavente et al.
2018). Catastrophic decay in rock integrity is a nonlinear process that dark limestones
might suffer, where the initial microcracks may grow and begin to coalesce. Smith et al.
(2008) argued that this situation constitutes the critical threshold for macroscopic rock
integrity decay. When this critical threshold is exceeded, microcracks turn into cracks
and grow rapidly. The increase in porosity may accelerate the decay in physical proper-
ties until the ultimate failure is reached.”

During heating of the samples, we registered the sound of multiple impacts inside the
furnace. Such impacts occurred instantly and were violent enough to be clearly heard in
the laboratory. After opening the furnace, exploded samples showed a total lack of struc-
ture and its fragments were spread over the furnace, even embedded in the furnace walls
as a result of the explosion. Consequently, we undoubtedly identified that sound with an
explosive event, since it cannot be confused with fracturing or splitting of the samples.
Additionally, we reported the exact temperatures at the moment of that explosion: 390 °C
in the centre of the sample and 438 °C on its surface. Considering that the SO, generation
curve starts at 405° C and peak is at 460 °C, temperatures in the sample were compatible
with the rising branch of the curve. Consequently, the release of SO, must have been
taking place within the sample at an accelerated rate. Additionally, there are more indi-
cators of that event, since produced SO, was released throughout the room immediately
after the explosive event, detaching a strong smell that made necessary the use of gas
extraction means and forced us to leave the room. The release of SO, above a narrow
range of temperatures would cause a peak in pore pressure that, jointly with a structure
of micro-fissures in the dark texture, would cause a violent fracturing of the material.
For all above, we associate the documented explosive phenomenon to SO, production
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rather than oxidation of organic matter for the next reasons: (i) oxidation of pyrites
evolves in a narrower temperature range than organic matter; and (ii) the peak release of
SO, occurs at lower temperatures (above 460 °C) than organic matter (above 520 °C).
Moreover, explosive behaviour similar to that described in this work are not described
in the existing scientific literature on the thermal effects on carbonate rocks containing
organic matter (Yavuz et al. 2010; Andriani and Germinario 2014; Gonzalez-Gémez et
al. 2015). Consequently, thermal oxidation of pyrites has a greater contribution in the
explosive phenomenon than organic matter oxidation.

Regarding the thermal damage suffered by the dark texture in terms of open porosity and
ultrasound wave velocity variation, the partial contribution of the pore overpressure and
gas release caused by the thermal oxidation of pyrites on the total thermal damage is
difficult to evaluate. However, we cannot ignore this process because the release curve
of SO, has been identified, and their negative effects observed (i.e. the explosion of cer-
tain samples). Summarizing, in this work we describe a new thermo-chemical process to
explain the observed thermal damage on dark texture limestones from Prada formation
based on the thermal oxidation of pyrites, jointly with further factors identified in this
research (i.e. differential thermal expansion of the mineral components and initial micro-
fissuring in the intact rock).

Finally, a 40 % of the dark samples did not undergo visible damage after heat treatment
although they suffered thermal damage after heat treatment according to the variation of
their physical properties (Figure 3.6). Prada limestone presents a great chemical and tex-
tural heterogeneity that varies within and between samples. Hence, pyrite content and
initial micro-fissure and pore structure (that determines the gas transport and the oxida-
tion reaction efficiency) would induce a particular explosive potential to each sample.
Although our results are definitive and are based on evidences, further investigations
would be necessary to quantitatively relate pyrite content and initial micro-fissure with
explosive potential to each sample. Nevertheless, heterogeneity hinders any systematic
investigation because of chemical and textural test are destructive, and therefore are not
compatible with the need to count with intact samples to monitor their explosive behav-
iour during heating process. Despite of such difficulties, only a systematic study would
be fully conclusive.

3.5. Conclusions

Prada limestone, formed by dark and light grey varieties, was subjected to temperatures
of 105, 300, 400 and 500 °C. We have observed two effects of different intensity when
heating the dark texture above 400 °C, not reported in the light grey texture: (a) the ex-
plosion of certain samples; and (b) a greater thermal damage in terms of open porosity
and ultrasound wave velocity variation. The influence of the specific features of the dark
texture on such thermal effects have been discussed and the derived conclusions are
listed below:
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Two textures from Prada limestone have been characterised: a dark grey texture
with micro-porosity and microcracks, bearing quartz, clay, organic matter and
pyrites, and a light grey texture with greater pore size and few microcracks, and
little or no presence of such mineral components.

Thermal damage on Prada Limestone could be mainly explained by internal
stress concentrations resulting from anisotropic thermal expansion of the calcite.
However, the differing evolution of open porosity, P- and S-wave velocities be-
tween textures at 400 and 500 °C is explained by differences on their mineral
and textural composition.

Different thermal damage between textures could be partly explained by mi-
croscale destructuring process induced by differential thermal expansion of the
rock-forming minerals, and an original micro-fissuring in the intact dark grey
samples leading to greater coalescence and growth of fissures. Effects from clay
thermal decomposition, water loss and quartz phase transition have been also
reasoned and discarded. Such mechanisms cannot explain the explosive events
observed between 400 and 500 °C

The sound of multiple impacts was registered inside the furnace during the heat-
ing process of the samples. This process was instantly and violent enough to be
clearly heard in the laboratory room. Furthermore, after opening the furnace,
exploded samples showed a total lack of structure and their fragments were
spread over the furnace, even embedded in the furnace walls as a result of the
explosion. We undoubtedly associated that sound with an explosive event that
cannot be confounded with fracturing or splitting on rocks.

The heating of dark texture samples revealed two thermal reactions involving
gas release: thermal oxidation of pyrites (FeS2) releasing SO, from 400 to
520 °C, and thermal oxidation of organic matter releasing H,O and CO; from
400 to 600 °C. Temperatures for rock explosion are compatible with the rising
branch of the SO, release curve, that would cause a peak in pore pressure that
combined with the micro-fissured structure of the dark texture, would cause vi-
olent fracturing of the material.

We relate the explosive phenomenon to SO, production rather than oxidation of
organic matter for different reasons: oxidation of pyrites evolves in a narrower
temperature range than organic matter, and the peak release of SO occurs at
lower temperatures (above 460 °C) than organic matter (above 520 °C). Moreo-
ver, SO, was released throughout the laboratory immediately after the explosive
event.

Total thermal damage on the dark texture is attributed to thermal oxidation of
pyrites, jointly with further factors identified in this research (i.e. differential
thermal expansion of the mineral components and initial micro-fissuring in the
intact rock).
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8. Although results are definitive and are based on evidences, further investiga-
tions would be necessary to quantitatively relate pyrite content and initial micro-
fissure with explosive potential to each sample. Despite of difficulties derived
from great chemical and textural heterogeneity that varies within and between
samples, only a systematic study would be fully conclusive.

The practical relevance of the observed phenomenon in underground infrastructures and
mining engineering works is critical, since temperatures greater than 400 °C could lead
to explosive phenomenon on pyrite-bearing limestones, involving mass fracturing, rock
integrity loss and strength decay on mining works and underground infrastructures. In
addition, SO; released into the atmosphere as a result of thermal oxidation of pyrites has
a harmful effect on health (ATSDR 1998) of people involved on mining or underground
construction or works, users of tunnels or emergency intervention teams in case of a fire
event. Additionally, SO, can react with other atmospheric chemical elements forming
acid compounds (sulphurous or sulphuric acid) that corrode metals, concrete, limestone,
and other materials (Kumar and Imam 2013), shortening underground structures life and
increasing maintenance costs.
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Abstract

This work evaluates the effect of high temperatures and cooling methods on the drilla-
bility of Prada limestone. Samples from boreholes drilled during the design stage of the
Tres Ponts Tunnel in the Catalan south Pyrenean zone (Spain) were subjected to temper-
atures of 105, 200, 300, 400, and 600 °C, and then cooled at a slow rate or by quenching.
Sievers’ J-value (SJ) and brittleness (S20) were determined on thermally treated samples,
and the drilling rate index (DRI) was calculated for each temperature. The results show
that thermal treatment implied a sustained increase in the drillability of the rock of up to
40% at 600 °C and a change in the drillability category (from medium to high). At
600 °C, SJ and Sy tripled and doubled, respectively, the initial values obtained for the
intact rock. The results were inconclusive about the influence of the cooling method on
the drilling performance of Prada limestone for the tested range of temperatures. The
substantial improvement observed in the drillability of Prada limestone when heated,
measured in terms of DRI, could help in the development of novel thermally assisted
mechanical excavation methods. Additionally, strong correlations between drillability
variables (i.e., SJ and Sy0) and physical and mechanical variables of Prada limestone (i.e.,
P- and S-wave velocities, uniaxial compression strength, elastic modulus, and Poisson’s
ratio) are proposed. Correlations will help make preliminary predictions of drillability
based on properties such as uniaxial compression strength and ultrasound wave veloci-
ties.

Keywords

rock drillability; drilling rate index (DRI); thermal treatment; temperature; limestone;
correlations
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4.1. Introduction

Modern mechanical excavation strongly depends on the efficiency of the means involved
to optimise investment costs, and so rock features must be considered (Yetkin et al.
2016). Prior to excavation, the type and performance of excavation machinery (i.e., hy-
draulic breakers, roadheaders, shear-loaders, TBMs, drilling rigs, and cutting bits) must
be determined. The influence of rock properties on drillability has been discussed by
various authors. Yasar et al. (2011) experimented on cement mortar (an analogue for
natural rock samples) and found that uniaxial compression strength (UCS) strongly in-
fluenced the efficiency of the drilling process in terms of specific energy increases and
penetration rate decreases. Yarali and Kahraman (2011) used 32 different rock types and
found a strong relation between the drilling rate index (DRI) and the brittleness expressed
as the area under the curve of the compressive strength-tensile strength (Altindag 2010).
In addition, good linear correlations were found between DRI and UCS, Brazilian tensile
strength (BTS), shore scleroscope hardness, and axial and diametral point load strength
(PLT) (Yarali and Soyer 2011, 2013). Saeidi et al. (2014) studied 38 in situ drillings in
porphyry andesite, limestone, and sandstone, and found that the UCS of rock, the vertical
pressure on bit, and bit rotational speed were the most significant parameters in the pen-
etration rate for rotary drilling. Ozfirat et al. (2016) experimented on 42 rocks of different
types and found that DRI showed strong correlations with UCS and BTS. Yetkin et al.
(2016) used schist samples and found a strong relationship between DRI, UCS, BTS,
Schmidt hardness (SH), instantaneous cutting rate (ICR), unit weight, rock mass rating
(RMR), and the Cerchar abrasiveness index (CAI). Capik et al. (2017) used 43 samples
from different types of rocks and determined that DRI decreased with increasing UCS,
PLT, BTS, and SH, and that DRI increased with apparent porosity and void ratios. More
recently, Yenice (2019) found better predictions of DRI from UCS and BTS for hard
rocks (UCS > 100 MPa) than for soft rocks.

