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Effect of heat on the mechanical properties of selected rock types – a laboratory study
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ABSTRACT: A laboratory study was conducted to study the effect of heat on the mechanical properties of diabase, granite
and quartzitic schist at temperatures of 400◦C, 750◦C and 1100◦C. Unheated samples were also studied. The reasoning behind
this study was to understand the effect of elevated temperatures on the rock mass, such as in the event of a fire in a rock tunnel.
Samples from the aforementioned rock types were heat treated at temperatures shown above, cooled slowly to room temperature
and then subjected to uniaxial compression and Brazilian tests. Thin sections were extracted from the heat treated samples for
microscopic analyses, which assisted in explaining the reasons for the mechanical behaviour observed from the mechanical
test results. The uniaxial compression test showed that the strength of the rock specimens increased by 6% for granite to 29%
for diabase at 400◦C when compared to the UCS values of the unheated specimens. From 750◦C to 1100◦C the decay in the
strength was very rapid. From the microscopic analyses it was concluded that the increase in the strength of the rock specimens
at 400◦C is attributed to the initial reaction of the rock forming minerals, hence the rock specimens were less brittle but more
plastic. The rapid drop in the strength from 750◦C to 1100◦C is attributed to the mineralogical changes, micro-cracking and
dehydration due to the loss of crystal bound water. At 1100◦C the rocks were highly friable and crumbled very easily when
tested mechanically. The effect of mineralogical changes was obvious in diabase where the physical appearance of the samples
mimicked that of natural iron, which is believed to be due to the alteration of pyroxene. The result was an increase in strength by
29% at 400◦C compared to the unheated specimens. Even at 750◦C the strength was slightly higher than unheated specimens.
In summary; the mechanical behaviour of the rock specimens depended on the temperature level and the mineralogical and
physical changes that occur at that temperature.

Subject: Rock material and rock mass property testing (laboratory and in-situ testing)

Keywords: effect of heat, elevated temperatures, rock mechanical behaviour, mineralogical changes, micro-cracks

1 INTRODUCTION

In most tunnel fire studies the focus has been on concrete,
since of course it is one of the main support elements in rock
tunnels. However, in several cases, such as in Scandinavia for
example, where the rock mass is competent enough to support
itself, concrete is used sparingly, which means significant por-
tions of a tunnel are supported only by rock bolts and the rock
itself. In such cases the rock surrounding a tunnel will be fully
exposed to heat in an instance of a fire. In this case, whether
it is prevention or maintenance of the tunnel, it would require
knowledge of the influences of the elevated heat intensity on
the rock mass. Hence, it is in line with this thinking that a study
was initiated by the SwedishTransportAuthority.Although the
study (reported herein) is not a typical tunnel fire scenario it
nevertheless, provides a basic understanding of the various
effects of heat on the mechanical and physical properties of
rocks being investigated.

In this study, rock samples from selected rock types that
are also frequently encountered in road and tunnel works
were sampled and heat treated at temperature levels of 400◦C,
750◦C, 1100◦C. After heat treatment the samples were then
subjected to the uniaxial compression and Brazilian tests to
study their mechanical behaviour. Microscopic analyses were
also performed on extracted thin sections to study microcrack

intensities and mineral changes that occurred at different
temperature levels.

The results clearly show that the mechanical behaviour of
the rock specimens were equally dependent on the mineralog-
ical changes that occurred at different temperatures as they
were to microcrack intensity. On the other hand the micro-
crack intensities were dependent on the mineral types and
their thermal properties. For instance, diabase showed rise
in strength by 29% after heat treated at 400◦C. At 750◦C
the strength dropped to about the same as that observed on
unheated specimens and at 1100◦C the sample had lost about
60% of its original strength. Microscopic examination showed
abundance of feldspar and pyroxene minerals which in turn
showed high mineralogical phase changes at 400◦C compared
to 750◦C and 1100◦C. This behaviour appears to be the rea-
son for the increase in the strength of diabase at 400◦C, since
the minerals undergoing the phase change responded plasti-
cally, instead of brittle, thus giving rise to the global strength
of the specimen. The crack intensity counts showed the ratio
of crack length to mineral volume composition percent to be
low, which meant the effect of the cracking of these minerals
at 400◦C, was less significant to the strength until at 750◦C
and 1100◦C. Thus it can be stated that the initial mineralogical
alterations appeared to control the strength at 400◦C, while at
750◦C and 1100◦C the crack intensity and friability due to
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dehydration and loss of crystal bound water are the cause of
the rapid decay in the strength.