Elastic and plastic deformations occur during drilling, and for that reason the effects of
elastic properties have also been studied in terms of drilling aspects by different authors.
Jamshidi et al. (2013) used artificial neural networks to estimate UCS and elastic modu-
lus (using operational drilling parameters from oil wells in Iran as inputs) and determined
that both UCS and elastic modulus are strongly correlated with operational drilling pa-
rameters, although UCS showed the best coefficients of determination (demonstrating
that UCS has a greater effect in drilling performance than elastic modulus). Ataei et al.
(2015) studied 11 drilling sites from a mine in Iran and showed a good relationship be-
tween drilling rate (DR) and UCS, P-, and S- wave velocities. Su et al. (2016) experi-
mented on samples from nine different rocks and found a strong correlation between
DRI and UCS. Although correlation between DRI and elastic modulus was poor, a cor-
relation between Sievers’ J-value (SJ) and elastic modulus was found.
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Previous research evidence shows that mechanical and physical properties strongly de-
termine the drilling performance of rocks, and such properties show the dramatic varia-
tions with temperature and cooling method that condition the drillability of thermally
treated rocks. Thermal effects on the physical, mineralogical, and mechanical properties
of rocks are of interest to researchers. Moreover, the degree of thermal damage strongly
depends on the type of rock, and more than a quarter of the studies on the thermal re-
sponse of rocks are specifically focused on limestones (Martinho and Dionisio 2020).
Lion et al. (2005) observed a decrease in UCS even at low temperatures (T < 250 °C).
Yavuz et al. (2010) described a marked decrease in bulk density, P-wave velocity, and
effective porosity at 400 °C. Franzoni et al. (2013) reported an increase in open porosity,
as well as water absorption and reduction in mechanical properties when heating lime-
stones up to 400 °C, as a consequence of the anisotropic thermal deformation of calcite
crystals. Brotons et al. (2013) reported an increased variation in the physical and me-
chanical features of carbonate rocks when cooled by water immersion. Andriani and
Germinario (2014) observed a clear reduction in uniaxial compression strength (UCS)
from 500 °C on calcareous and dolomitic rocks from Apulia in Italy, with temperatures
above 600 °C usually marking a dramatic decline in UCS (Mao et al. 2009; Sengun
2014). Beck et al. (2016) explored colourimetry to determine thermal damage in build-
ings and described a trend of limestone to redden (later confirmed in Prada limestone
and related to oxidation of iron compounds) (Martinez-Ibaiiez et al. 2021a). Natural
limestone becomes lighter in appearance with increasing temperature (Ozguven and
Ozcelik 2013; Martinez-Ibafiez et al. 2021a). Zhang et al. (2017b) determined that from
200 to 500 °C porosity and pore size rapidly increase, and from 500 to 600 °C UCS,
elastic modulus, Poisson’s ratio, and hardness decreased. Later, Zhang and Lv (2020)
described a strong relationship between mineral content and thermal damage in lime-
stones (China). Martinez-Ibafiez et al. (2021a) described a significant contribution of the
thermal oxidation of pyrites in the explosive behaviour and thermo-chemical damage of
Prada limestone from 400 °C. Martinez-Ibafiez et al. (2021b) identified micro-structural
changes produced by high temperatures and cooling methods in Prada limestone, and
related them with severe variations in the physical and mechanical features of this type
of rock. Such dramatic changes are mainly explained by the anisotropic expansion of
calcite (Lion et al. 2005; Malaga-Starzec et al. 2006), and by other physicochemical pro-
cesses such as the mismatch in thermal expansion coefficients between mineral particles
(Belmokhtar et al. 2017) and the quartz phase transition (Van der Molen 1981; Glover
et al. 1995). The greater thermal damage in water-cooled samples is due to tensile
stresses that nucleate cracks (Mallet et al. 2014).

Current drilling methods are based on mechanical abrasion, and this produces substantial
drill bit wearing and low rates of penetration in hard rocks, resulting in high drilling costs
(Kubik 2006; Sigfusson and Uihlein 2015). Therefore, researchers aim to improve drill-
ing performances using emerging drilling technologies, and one alternative approach is
to thermally assist conventional rotary drilling by heating the rock. Rossi et al. (2018)
explored the feasibility of thermally assisted drilling using a flame jet to achieve high
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local heating rates, and determined a drop of 30% in UCS for temperatures up to 600 °C.
Jamali et al. (2019) used high powered laser technology to decrease rock strength, drill-
ing strength, and fracture toughness at rates of 60% in granite and 30% in sandstone.
Rossi et al. (2020d) studied a combined thermo-mechanical drilling (CTMD) using a
flame jet and stated that the thermal treatment of rocks causes extensive thermally in-
duced cracks in granite and sandstone, which significantly enhances the penetration per-
formance of cutting tools. Later, Rossi et al. (2020a, b, ¢) implemented this technology
in the field and demonstrated an increase in the removal performance in hard rocks by
up to a factor of three when compared to conventional drilling methods, and concluded
that integration of thermal assistance to conventional rotary drilling constitutes an inter-
esting approach to facilitate the drilling process.

DRI (Bruland 2000) is among the most used testing methods to determine the drillability
characteristics of rock. NTNU/SINTEF registered as trademark the DRI test (Dahl et al.
2010), which is assessed on the basis of two laboratory tests, the brittleness value (Sz0)
test (von Matern and Hjelmér 1943) and Sievers’ J-value (SJ) miniature drill test (Sievers
1950). In this study, SJ and Sy tests were performed on thermally treated samples from
two boreholes drilled during the design stage of the Tres Ponts Tunnel in Prada limestone
to determine drilling rate index (DRI) variation with temperature. Thermal treatment ef-
fects on Prada limestone drillability would help improve the efficiency of mechanical
excavation. Prediction of penetration rates for rotary drill rigs is of great importance in
mine and tunnelling scheduling (Sievers 1950; Hartman 1959; Kahraman et al. 2003;
Hoseinie et al. 2009). Using prediction equations enable selecting the drilling rig type
best suited for certain conditions (Kahraman 1999). We explore correlations to predict
the SJ and Sy of thermally treated limestone from P- and S-wave velocities, UCS, elastic
modulus, and Poisson’s ratio. Such correlations would help make preliminary predic-
tions of the variation in SJ, Syo, and DRI of Prada limestone from: (a) other properties
whose determination is quicker and easier; (b) non-destructive laboratory tests (i.e., ul-
trasound wave velocity); or (c¢) from more common test procedures (e.g., the uniaxial
compressive test).

4.2. Materials and methods

Prada limestone is a Lower Cretaceous formation located in the Serra de Prada, a range
of mountains in the southern Pyrenees (Lleida province, Spain). Rock samples were
taken from two horizontal boreholes drilled during the design stage of the Tres Ponts
Tunnel, which is planned to be entirely excavated from Prada limestone in the munici-
palities of Organya and Figols, close to a narrowing of the Segre river as it passes next
to the Serra de Prada, in an area known as the Congost de Tres Ponts. The tunnel will be
oriented north-south on the C-13 road, measures 1273 m in length, and its maximum
depth from the ground surface will be of 285 m. Figure 4.1 shows the area of study
including the Serra de Prada, Congost de Tres Ponts, the Tres Ponts Tunnel, and the
position and spatial coordinates of the two horizontal boreholes.

79



Effects of high temperatures in the physical, mechanical, and drilling features of Prada limestone

o ” T
- = ¢ G"‘ — |42 LV-4001
ERRA pe o x X2 £
PRapy W, Horizontal borehole 2
// A ! Congost (E: 363421.53 ; N: 4677555.90)
7 “de Trespontg/l lopixarrada &
/ del Diable 2
/ ) v 1e
x X 164 J
/4 \ 3 14 Q 3 g A
Tres Ponts Tunnel| _—7 O \
< A
“Casa ¥ K A
- de CAmetla s/ 4~ Horizontal borehole 1 lo
Al Pas £ { / (E: 362900.72'; N: 4676365.46)
! N R - s /:  Coll de Py
= Dotmen Pujal de Cabo .f~ | ) Voloriu's -
ColomeraTY Cal Cometla % \'\ Esales {
\,“' Dolmen DB § P
t de Calllauna =\ ¥ “(;I Wincets
Cal layna” 3 . : v o Doimen
oo de Ligonds
les Casanoves
. “de(
. *“laSala
0 250 500 750 1000m
: Figols la Costa L T W
% (Figols i Alinya) * Vlaserm ¢
b aliva s | B 4 Codames

Figure 4.1. Location of the Tres Ponts Tunnel in the Congost de Tresponts area. Borehole coor-
dinates are expressed in meters in the UTM 31N/ETRS 89 reference system. Image modified
from Institut Cartografic i Geologic de Catalunya (www.icc.cat).

Samples were very homogeneous and only presented changes in the grey tone and very
thin veins of calcite (Figure 4.2). The effects of high temperatures in textural, physical,
and mechanical features from the Prada formation were described in previous research
(Martinez-Ibafiez et al. 2021b). A dark grey fraction from Prada limestone exhibited an
increased thermal damage and explosive behaviour when heated to above 400 °C, and
this is related to an increase in the pore pressure caused by SO, released during the ther-
mal oxidation of pyrites (Martinez-Ibafiez et al. 2021a). Due to such different effects
produced by the thermal treatment, the dark grey fraction was separated from the rest of
samples and was not considered in this research.
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Figure 4.2. Changes in the grey tone and very thin veins of calcite observed in the intact sam-
ples. A dark grey texture was separated from the rest of samples and does not form part of this
research.

Optical microphotographs (Figure 4.3) enabled Prada limestone to be identified as a
grainstone or biosparite with abundant bioclasts, where cement is abundant and mainly
consists of crystalline mosaics of calcite spar that fill the interparticle porosity. Micritic
matrix is minor and irregularly distributed, and discontinuities are abundant and consist
of fissures, calcite veins, and a small number of stylolites. Some angular and sub-angular
grains of monocrystalline quartz, and sub-rounded grains of iron sulphides dispersed in

the rock matrix appeared in a minor proportion.

81



Effects of high temperatures in the physical, mechanical, and drilling features of Prada limestone

Figure 4.3. Optical microphotographs of intact Prada limestone. Bioclasts and micritic matrix
cut by calcite veins (a). Detail of molluscs (b). Microphotographs were taken under parallel-nic-
ols.

A temperature of 105 °C was applied to a total of 110 samples to remove moisture and
these are considered references for the determination of intact rock properties. The aver-
age initial values for physical and mechanical properties of the intact rock are summa-
rised in Table 4.1. Subsequently, five groups of 20 samples were separated and heated
in an electric furnace at a slow rate (a gradient of 5 °C/s was applied) to target tempera-
tures of 200, 300, 400, 500, and 600 °C. Target temperatures were then maintained for
one hour. Heated specimens at each target temperature were then separated into two
groups of five samples and cooled by one of two methods: (i) at a slow rate to room
temperature of 21 °C; or (II) by quenching through water immersion, according to the
procedure described by Brotons et al. (2013). Temperatures inside the furnace were mon-
itored with a PicoLog 6 data logger. Figure 4.4 illustrates the number of laboratory tests
performed for each temperature and the number of samples used in this research meth-
odology.

Table 4.1. Reference values for intact samples heated at 105 °C.

Parameter Min. Max.
Dry unit weight, pa (kN/m?) 26.59 27.09
Open porosity, ne (%) 0.67 1.75
P-wave velocity, V) (km/s) 5.30 5.41
S-wave velocity, vs. (km/s) 2.63 2.67
Uniaxial compressive strength, i (MPa) 140.86 188.40
Elastic modulus, E (GPa) (from mechanical tests) 71.15 84.23
Poisson’s ratio, v (from mechanical tests) 0.26 0.36
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Figure 4.4. Methodological scheme of the laboratory tests and the number of samples tested.
The tests performed at each temperature (T) are: Siever’s J drillability value (SJ); brittleness
value (S20); and microstructure by scanning electron microscopy (SEM).

Optical and scanning electron microscopy (SEM) in backscattered electron mode was
used to study the petrographic features of representative samples from Prada limestone.
Sample surfaces were polished with alumina and diamond powder; the finest abrasive
used was a 0.4 pm diamond powder. Uncovered polished surfaces were studied in a
Hitachi S-3000 N variable pressure SEM working in a low vacuum, and salt tested sur-
faces were analysed in a high vacuum SEM in secondary electron mode.

Sievers’ J-miniature drill test measures rock surface hardness or resistance to indenta-
tion. Figure 4.5a shows the laboratory equipment used in this research to determine SJ
value according to Bruland (2000), which is defined as the measured drillhole depths
after 200 revolutions of the 8.5 mm miniature drill bit (Figure 4.5b) acting with a vertical
load of 20 kg. A total of 55 samples (five samples from each temperature and cooling
method) were chosen to perform Sievers’ J-miniature drill test. 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 1/10 mm according to Bruland
(2000).
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b

Figure 4.5. Laboratory equipment for Sievers’ J-miniature drill test (a) and miniature drill bit
(b) used in this research.

The brittleness test gives a good measure of the rock brittleness or the ability of the rock
to resist crushing by repeated impacts. The test was conducted according to Bruland
(2000), so a total of 500 g of aggregate in the fraction 11.2—16.0 mm was prepared from
each sample. The aggregate was then crushed by 20 impacts in the mortar and then the
value Sy was expressed as the percentage of material passing through the 11.2 mm sieve
(Figure 4.6). The test was conducted on 55 samples (five samples from each temperature
and cooling method), and the brittleness Syo value for each temperature was taken as the
mean value of the samples tested.
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Figure 4.6. Crushing of the aggregate in the mortar (a) and determination of the percentage of
material passing through the 11.2 mm sieve (b).

4.3. Results

4.3.1. Effects of temperature on the micro- and macro-structural features

Variations in the micro- and macro-structural features of Prada limestone with tempera-
ture were already documented in detail in previous research (Martinez-Ibafiez et al.
2021b), where SEM and MIP analyses refer to thermal treatment as a cause for dramatic
micro-structural changes in Prada limestone in terms of porosity and micro-crack growth
and coalescence. New SEM performed in this study confirms the presence of trans-gran-
ular fissures and porosity when heated to 400 °C (Figure 4.7a), and well-formed and
connected fissures developed at 600 °C (Figure 4.7b), both in water-cooled samples. The
macro-structural effects of temperature involve visible fissure growth, splitting, and
cracking (Figure 4.8). Such effects were noticeable from 400 °C and were more severe
with increasing temperature.
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10 pm
—

Figure 4.7. SEM images showing fissures (f) for samples heated to 400 °C (a) and 600 °C (b) and
then water-cooled. An increase of 2000x was used for all figures.

@

Figure 4.8. Samples before (a) and after (b) heated to 600 °C. Effects of temperature involve vis-
ible fissure growth, splitting, and cracking.

4.3.2.  Drillability variation with temperature

Mean and standard deviation numerical values of SJ and Sy are depicted in Table 4.2
and evolution for the different temperatures are represented in Figure 4.9. The results
show significant values of standard deviation at certain temperatures related to the per-
ceived slight variations in the visual appearance of samples (i.e., changes in the grey tone
and presence of very thin calcite veins).
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Table 4.2. Variation with temperature of Siever’s J miniature drillability test (SJ), brittleness
test (S20), and drilling rate index (DRI) final value and for air- and water-cooled samples.

Air-Cooled Samples Water-Cooled Samples

Temperature oy1/10 mm)  Sa(%) DRI Class SI(1/10mm) S0 (%) DRI Class

0
105 11.35+4.41 42.77+£10.9444 Medium 11.35+4.41 42.77+10.9444 Medium
200 1492+6.27 4512+ 840 49 Medium5.73+0.71 39.23+6.02 39 Low
300 10.30+ 7.05 4423 +£7.41 45 Medium 14.66 £5.97 41.73 £7.26 45 Medium
400 17.29 £ 10.6649.45 £ 5.67 52 Medium 14.56 £9.02 48.16 £2.18 50 Medium
500 16.34 +10.7055.84 £6.07 59 High 21.88+5.60 57.71+4.74 62 High
600 30.13 +£11.3256.43 +4.44 62 High 23.60+9.81 55.89+9.87 62 High

SJ for air-cooled samples showed little variation up to 500 °C, and then we observed a
sudden increase at 600 °C that tripled the initial mean values of the intact rock. Water-
cooled samples showed a constant increase with temperature except for a marked local
decrease at 200 °C. Final mean values at 600 °C doubled the initial values of the intact
rock. Values of Sy for air-cooled samples were almost constant up to 300 °C. Values
then increased for 400 °C and 500 °C, and remained constant at 600 °C (where a final
mean value of 1.3 times that for intact rock was reached). Slight differences were regis-
tered between air- and water-cooled samples up to 400 °C where water-cooled samples
showed lower values especially at 200 °C. For higher temperatures, trends were almost
equal for both cooling methods.

Values of SJ and Sy were combined to obtain a final DRI value for each temperature
(Figure 4.9c¢), and this enabled classification of the drillability of Prada limestone (Table
4.2) according to Bruland (2000). DRI increased with temperature, and this implied a
change in the drillability category at 500 °C (from medium to high) for both cooling
methods. Decreases in the DRI could be observed at 200 °C for water-cooled samples,
which is consistent with the recorded variations in SJ and Szo. No relevant differences
could be observed between cooling methods for the highest temperatures.
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Figure 4.9. Variation with temperature of Siever’s J miniature drillability SJ (a), brittleness Sz0

(b), and drilling rate index (c) for air- and water-cooled samples. Categories have been repre-
sented for Sj and S20 according to Dahl et al. (2012), and for DRI according to Bruland (2000).
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4.3.3.  Correlations between parameters

Correlations have been proposed in this work to predict the variation in the drillability
with temperature from variations in the physical and mechanical properties for both air
and water-cooled samples. Properties correlated in this study are obtained from different
fragments within the same samples, which prevents providing pairs of values for the
same fragments. This is because drillability tests performed here are destructive, and
therefore it is not possible to make other tests such UCS on the same rock specimens. In
other words, since DRI and UCS tests are destructive, for each temperature they are per-
formed using different fragments (whose values are averaged and then correlated). Thus,
regression curves are calculated using the mean values of each property determined at
each temperature in line with other authors (Nasseri et al. 2007; Yenice 2019; Martinez-
Ibafiez et al. 2021b) since the pairs of correlated values of each sample that define the
scatter cannot be considered for adjusting such functions. Different correlation functions
exist between SJ, Syo, and other physicomechanical parameters of the intact rock, but
they do not refer to thermally treated samples. This research novelty explores the varia-
tion in SJ and Sy with temperature, and their correlation with other physicomechanical
features in a thermally treated rock. To provide the most accurate predictions of drilla-
bility parameters for making preliminary decisions about the drilling process (e.g., drill-
ing rig type and excavation process), we propose correlations to explore the best fitting
functions based on coefficients of determination (Table 4.3), and we evaluate their suit-
ability based on residuals and relative errors (Table 4.4). We also discuss if correlations
can provide reference values for the drillability features of thermally treated rocks, and
so we consider valid those correlations providing coefficients of determination greater
than 0.80 and relative errors smaller than 10%.