2 REVIEW OF PREVIOUS RESEARCH

The effect of heat generated by a tunnel fire on exposed rocks
has been scarcely studied as evidenced by few literatures that
address the issue. Smith & Pells (2007) studied how heat
exposed sandstone is likely to respond in a tunnel fire by
means of laboratory and field tests. Hajpal (2002), Hajpal
(1999) and Hajpal & Török (1998) studied changes in the
physical and mechanical properties of sandstone heat treated
at temperatures of as high as 900◦C. Experimental study of
thermal spalling of rock blocks exposed to fire was conducted
by Zhang et al. (2010). It was observed that the different
rock types tested exhibited different and unique behaviours.
In another study Zhang et al. (2009) studied the mechanical
properties of marble, limestone and sandstone at temperature
levels from 20◦C up to 800◦C. They observed significant vari-
ations in the peak strengths of the three rock types at the
different temperature levels. Rao et al. (2007) studied the
mechanical properties of sandstone at high temperature and
concluded that, at high temperatures the mineral properties
and microstructures of the rock have significant influence on
the rocks’ mechanical properties. Takarli & Agbodjan (2008)
investigated experimentally the effect of thermal treatment on
the physical and mechanical properties of a granitic rock and
postulated from their experimental results that the mechanical
parameters are seen to be dependant on the density of micro
cracks in the sample.

3 EXPERIMENTAL METHODS

3.1 Samples

Samples of diabase, granite and quartzitic schist were prepared
according to the mechanical test type to be performed and
in accordance with ISRM Standards (e.g. Ulusay & Hudson,
2007). Because of its foliated nature the quartzitic schist,
samples were extracted with the foliations either parallel or
perpendicular to the longitudinal axis of the specimens. In
total 128 samples were prepared.

Prior to heat treatment half of the samples were pressure
saturated in water, while the other half were oven dried for 24
hours to remove any moist. Samples were taken from these two
divisions (saturated and dry) for direct mechanical test with-
out heat treatment, which are referred to as unheated samples
elsewhere in this paper.

The mineral compositions of the rock types tested are shown
in Table 1. Diabase consisted predominantly of feldspar and
pyroxene, granite mostly of feldspar and quartz and quartzitic
schist is predominantly made up of quartz and mica.

3.2 Heat treatment

The heat treatment of the rock samples was carried out in an
electric muffle furnace at three different temperature levels;
400◦C, 750◦C and 1100◦C. These temperature levels were
selected after studying earlier preliminary tests by Johnsson
(2009).

During the heat treatment the temperature was gradually
increased at an average heating rate of 0.8◦C to 1.5◦C per
minute until the desired temperature was reached. Upon reach-
ing the desired temperature it was maintained for about 1 hour

Table 1. Mineral composition of the rock types tested.

Mineral Diabase Granite Schist

Feldspar (vol. %) 60.5 57.9 4.0
Quartz (vol. %) – 34.0 56.6
Mica (vol. %) 5.7 7.5 34.5
Pyroxene (vol. %) 23.4 – –
Olivine (vol. %) 8.1 – –
Opaque minerals (vol. %) 2.3 0.6 –

before the furnace was turned off and the samples were allowed
to cool down slowly inside the furnace to room temperature
before being transported for mechanical tests. The low heat-
ing and cooling rates is used to ensure that development of
microcracks and any other alteration that occurs in the rock
samples results only from the temperature effects and not from
the overall thermal gradient across the samples and in the fur-
nace due to fast heating and cooling (e.g. Ritcher & Simmons,
1974).

3.3 Mechanical test

Two types of mechanical tests were performed on the sam-
ples; unixial compression and Brazilian. Samples of both
heated and unheated were compressed using a servo controlled
hydraulic testing machine at a displacement rate of 5 µm/s.
For the Brazilian tests the disk shaped specimens were loaded
using a 0.5 MN capacity servo controlled Instron machine at
the same rate as for the compression tests.

3.4 Microscopic analyses

Thin sections were extracted from a sample from each batch
after heat treatment and also from unheated specimens. A
microscopic examination was performed using polarizing
microscopy combined with petrographic digital image anal-
ysis technique to identify microcracks and determine the
microcrack intensity within the major minerals and in the rock
specimen as a whole. Also employed was Scanning electron
microscopy combined with Energy Dispersive Spectrometry
technique, SEM/EDS method.

4 RESULTS

4.1 Mechanical test results

Table 2 shows the strength results for the rock types tested at
different temperatures. Figure 1 is the plot of the compres-
sive strengths of the three types. The figure also shows the
trends of the compressive strengths for these rocks. The schist
perpendicular represents samples with foliation planes per-
pendicular to the loading axis, while schist parallel represents
samples with foliation planes parallel to the loading axis.

Because the saturated and unsaturated samples showed sim-
ilar results the data is combined and averaged to obtain single
strength values at the different temperature levels. The trends
of the moduli are shown in Figure 2 and the tendencies of the
tensile strengths in Figure 3.