Table 4.3. Coefficients of determination (R?) for simple regression curves studied to predict SJ
and Sz0 from mechanical and normalised (N) physical parameters (UCS, elastic modulus, Pois-
son’s ratio, P- and S-wave velocities).

Cooling R? for SJ Predictions R? for Sz0 Predictions

method Parameter Linear Exponential Logarithmic Power Linear Exponential Logarithmic Power

Air UcCs 0.74 0.79 0.87 089 0.71 0.73 0.69 0.70
Elastic modulus  0.56 0.61 0.55 0.59  0.96 0.96 0.93 0.92
Poisson’s ratio 0.76 0.77 0.86 084  0.90 0.89 0.84 0.83
P-wave velocity  0.65 0.64 0.69 0.66 092 0.91 0.90 0.89
S-wave velocity  0.74 0.71 0.77 0.72 0.89 0.88 0.86 0.84

Water UCS 0.63 0.43 0.72 0.51 0.69 0.67 0.77 0.75
Elastic modulus ~ 0.76 0.66 0.78 0.64  0.80 0.79 0.85 0.84
Poisson’s ratio 0.85 0.69 0.80 0.62  0.90 0.89 0.83 0.81
P-wave velocity  0.80 0.62 0.82 0.63  0.88 0.87 0.89 0.88
S-wave velocity  0.82 0.64 0.81 062 091 0.90 0.88 0.86
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Table 4.4. Average residuals and relative errors for predictions of SJ and Sz0 from physical and
mechanical variables at the highest temperatures (400, 500, and 600 °C).

Cooling .SJ Predictions . .Szo Predictions .
Method Parameter Average Residuals  Average Relative ~ Average Residuals ~ Average Relative
(1/10 mm) Errors (%) (1/10 mm) Errors (%)
Air uCsS 1.48 6.97 3.15 5.84
Elastic modulus 5.04 23.70 0.93 1.71
Poisson’s ratio 1.99 9.35 1.69 3.10
P-wave velocity 4.31 20.26 1.58 2.93
S-wave velocity 3.68 17.33 1.65 3.37
Water UCS 0.90 4.48 2.87 5.33
Elastic modulus 2.23 11.16 2.95 5.34
Poisson’s ratio 1.05 5.26 1.99 3.72
P-wave velocity 0.19 0.96 1.96 3.64
S-wave velocity 0.39 1.97 2.04 4.28

In general, the best fitting functions for SJ were logarithmic, while linear functions
showed best results for Sy correlations for most parameters and cooling methods (Table
4.3). Coefficients of determination were higher in the case of Sy predictions for almost
all regression functions and parameters.

The best correlation functions derived from Table 4.3 have been plotted to discuss trends.
Thus, predictions from mechanical variables (UCS, elastic modulus, and Poisson’s ratio)
are represented for SJ in Figure 4.10 and for Sy in Figure 4.11. Predictions from physical
variables (P- and S-wave velocities) are depicted in Figure 4.12 for SJ and in Figure 4.13
for Syo. Residuals have been also plotted as the differences between values measured in
laboratory tests and predicted from regression functions. To evaluate the quality of pre-
dictions, absolute residuals and relative errors have been represented for the average
temperatures where DRI exhibited greatest variation (400, 500, and 600 °C) (Table 4.4).
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Figure 4.10. Correlations between variation of SJ and: (a) UCS; (b) elastic modulus; and (c)
Poisson’s ratio for air- and water-cooled samples.
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Figure 4.13. Correlations between variation of S20 and P- (a) and S-wave velocity (b) for air-
and water-cooled samples.

4.4. Discussion

Decay in mechanical (UCS, elastic modulus, and Poisson’s ratio) and physical (P- and
S-wave velocities) properties were accompanied with a general increase in the Siever’s
J-value and in the brittleness Sy value that, together with the DRI index, point to a sus-
tained increase in Prada limestone drillability.

DRI, SJ, and Sy values for the Prada intact limestone (before thermal treatment) have
been compared with three types of intact limestones studied by Yarali and Soyer (2011).
Although those limestones presented high, or very high, drillability categories, a lower
DRI in Prada limestone (DRI = 44 corresponding to a ‘medium drillability’ class) is
attributed to a greater UCS. Indeed, a linear correlation between UCS and DRI was pro-
posed by Yarali and Soyer (2013) for intact limestones. This type of correlation has
proven an excellent prediction of DRI from UCS for intact Prada limestone (UCS =
168.09 MPa; DRI = 43.71). In the case of SJ, we obtained a value of 11.35 +£4.41 1/10
mm for the intact Prada limestone, and this corresponds to medium surface hardness, or
resistance to indentation, according to the classes proposed by Dahl et al. (2012). In the
case of Syo we obtained a value 0f 42.77 + 10.94% for the intact rock and this is consistent
with a medium rock brittleness, or the ability to be crushed by repeated impacts, also
according to Dahl et al. (2012).

Thermal treatment resulted in a total increase of 40% in the DRI of Prada limestone at
600 °C, with no significant differences between cooling methods for the studied range
of temperatures. Research is scarce on the variation of DRI with temperature, and so
results cannot be compared with other lithologies. Research is scarce on the variation of
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DRI with temperature and so results cannot be compared with other existing experiences.
Methodologies and variables considered in the existing research on thermally assisted
drilling differ greatly from those presented in our research. Rossi et al. (2018) reported
a drop of 30% in the UCS of sandstone and granite for temperatures at 600 °C when
using a flame jet to achieve high local heating rates, and UCS is strongly related to the
drillability of the rock (Jamshidi et al. 2013; Ataei et al. 2015; Su et al. 2016). Although
such a decrease in drillability is in the same range as that observed in our research, the
lithologies and heating rates (20 °C/s) are very different. Jamali et al. (2019) applied high
powered laser technology and performed scratch tests to indirectly measure reductions
in rock strength, drilling strength, and fracture toughness at rates of 60% in granite and
30% in sandstone, but such results cannot be directly compared to the DRI reduction
observed in our research, because the achieved temperatures and applied heating rates
cannot be deduced. A decrease in the DRI with temperature for water-cooled samples
coincided with a marginal porosity and a volume decrease at 200 °C (Martinez-Ibanez
et al. 2020). This effect is related to the closure of pores and fissures by thermal dilation
of calcite (Yavuz et al. 2010; Fioretti et al. 2018) and is a factor that hinders penetration
(Rossi et al. 2020d). Thus, closure of pores and fissures is behind a decrease in thermal
drilling performance at low temperatures for water-cooled samples.

SJ and Sy represent different effects in a rotary-percussive drilling process, since the
impact action of the bit is expressed by S»o, whereas thrust and rotation match with the
SJ value (Su et al. 2016), and so we study their respective variations with temperature
separately. Temperature influence is remarkable because for the highest temperature of
600 °C, SJ tripled and S»¢ doubled the initial values of the intact Prada limestone. The
category of brittleness, or the ability to be crushed by repeated impacts (measured by
S»0), varied with temperature from medium to high, and rock surface hardness or re-
sistance to indentation (represented by SJ) varied from medium to low (both in the scale
of Dahl et al.). We attribute this effect to the increase of porosity and the propagation
and coalescence of micro fissures due to thermal treatment. That is noticeable in the case
of Sy9, where the trend is consistent with microstructural changes due to thermal treat-
ment (Martinez-Ibafiez et al. 2021b). Incipient trans-granular fissures and porosity de-
veloped when heated to 400 °C match a gentle increase in Syo. At 500 °C the pore-sizes
increase and fissures were larger and more connected, in agreement with a marked in-
crease in crushability by repeated impacts represented by S

It is noteworthy that at 600 °C, SJ values were smaller for water-cooled samples, and Sz
values were equal for both cooling methods. These results contradict the general ob-
served trend of greater decay in mechanical and physical parameters when cooling with
water for the studied range of temperatures. Finally, the variation on DRI with tempera-
ture almost copied that for Sy, and so variation with temperature of DRI is more influ-
enced by Sy than by SJ.

We have explored different correlations to predict the variation in the drillability with
temperature from variations in the physical and mechanical properties. In this study,
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those correlations providing coefficients of determination greater than 0.80 and relative
errors smaller than 10% have been considered. Logarithmic functions were predominant
for SJ predictions, and the best correlations at high temperatures were found from UCS
and Poisson’s ratio for all cooling methods, and from P- and S-wave velocities for water-
cooled samples. SJ predictions from UCS showed good values of relative error for the
highest temperatures, but a low coefficient of determination was measured for water-
cooled samples, although it strongly improved when skipping UCS value at 200 °C (R?
=0.99). This good correlation with UCS can be explained as vertical pressure on the bit
and bit rotational speed (represented by SJ value), which have proven to be the most
significant parameters in the penetration rate for rotary drilling (Saeidi et al. 2014). In
addition, SJ represents surface hardness (Dahl et al. 2012), and therefore good correla-
tions with UCS and other tests measuring surface hardness in the intact rock, such as
Schmidt hardness test (Sabatakakis et al. 2008; Yarali and Soyer 2013), have been ob-
served. Su et al. (2016) stated that elastic or plastic deformations affect rotary drilling,
and this explains correlations with deformational parameters obtained in our research.
Correlation with elastic modulus was weaker than with UCS, which is consistent with
conclusions from other researchers (Jamshidi et al. 2013; Su et al. 2016). Finally, good
correlations with P- and S-wave velocities were previously reported in existing research
(Ataei et al. 2015) being higher for water-cooled samples in this case study. Coefficients
of determination and residuals were remarkably better for Sy predictions and linear func-
tions were predominant, providing good predictions for all variables and cooling meth-
ods. Correlations with UCS were the weakest when compared with the other parameters.
It should be pointed out here that Dahl et al. (2012) explained this result by the fact that
S20and UCS are two very different test methods for determining the strength properties
of rock, since Sy is determined by applying repeated impacts on the sample material,
causing crushing of the sample material, while UCS is performed by applying load on
the sample, at a relatively slow constant rate, until failure occurs.

The correlations between SJ and So with physical and mechanical parameters in ther-
mally treated rocks derived from this work showed greater coefficients of determination
than those reported for intact rocks by most authors (Jamshidi et al. 2013; Ataei et al.
2015; Su et al. 2016). The reason could be related to the fact that the increase in thermal
damage in the rock (in terms of porosity and micro crack growth and coalescence), es-
pecially at certain temperatures, proportionally affects all the studied properties from
Prada limestone. An increase in the micro-fissures leads to an increase in the ability to
indent represented by SJ, and a drop in the rock resistance to crushing represented by
S20. In other words, variability in the studied properties from Prada limestone is caused
by common thermal damage phenomena. Indeed, thermal treatment induces thermal de-
cay on limestones, and that is triggered by well-known processes such as the decompo-
sition of clay minerals cementing particles or filling micropores (Zhang and Lv 2020).
For temperatures of up to 200 °C, the loss of water is the main influencing factor in the
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thermal damage of limestones (Zhang and Lv 2020) due to high-pressure vapour escap-
ing from the rock sample that causes the generation and coalescence of micro-fractures
(Meng et al. 2020).

Quartz-bearing limestones experiment a dramatic microcracking and volume increase at
the phase transition between 550 and 600 °C, with a strong peak at 573 °C (Van der
Molen 1981; Glover et al. 1995). Local thermal stress concentrations and microcracking
occur due to mismatches in thermal expansion coefficients of different mineral particles
(Liu and Xu 2013; Zhang et al. 2017b; Villarraga et al. 2018; Yang et al. 2019), espe-
cially in the range of temperatures between 400 and 500 °C (Meng et al. 2020); and
thermal oxidation of pyrites leads to a dramatic increase in pore-pressure on pyrite-bear-
ing limestones, resulting in increased thermal damage and explosive behaviour
(Martinez-Ibafiez et al. 2021a). All these processes affect rock integrity and cause a con-
tinuous and gradual decay in physical and mechanical properties of rock with tempera-
ture — with some threshold temperatures marking changes in the general trend (Meng
et al. 2020). For all the above, it can be stated that strong correlations between physical,
mechanical, and drillability variables in thermally treated Prada limestone can be ex-
plained by a common pattern of change in features due to thermal damage processes.

Consequently, the strong correlations observed between UCS and SJ, and between P-
and S-wave velocities and Sy, enable quick and easy evaluations to be made of the var-
iation with temperature in drillability based on the variation of such mechanical and
physical properties for supporting tunnel excavations. Furthermore, these results open
the door to the development of drilling and excavation equipment based on the concept
of thermal treatments for improving the tunnel excavation performance.

4.5. Conclusions

In our study, samples from Prada limestone were heated to temperatures of 105, 200,
300, 400, 500, and 600 °C and then cooled at a slow rate in air, or by quenching in water.
The rocks significantly increased in surface hardness, resistance to indentation (meas-
ured by Siever’s J value), and in brittleness (measured by the brittleness Syo value). These
measurements combined with the evidence from the DRI index, point to a sustained in-
crease in rock drillability. Variation in drillability with temperature were compared with
decay in mechanical (UCS, elastic modulus and Poisson’s ratio) and physical (P- and S-
wave velocity) properties of Prada limestone. The derived conclusions of our study are
listed below:

1. DRI increased with temperature, implying a change in the drillability category
at 500 °C (from medium to high) and a total increase of 40% at 600 °C, with no
significant differences between cooling methods in the studied range of temper-
atures.

2. A decrease in DRI at 200 °C for water-cooled samples is explained by the clo-
sure of pores and fissures at that temperature.
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3. Temperature influence is remarkable, as SJ tripled and S»o doubled at 600 °C
the initial values for intact rock. An increase in micro-fissures leads to an in-
crease in the ability to indent represented by SJ, and a drop in resistance to
crushing represented by S»o.

4. DRI trend almost copied that for Sy, so thermal variation in DRI is more influ-
enced by Sy than by SJ.

5. We investigated correlations to predict the variation of SJ and Sy with temper-
ature from variations in the physical and mechanical properties, and we reported
strong correlations between most of the studied variables. The common expla-
nation for these correlations is that variation of the studied properties with tem-
perature is caused by a common thermal damage phenomenon (increase in po-
rosity and micro cracking growth and coalescence) that strongly affects all
considered geomechanical parameters.

In summary, a substantial improvement in the drillability of the rock when heated, meas-
ured in terms of DRI value increase, can help improve the efficiency of mechanical ex-
cavation. Additionally, the obtained correlations enable quick and easy evaluations of
drillability based on basic geomechanical parameters (such as UCS and P- and S-veloc-
ities) to support the Tres Ponts Tunnel excavations.
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The present PhD thesis has raised several research questions regarding the thermal
behaviour of Prada limestone and the derived consequences on the Tres Ponts Tunnel.
To cope with them, samples from Prada limestone were thermally treated and variation
in chemical composition and microstructure, physical, mechanical, and drilling
properties were analysed. The following sections discuss in detail the results and answer
the issues raised that led to this research.

5.1. Research Question Q1

What are the micro and macro-structural effects of high temperatures in Prada
limestone?

To answer this question, samples were heated to 105, 200, 300, 400, 500 and 600 °C,
then cooled using one of two methods to simulate various modes of fire intervention: air-
or water-cooling. Observation through SEM and MIP techniques pointed to dramatic
micro-structural changes in Prada limestone. Thus, samples heated to 300 °C showed an
increase in the size of micro-fissures when compared with intact rock (Figure 2.3) and
pores developed with a lack of connections (retained mercury was maximum at that
temperature). Incipient trans-granular fissures and porosity developed when heated to
400 °C (Figure 2.2a, b). At 500 °C the pore-size increased and fissures were larger and
more connected (Figure 2.2c) as was previously reported by other authors (Chen et al.
2009) especially for the water-cooled samples (Figure 2.2d). Well-formed and connected
fissures developed at 600 °C for both cooling methods (Figure 2.2e, f), and pores

101



Effects of high temperatures in the physical, mechanical, and drilling features of Prada limestone

exhibited a wide range of sizes (Figure 2.3) that are more connected than at lower
temperatures (retained mercury was minimum).

Such thermal damage described above is caused by various physicochemical
mechanisms. Thermochemical damage involves specific chemical reactions, such as
thermal decomposition of calcite, but that effect is discarded in Prada limestone: the
proportion of calcite remained almost constant (Table 2.2), and that is explained because
the maximum temperature in this study (600 °C) was lower than that for carbonate
dissociation from 700 to 900 °C (Ferrero and Marini 2001). In certain cases, thermal
damage causes the decomposition of clay minerals cementing particles or filling
micropores (Zhang and Lv 2020), but in this research the content of oxides remained
almost unchanged with temperature (Table 2.2) and so that effect is discarded. Finally,
the loss of water is the main influencing factor on the thermal damage of limestones for
temperatures up to 200 °C (Zhang and Lv 2020), as the high-pressure vapour escaping
from the rock sample induces the generation and expansion of micro-fractures (Meng et
al. 2020). Nevertheless, no significant micro-textural changes developed for
temperatures up to 200 °C in Prada limestone. For these reasons, thermal decomposition
of calcite, clay mineral decomposition, and the loss of water, do not explain the thermal
damage observed in Prada limestone.

Anisotropic expansion of calcite is the main cause of thermal cracking in carbonate rocks
heated at a slow rate (Lion et al. 2005; Malaga-Starzec et al. 2006). A variable presence
of quartz in Prada limestone was observed through SEM (Figure 3.3), and rocks
containing quartz experience a sudden microcracking and volume increase at the phase
transition between 550 and 600 °C, with a strong peak at 573 °C (Van der Molen 1981;
Glover et al. 1995), and this is consistent with severe micro-cracking in Prada limestone
at 600 °C. Additionally, the thermal coefficient of calcite (1.4 x 107 °C') is less than a
half than that of clay (3.4 x 10 °C™!) or quartz (3.3 x 107 °C™!") (Belmokhtar et al. 2017),
and so a mismatch in thermal expansion coefficients between mineral particles led to
local thermal stress concentrations, thus increasing microcracking (Liu and Xu 2013;
Zhang et al. 2017b; Villarraga et al. 2018; Yang et al. 2019), especially from 400 °C
(Meng et al. 2020). Thus, anisotropic expansion of calcite, and mismatches in thermal
expansion coefficients between mineral particles and quartz phase transition explain the
micro textural changes observed in Prada limestone in the range of temperatures between
400 and 600 °C. Greater damage observed in water-cooled samples at 500 °C is attributed
to the effect of rapid cooling (quenching) that leads to such tensile stresses that nucleate
cracks (Kim et al. 2014; Mallet et al. 2014).

To discuss the accuracy of the results, standard deviations were compared with other
authors for variables such as UCS (Sengun 2014) and the elastic modulus (Gonzélez-
Gomez et al. 2015). The obtained accuracy is considered normal for a natural material
such as the studied rock, where changes in the grey tone and a variable presence of calcite
veins are typical (Figure 1.2), and this contrasts with manufactured materials whose
composition and texture is controlled. For these reasons, trends are described in view of
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mean values, and local variations are dismissed in some cases when standard deviation
is high.

The effects of thermal treatment at temperatures up to 400 °C refer to a gentle increase
in open porosity (Figure 2.4) and a decrease in ultrasound wave velocities (Figure 2.6),
and that was also reported in limestones by other authors (Yavuz et al. 2010; Andriani
and Germinario 2014; Sengun 2014; Yang et al. 2019). That is consistent with an
increase in the size of pores and micro-fissures observed through MEP (Figure 2.3) and
SEM (Figure 2.2a, b). P- and S- wave velocities showed lower values for water-cooled
samples, and that points to greater thermal damage in the rock when cooling samples at
a rapid rate. Elastic modulus and Poisson’s ratio (Figure 2.9) also showed a slow decay
in this range of temperatures, what was previously reported by other authors (Yavuz et
al. 2010; Sengun 2014). This is because of a gradual increase in porosity and micro-
fissures that ease the deformation in the rock (Figure 2.8). It is noteworthy that at 300 °C
water-cooled samples exhibited an increase in open porosity that was followed by an
evident decrease in the elastic modulus. UCS showed a steady decrease at 200 °C (Figure
2.7) and that could be attributed to intra-granular micro-fissures and is in line with other
authors (Lion et al. 2005), although SEM observations were inconclusive at that
temperature. Consequently, structural resistance within the Tres Ponts Tunnel may be
affected from the first stages of a fire.

Micro-structural changes at 500 °C involved larger fissures (Figure 2.2¢, d) and the
effects are clear: samples exhibited a sharp increase in open porosity (Figure 2.4) and a
marked decrease in P- and S-wave velocities (Figure 2.6). Elastic modulus and Poisson’s
ratio exhibited decreasing trends in this range of temperatures (Figure 2.9). Fissures were
more connected in water-cooled samples (Figure 2.2d) and that caused a steep drop in
the UCS (Figure 2.7). Values in all physical and mechanical variables point to greater
decay in the rock when cooling samples at a rapid rate. At 600 °C open porosity and
ultrasound wave velocities showed a continuing trend after the abrupt changes observed
at 500 °C, and elastic modulus and Poisson’s ratio exhibited decreasing values or
stabilization. Coalescence of microfissures in air-cooled samples involved an abrupt
decrease in UCS. It is remarkable that values at 600 °C showed greater variations for
water-cooled samples for most parameters, and this indicates greater thermal damage
when cooling samples at a rapid rate and in line with other authors (Brotons et al. 2013).
Total mean variation at 600 °C for air- and water-cooled samples (respectively) was 382
% and 568 % in open porosity; — 45% and — 59% in P-wave velocity; — 40% and — 57%
in S-wave velocity; — 74% and — 81% in UCS; — 68% and — 86 % in elastic modulus;
—65% and — 73% in Poisson’s ratio. Higher temperatures than 600 °C led to samples
losing their integrity due to mass cracking and that prevented testing.

Dark grey samples represent a small fraction of the total Prada limestone. Such samples
exhibited a greater variation in open porosity and ultrasound wave velocities than
reported above when heated from 400 °C, and even certain dark samples showed an
explosive behaviour and release of sulphurous gas. How the samples were studied

103



Effects of high temperatures in the physical, mechanical, and drilling features of Prada limestone

separatedly and the causes and mechanisms for such different thermal behaviour will be
discussed in Research Question 2.

5.2. Research Question Q2

What mechanisms are behind thermal damage and explosive behaviour registered
in a dark fraction of the Prada limestones?

Intact Prada limestone shows a bluish grey colour, and a variable grade of lightness be-
tween samples: from light bluish grey (5B 6/1) to dark bluish grey (5B 3/1) according to
Munsell colour chart (Figure 1.2¢). Dark grey samples exhibited a greater variation in
open porosity and ultrasound wave velocities from 400 °C (Figure 3.7), and even certain
dark samples showed an explosive behaviour (Figure 3.6) and released sulphurous gas.
To determine the causes and mechanisms behind such differentiated behaviour, two
varieties of Prada limestones were separated: a dark grey texture, bearing quartz and clay
minerals, pyrites, and organic matter, and a light grey texture with minor or nonexistent
presence of such components (Table 3.2). Samples were heated to temperatures of 105,
300, 400 and 500 °C, and the thermal behaviour of both textures was compared.

Physicochemical mechanisms behind thermal damage in Prada limestone were discussed
in Research Question Q1, and involve anisotropic expansion of calcite, and mismatches
in thermal expansion coefficients between mineral particles and quartz phase transition.
Although the presence of quartz was greater in the dark grey texture, different thermal
damage between textures was found in the range from 400 and 500 °C, and that is far
from quartz phase transition. Thus, content in quartz cannot explain different thermal
damage between textures. Clay minerals were present in a greater proportion in the dark
grey fraction, and so microscale destructuring processes induced by differential thermal
expansion of the mineral components contributes to differences between textures. SEM
enabled the discovery of differences in the micro-structure of the intact samples: the dark
grey texture showed micro-porosity and microcracks, while the light grey samples
showed greater pore size and few microcracks (Figure 3.3). An initial micro-fissuring in
the intact dark grey samples leads to greater coalescence and growth of fissures when
heated, and so contributes on a greater thermal damage. Thus, an initial greater
proportion in clay minerals, as well as microcracks, contribute to greater thermal damage
in the dark texture. Nevertheless, certain dark grey samples exploded between 400 and
500 °C, and therefore there must be additional mechanisms triggering such violent
behaviour. Such mechanisms must contribute, among those discussed above, to a greater
variation in open porosity and ultrasound wave velocities. Hence, discussion will focus
on the differing content of organic matter and pyrites between textures.

The presence of organic matter (Table 3.2) explains the dark grey tone and the presence
of pyrite. Thus, marine anoxic conditions existing in continental margin sediments
enable bacterial sulphate reduction from organic matter. Sulphate then reacts with
detrital iron minerals in the sediment to form pyrites (Fe2S) (Berner 1970, 1982).
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Chemical analyses determined a greater content in iron and sulphide in the dark grey
texture (Table 3.2). XRD confirmed the presence of pirites and SEM enabled direct
observation of framboidal pyrite structures (Figure 3.3c). Therefore, a greater content in
organic matter and pyrites in the dark texture established an additional difference
between varieties.

TG-DTA-DSC-MS enabled the identification of three different thermochemical
processes in the dark grey texture (Figure 3.4). Stage I (100 < T <200 °C) involved
dehydration of water adsorbed by the microporosity of mineral surfaces and in clay
minerals. Stage II (400 < T <600 °C) covers two different chemical processes. The
release of CO; and H,O from 400 to 600 °C is consistent with thermal oxidation of
organic matter, represented as CH2Opom) + O2 — CO2 + HxO (Galbacs et al. 1998;
Cuypers et al. 2002; Boyle 2004). SO, was detected from 405 to 535 °C, and exhibited a
sharp peak at 460 °C and this is consistent with thermal oxidation of pyrites (Hong and
Fegley 1997; Gazulla et al. 2009) and is represented as 2FeS; (pyrite) + 11/202 — Fez03
(hematite) T 4502, Finally, stage III (T > 600 °C) represents the initial decomposition stages
of inorganic carbonate and can be written as CaCO3 (caicite) — CaO + CO,. Hence, thermal
oxidation of pyrites, releasing SO, and forming hemathite, takes place when dark grey
samples forming Prada limestone are heated above 400 °C. Additional techniques
enabled confirming the chemical reactions mentioned above, such as EDX and chemical
analysis, that determined a reduction in oxygen, sulphur, and sulphide at 500 °C (Table
3.2). Hematite (Fe»O3) was confirmed through XRF and using colorimetry analysis, as
limestones exhibit a process of reddening when heated under oxidative conditions
(Gonzalez-Gomez et al. 2015). Indeed, a tendency towards reddish tones was visually
appreciated between 400 °C and 500 °C and numerically confirmed in view of CIELAB
a* values (Figure 3.8). However, pyrite transformation was incomplete for the test con-
ditions of temperature and time, in view of chemical composition and XRD at 500 °C.
This must be related to a lack of available oxygen in pores that depends on the gas dif-
fusion coefficient (Currie 1960). Such gas diffusion coefficient strongly depends on the
porosity and pore size (Benavente and Pla 2018), and dark grey Prada limestone is a low-
porosity rock with dual microstructure that leads to poorly connected small pores in view
of MIP (Figure 3.5). In addition, the formation of ferric/ferrous compounds in the oxi-
dation process has a pore-blocking effect (Hu et al. 2006). The release of SO, in the
pyrite oxidation process, together with thermal oxidation of organic matter which
releases CO; and H,O from 400 °C, leads to an increase in pore pressure, causes an
expansion of rock, and so an accelerated fissuring. This process is accelerated by the
presence of CO, from organic matter and calcite decomposition that speeds up the
thermal oxidation of the pyrite (Lv et al. 2015; Zhang et al. 2019) which leads to a more
violent chemical reaction. The observed behaviour is closely related to the initial number
and distribution of micro-fissures, identified on dark samples using MIP, and their two-
dimensional shape, which causes a stress concentration in their tips (Griffits 1920).

During heating of the samples, we clearly heard the sound of multiple violent impacts
inside the furnace. Moreover SO, was released throughout the room immediately after
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the explosive event, detaching a strong smell that made necessary the use of gas
extraction means. After opening the furnace, exploded samples showed a total lack of
structure and its fragments were spread over the furnace, even embedded in the furnace
walls as a result of the explosion (Figure 3.6). Lectures from thermocouples in the exact
moment of that explosion were of 390 °C in the centre of the sample and 438 °C on its
surface, and that is compatible with the rising branch of the SO, generation curve, that
starts at 405°C and exhibit its peak at 460 °C. The release of SO, above a narrow range
of temperatures would cause a peak in pore pressure that, jointly with a structure of
micro-fissures in the dark texture, would cause a violent fracturing of the material.
Thermal oxidation of pyrites has a greater contribution in the explosive phenomenon
than organic matter oxidation, since release of SO, evolves in a narrower temperature
range than CO, and H>O. Moreover peak SO; occurs at a temperature that is compatible
with the registered explosive event (above 460 °C), while peak for organic matter
oxidation takes place at higher temperatures (above 520 °C). Moreover the existing
research on the thermal effects on carbonate rocks containing organic matter relate to
splitting and cracking events (Yavuz et al. 2010; Andriani and Germinario 2014;
Gonzalez-Gémez et al. 2015), but not refer to explosive events of such violence as
described in this work. The total thermal damage on dark grey samples, in terms of open
porosity and ultrasound wave velocity variation (Figure 3.7), is explained by the partial
contribution of the pore overpressure and gas release caused by the thermal oxidation of
pyrites and organic matter, jointly with further factors identified in this research such as
differential thermal expansion of the mineral components and initial micro-fissuring in
the intact rock.

Finally, a 40 % of the dark samples did not undergo visible damage after heat treatment,
although they experimented a greater variation in their physical properties when
compared to the light grey texture. This is because pyrite content and initial micro-fissure
and pore structure would induce a particular explosive potential to each sample. Further
investigations would be necessary to quantitatively relate pyrite content and initial
micro-fissure with explosive potential to each sample. Nevertheless, that is difficult
because chemical and textural test are destructive, and therefore are not compatible with
the need to count with intact samples to monitor their explosive behaviour when heated.

5.3. Research Question Q3

Could temperature and cooling methods improve the drilling of Prada limestone?

To determine the thermal effects on the drillability of Prada limestone, thermally treated
samples from Research Question Q1 were used. A dark grey fraction from Prada lime-
stone described in Research Question Q2 is not included in this research. Prada limestone
before being thermally treated exhibits a medium surface drillability or resistance to in-
dentation (SJ of 11.35 = 4.41 1/10 mm), a medium rock brittleness that can be crushed
by repeated impacts (S of 42.77 + 10.94 %), and a medium drillability (DRI of 44),
according to classes proposed by Dahl et al. (2012).
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Temperature influence in the drilling performance of Prada limestone is noteworthy. At
500 °C the category of brittleness varied from medium to high, rock surface hardness
varied from medium to low, and drillability varied from medium to high. At 600° C, Sy
doubled, SJ tripled, and DRI increased by 40 % from the initial values of the intact lime-
stone. That is attributed to microstructural changes derived from the thermal treatment
of Prada limestone, whose causes and mechanisms have been extensively discussed in
this PhD dissertation in Research Questions Q1 and Q2. Thus, the increase in the number
and density of micro-fissures leads to an ease in the ability to indentation represented by
SJ, and a drop in the strength of rock to resist crushing represented by S»o. A decrease in
the SJ, Sz, and DRI at 200 °C for water-cooled samples coincided with a marginal de-
crease in porosity (Figure 2.4) and volume (Figure 2.5), and this is related to the closure
of pores and fissures by thermal dilation of calcite (Yavuz et al. 2010; Fioretti et al.
2018). No significant differences between cooling methods were observed in the DRI at
the highest temperatures of 500 and 600 °C (Figure 4.9¢). That is different from results
discussed in Research Question Q1, where a greater decay was highlighted in mechanical
and physical parameters when cooling with water. It is noteworthy that the DRI trend
almost copied that for Sy, and so variation in DRI with temperature is more influenced
by Sz than by SJ. Summarizing, the temperature improves the drillability of Prada Lime-
stone. In contrast, the effect of the cooling method is not significant.

5.4. Research Question Q4

Do significant correlations exist between properties in the thermally treated
Prada limestone? Would correlations be useful to indirectly predict the final val-
ues of strength, elasticity, and drillability after a fire in the Tres Ponts Tunnel
affecting Prada limestone?

ANOVA and simple regression analyses were conducted to explore if the natural
position of samples have a significant influence in the variability of rock properties pre-
sented in Research Question 1. The dark fraction from Prada limestone presented in Re-
search Question Q2 is not included in this research. Results enabled discarding such
influence (Table 2.4, Figure 2.11). Consequently, laboratory results can be compared
between various samples, and conclusions can be generalised throughout the Tres Ponts
Tunnel. Moreover, correlations can be proposed to indirectly obtain reference values for
the rock affected by temperature. It was also confirmed that temperature and cooling
methods are factors with statistical significance, and this is coherent with that experi-
mentally proven and discussed in Research Question Q1. Simple regression functions
were chosen because they configure a simple and quick method to provide good predic-
tions for intact carbonate rocks (Yasar and Erdogan 2004). In this study, correlations are
considered of good quality when coefficiens of determination are greater than 0.80 and
mean relative errors for the highest temperatures (400, 500 and 600 °C) are smaller than
10 %.
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UCS predictions for air-cooled samples exhibited poor coefficients of determination that
varied between 0.65 and 0.69 (Figure 2.12), and high relative errors for the highest
temperatures of between 23 and 30 % (calculated from Table 2.6), with slight differences
between predictors. Correlations improved for water-cooled samples, and exhibited
coefficients of determination from 0.88 to 0.97 (Figure 2.12), and relative errors of
between 13 and 17 % (calculated from Table 2.6). The best-fitting results were obtained
when using P-wave velocity and volume as predictors. Although predictions improved
for water-cooled samples, the relative errors are still high. Elastic modulus predictions
showed excellent coefficients of determination that varied from 0.91 to 0.96 for all
cooling methods (Figure 2.13). The average residuals for the highest temperatures were
between 10 and 17 % for air-cooled samples, and from 20 to 27 % for water-cooled
samples (calculated from Table 2.7), and so the relative errors are still considered high.
The best-fitting results were obtained when using open porosity as a predictor, for all
cooling methods. Correlations presented in this research enable predicting mechanical
and deformational parameters from non-destructive tests on limestone affected by high
temperatures, but relative errors are high (greater than 10 %) in most cases, and
predictions of UCS in air-cooled samples showed weak correlations (coefficient of
determination lower than 0.80). For these reasons, predicted values have to be used
carefully and only to provide quick indicative values to make the initial decisions after a
tunnel fire.

SJ predictions for air-cooled samples exhibited a range of coefficients of determination
between 0.61 and 0.89 (Figure 4.10, Figure 4.12), and of relative errors for the highest
temperatures of between 7 and 24 % (Table 4.4). Predictions for water-cooled samples
showed coefficients of determination from 0.72 to 0.85 (Figure 4.10, Figure 4.12), and
relative errors of between 1 and 11 % (Table 4.4). UCS showed a good predictor for SJ,
and this is because good correlations exist between UCS and surface hardness for the
intact rock (Sabatakakis et al. 2008; Yarali and Soyer 2013). Good correlations also exist
between SJ and elastic modulus for the water-cooled samples, and this is because elastic
deformations affect rotary drilling (Su et al. 2016), although such correlation was weaker
than with UCS (Jamshidi et al. 2013; Su et al. 2016). Finally, good correlations with
ultrasound wave velocities exist, and that was previously revealed in existing research
(Ataei et al. 2015). In this research such correlations are higher for water-cooled samples,
and this represents a direct relation between the thermal damage in the rock, represented
by ultrasound wave velocity variation, and the ability to indent represented by SJ. For
Sao predictions, air-cooled samples showed coefficients of determination that varied
from 0.73 and 0.96 (Figure 4.11, Figure 4.13), and relative errors for the highest
temperatures of between 2 and 6 % (Table 4.4). Predictions for water-cooled samples
exhibited coefficients of determination from 0.77 to 0.91 (Figure 4.11, Figure 4.13), and
relative errors of between 4 and 5 % (Table 4.4). Thus, Sy predictions were better than
that for SJ, for almost all predictors and cooling methods, except for correlations from
UCS. That is because Sp and UCS are two very different test methods (Dahl et al. 2012),
since Sy represents the ability to be crushed by repeated impacts that is determined by
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crushing of the sample material by repeated impacts, while UCS is performed by
applying load on the sample at a relatively slow constant rate, until failure occurs.
Consequently, the strong correlations observed between UCS and SJ, and between P-
and S-wave velocities and Sy, enable us to easily perform quick evaluations of the
variation in the drillability with temperature to support tunnel excavations.

Correlations between most physical, mechanical, and drilling features in the thermally-
treated Prada limestone are stronger than reported for intact rocks (Jamshidi et al. 2013;
Ataei et al. 2015; Su et al. 2016). Such strong correlations represent a common pattern
of change in the rock features, and this is a result of thermal damage in the rock. Thus,
increasing porosity and micro crack growth and coalescence, especially for certain
temperatures and cooling methods, proportionally affects all the studied properties from
Prada limestone. The physicochemical mechanisms behind such thermal damage have
been extensively discussed in this PhD dissertation in Research Questions Q1 and Q2,
and involve the anisotropic expansion of calcite, mismatch in thermal expansion
coefficients between mineral particles, quartz phase transition, and thermal oxidation of
pyrite and organic matter.
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The present Chapter summarises the main conclusions of this research. These have been
grouped according to the research questions stated in the objectives of this PhD thesis.
This work has opened new lines of research that will be also presented in this chapter.

6.1.

Effects of high temperatures on the physical and mechanical
properties of Prada limestone

This research provides an in-depth insight into the micro- and macro-structural changes
induced by temperature in the properties of Prada limestone. The main conclusions are
listed below:

1.

Micro-structural changes are explained by various physicochemical
mechanisms such as the anisotropic expansion of calcite, mismatch in thermal
expansion coefficients between mineral particles, and quartz phase transition. A
greater thermal damage in water-cooled samples is due to tensile stresses that
nucleate cracks.

Up to 400 °C, increase in open porosity and decrease in ultrasound wave
velocities are consistent with growth of pores and micro-fissures. That is also
linked to progressive decrease in elastic modulus. P- and S- wave velocities
showed lower values for water-cooled samples, which indicates a greater
thermal damage fot such cooling method. UCS showed a steady decrease in this
range of temperatures and so strength in Prada may be affected from the first
stages of a fire.
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3. At 500 °C, samples exhibited a sharp increase in open porosity and a marked
decrease in P- and S-wave velocities due to larger fissures. Water-cooled
samples showed more connected fissures and that caused a steep drop in the
UCS. Samples showed greater decay in all variables if cooled with water.

4. At 600 °C, coalescence of microfissures in air-cooled samples involved an
abrupt decrease in UCS. Final values at 600 °C showed greater variation for
water-cooled samples for most parameters.

5. Total mean variation at 600 °C for air- and water-cooled samples was of 382 %
and 568 % in open porosity; — 45% and — 59% in P-wave velocity; — 40% and
—57% in S-wave velocity; - 74% and — 81% in UCS; - 68% and -86 % in elastic
modulus; - 65% and — 73% in Poisson’s ratio. Samples lost their integrity over
600 °C and that prevented further testing.

6. Dark grey samples represent a small fraction of the total Prada limestone. These
samples exhibited a greater variation in open porosity and ultrasound wave
velocities than reported above when heated from 400 °C, and certain dark
samples showed an explosive behaviour and release of sulphurous gas. These
dark grey samples were studied separatedly and conclusions are presented in the
next section.

The obtained results enable the evaluation of the degree of damage in this limestone if it
is affected by a fire in the Tres Ponts Tunnel and the subsequent determination of the
new physical and mechanical properties of this rock after a fire event. This information
will help in planning intervention protocols for emergency response teams, predicting
times available for evacuation, evaluating safety conditions during post-fire inspections,
as well estimating the extent of the damage and the time needed for repair.

6.2. Thermal damage mechanisms on pyrite-bearing Prada limestones

In this research, two negative effects of different intensity are identified when heating a
dark texture from Prada limestone over 400 °C. Firstly, the explosion of certain samples
releasing SO, and secondly, a greater thermal damage in terms of open porosity and
ultrasound wave velocity variation. The main derived conclusions from this research are:

1. Two varieties of Prada limestones are compared: a dark grey texture, bearing
quartz and clay minerals, pyrites and organic matter; and a light grey texture
with minor or no presence of such components.

2. Thermochemical analysis of the dark texture revealed two thermal reactions
involving gas release: thermal oxidation of pyrites (FeS,) releasing SO, from
400 to 520 °C, and thermal oxidation of organic matter releasing H,O and CO,
from 400 to 600 °C.

3. The explosion of certain samples and the release of sulphurous gas in the room
are compatible with temperatures in the rising branch of SO, release, between
405 and 406 °C. That would cause a peak in pore pressure that, jointly with a
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structure of micro-fissures in the dark texture, would cause a violent fracturing
of the material.

4. Thermal oxidation of pyrites has a greater contribution in the explosive
phenomenon than organic matter oxidation, as the release of SO occurs in a
narrower temperature range than organic matter, and peak SO, occurs at a
temperature that is compatible with the explosive event.

5. Total thermal damage on dark grey samples is explained by the partial
contribution of the pore overpressure and gas release caused by the thermal
oxidation of pyrites and organic matter, jointly with further factors such as
mismatch in the thermal expansion coefficients of rock-forming minerals and
initial micro-fissuring in the intact rock.

6. Some 40 % of the dark samples did not undergo visible damage after heat
treatment. Although results are definitive and based on evidence, further
investigations would be necessary to quantitatively relate pyrite content and
initial micro-fissure with explosive potential to each sample.

Effects described above have critical implications in underground infrastructures and
mining engineering works, since temperatures greater than 400 °C could lead to
explosive phenomenon, involving mass fracturing, rock integrity loss, and strength
decay. Moreover, SO; released into the atmosphere has a harmful effect on the health
(ATSDR 1998) of people exposed. Additionally, SO, can form corrosive acid
compounds (Kumar and Imam 2013) that shorten infrastructure life and increase
maintenance costs.

6.3. Thermal effects on the drilling performance of Prada limestone

In this research a substantial improvement in the drillability of rock has been observed
when heated, measured in terms of DRI. The derived conclusions of this research are
listed below:

1. At 500 °C, the category of brittleness varied from medium to high, rock surface
hardness varied from medium to low, and the drillability varied from medium
to high. At 600° C, Sy doubled, SJ tripled, and DRI increased by 40 % the initial
values of the intact limestone.

2. Improvement in drillability is attributed to increase in porosity and growth and
propagation of fissures with temperature. A decrease in the SJ, Sy and DRI at
200 °C for water-cooled samples coincided with a marginal decrease in porosity
and volume, and this is related to the closure of pores and fissures by thermal
dilation of calcite.
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No significant differences between cooling methods were observed in the DRI
at the highest temperatures of 500 and 600 °C, and this is different from ob-
served in mechanical and physical parameters (which exhibited greater variation
when cooled with water).

The DRI trend almost copied that for Sy, and so variation in DRI with temper-
ature is more influenced by Sy than by SJ.

The dark fraction from Prada limestone discussed in Research Question Q2 is
not included in this research.

Modern mechanical excavation strongly depends on the efficiency of the means in-
volved to optimise investment costs. The effects of thermal treatment on Prada limestone
drillability would help improve the efficiency of mechanical excavation.

6.4.

Prediction of mechanical parameters in Prada limestone using
correlations

Correlations between physical, mechanical, and drillability features discussed in
research questions Q1 and Q3 are exlored to evaluate if strength and deformational fea-
tures can be predicted in Prada limestone affected by high temperatures. The main
derived conclusions from this research are:

1.
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ANOVA and simple regression analyses enabled discarding a significant
influence of the position of the natural sample in the variability of physical and
mechanical properties, therefore results can be compared between various
samples, conclusions can be generalised throughout the tunnel, and correlations
between parameters can be explored.

Predictions for elastic modulus were more accurate than those for UCS, with
small differences between predictors and cooling methods. Calculated values of
UCS after thermal treatment were better for water-cooled samples, especially
when using P-wave velocity as a predictor.

Relative errors for the highest temperatures were greater than 10 % in most
cases, and so predicted strength and deformational values have to be used
carefully and only to provide quick indicative values to make the initial deci-
sions after a tunnel fire.

UCS showed a good predictor for SJ, for all cooling methods, and the elastic
modulus and ultrasound wave velocities also exhibited good correlations in
water-cooled samples. Syo predictions were better than that for SJ for almost all
predictors and cooling methods, except for correlations from UCS.

The obtained correlations facilitate quick evaluations of drillability based on
basic geomechanical parameters as UCS and P- and S-velocities to support the
Tres Ponts Tunnel excavations.

Correlations between most physical, mechanical, and drilling features in the
thermally-treated Prada limestone are stronger than reported for intact rocks,
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because thermal damage processes in the rock strongly affect all features in
Prada limestone.

7. The dark fraction from Prada limestone discussed in Research Question Q2 is
not included in this research.

The use of correlations would enable predicting the strength and deformational features
from other parameters whose determination from non-destructive tests is quicker and
easier. Additionally, correlations facilitate quick evaluations of drillability based on
basic geomechanical parameters to support the Tres Ponts Tunnel excavations.

6.5. Future lines

To estimate the extent of the thermal damage in Prada limestone, it would be necessary
to perform a numeric simulation of heat penetration through the lining and rock mass.
To so do, it is critical to understand the variation in the thermal conductivity of thermally-
treated Prada limestones. It has been long recognized that thermal conductivity varies
inversely with temperature (Birch and Clark 1940), and this was observed specifically
for low-porosity limestones by Zhang and Lv (2020). For sedimentary rocks the most
controlling factor on thermal conductivity is porosity (Canakci et al. 2007; Dalla Santa
et al. 2020): as air has lower conductivity than minerals, an increase on porosity leads to
a high proportion of air in the material and a decrease in thermal conductivity (Clauser
and Huenges 1987). For these reasons, dramatic increases in porosity registered in Prada
limestone must be connected with appreciable drops in thermal conductivity. A new line
has been opened at the Department of Geological and Geotechnical Engineering of the
Universitat Politécnica de Valéncia to explore this issue. Preliminary tests have been
performed by means of a Modified Transient Plane Source (MTPS) as it provides a non-
invasive, quick, and precise method when compared with other steady-state laboratory
alternatives. Laboratory tests point to a decay in thermal conductivity in the thermally-
treated samples. Results derived from this research have been presented to ISRM
International Symposium - EUROCK 2021 (article accepted).

A future line should be focused on the study of high-temperature in the shear strength of
the rock matrix and joints. Moreover, it is of interest to study the stress-strain response
from triaxial tests to simulate the stress levels really present in the inner contour of the
tunnel, which would be more representative than those obtained from UCS tests. To
cover the needs for both research lines, a coordinated project entitled ‘Impact of wildfires
on rockfall occurrence, prediction and mitigation (FireRock)’ has been proposed to the
Spanish Ministry of Science and Innovation.

In this PhD dissertation it has been stated that further investigations would be necessary
to quantitatively relate pyrite content and initial micro-fissuring with the explosive
potential of each sample. A research methodology has to be conceived considering that
chemical and textural tests are destructive, and therefore incompatible with the need for
intact samples to monitor explosive behaviour during heating process. It would be useful
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to extend the study to other limestone formations bearing pyrites, such as the Herbers
formation, which has also shown explosive behaviour in preliminary tests conducted at
the Department of Geological and Geotechnical Engineering of the Universitat
Politécnica de Valéncia. Numerical models would be of great help for fully
understanding the mechanisms of growth and coalescence of pores and fissures due to
the different mechanisms identified in this study such as the thermal oxidation of pyrites,
anisotropic expansion of calcite, mismatch in thermal expansion coefficients between
mineral particles, and quartz phase transition.

Finally, this PhD thesis is focused on the DRI because it is among the most used testing
methods to determine the drillability characteristics of rock. However, it would be of
great interest to explore the variation with temperature of other parameters to evaluate
the drillability of rock, such as the Brazilian Tensile Strength, shore scleroscope hard-
ness, axial and diametral point load strength, and the Cerchar abrasiveness index. This
would enable advancing a future index to rate rock mass after exposure to high temper-
atures.
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