Although the compressive strengths show tendency to
increase at 400◦C of heat treatment, the modulus however
decreases by 5 to 8%. There is a slight increase in the modu-
lus of the schist perpendicular, which appears to be attributed
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Table 2. Average uniaxial compressive strength (UCS), tensile
strength and Young’s modulus of the rock samples tested

Unheated 400◦C 750◦C 1100◦C

UCS (MPa):
Diabase 194 251 201 88
Granite 231 246 123 14
Schist-perpendicular 254 296 229 75
Schist-parallel 149 169 126 65

Tensile strength (MPa):
Diabase 21 18 10 4
Granite 18 13 3 1
Schist-perpendicular 30 33 23 7
Schist-parallel 34 25 – –

Young’s modulus (GPa):
Diabase 92 86 50 18
Granite 65 62 27 2
Schist-perpendicular 73 71 30 22
Schist-parallel 63 67 34 10

Figure 1. Trend of compressive strengths of the studied rock types
at the different heat treatment temperature levels.

Figure 2. Trend of the moduli of the studied rock types at different
heat treatment temperature levels.

to mineralogical phase change of mica predominantly situated
along the foliation planes.

The tensile strengths of diabase and granite reduced with
increasing temperature level. However, the tensile strength of
schist increased slightly at 400◦C. This could be attributed
to several reasons, such as, formation of iron oxides along at

Figure 3. Trend of the tensile strength of the studied rock types at
different heat treatment temperature levels.

Table 3. Mineral composition at different temperatures for the rock
types tested as observed under SEM/EDS.

Mineral composition in vol. %

Mineral Unheated 400◦C 750◦C 1100◦C

Diabase:
Feldspar 55.8 59.4 57.9 56.4
Pyroxene 27.6 27.2 26.8 21.8
Olivine 8.1 4.9 – –
Mica 5.5 2.4 – –
Opaque minerals 3.0 6.1 15.4 21.8

Granite:
Feldspar 59.4 58.5 57.9 57.9
Quartz 31.9 32.7 32.4 32.4
Mica 7.2 5.7 – –
Opaque minerals 1.4 4.2 9.0 9.7

Quartzitic schist:
Quartz 57.0 56.4 55.7 54.7
Feldspar 6.1 – – –
Opaque minerals 39.9 43.6 44.3 45.3

the foliation and bending moment provided by the different
mineral layers.

4.2 Microscopic examination

4.2.1 Mineral composition
Figure 5 shows the percentage mineral composition for granite
after heat treatment at different temperature levels as well as
unheated specimens. Feldspar, the main mineral in granite, lost
up to 1.5% of its content at 1100◦C during the heat induced
alteration process. Quartz, although with slight increase of 0.5
to 0.8% in content, nevertheless, seems to be stable at elevated
temperatures. Mica minerals apparently are very reactive and
loose up to 36% of its original content.The losses in contents of
other minerals are resulted in the increase of opaque minerals
refered to as other phases (OP) in analyses. These other phases
(OP) by chemical composition correspond to alloys rather than
to minerals.

4.2.2 Micro-cracks
Table 4 shows the specific micro-cracks lengths observed
under the polarizing microscope. The specific crack length
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Figure 4. Mineral composition (in vol. %) of diabase at different
temperature levels.

Figure 5. Mineral contents (in vol. %) in granite at different
temperature levels.

Figure 6. Mineral contents (in vol. %) in quartzitic schist at different
temperature levels.

in principle characterizes the degree of micro-cracking within
the mineral grains.

The micro-cracks in the opaque minerals (other phases)
were invisible under this magnification and therefore were
not possible to count. This also applied to olivine and mica
minerals which upon heating altered into a different phase
which was not distinctive under polarizing microscope.

Figures 7 and 8 show the ratio of micro-cracks to mineral
content. That is, values in Table 4 divided those in Table 3.

Table 4. Specific crack lengths (in mm/mm2) measured under a
polarizing microscope.

Specific micro-crack lengths (mm/mm2)

Minerals Unheated 400◦C 750◦C 1100◦C

Diabase:
Feldspar 8.7 14.4 21.9 22.4
Pyroxene 11.6 18.7 22.2 51.6
Olivine 25.5 32.6 – –
Mica 1.5 5.2 – –
Opaque minerals+ – – – –

Granite:
Feldspar 8.6 23.9 36.6 45.4
Quartz 1.2 9.5 – –
Mica 2.3 9.4 – –
Opaque minerals – – – –

Schist*:
Quartz – 7.2 24.3 33.2
Feldspar – – – –
Opaque minerals – – – –

+ The micro-cracks in the opaque minerals were invisible when
viewed under a polarizing microscope. This includes cases where
olivine and mica have undergone phase changes to form amalga-
mated alloys.
* In schist the micro-cracks were less than 0.01 mm/mm2, which is
therefore registered as nil.

Figure 7. Ratio of micro-cracks to mineral content in diabase.

Figure 8. Ratio of micro-cracks to mineral content in granite.

These ratios give a clear indication of the proportion of crack-
ing of each mineral. Pyroxene for example is heavily cracked
in the natural or unheated stated in diabase. At 400◦C the
cracking (of pyroxene) is further intensified. Feldspar on the
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Figure 9. Thin section image of diabase showing alteration of
pyroxene (Px) at 750◦C.

other hand, although being the dominant mineral in diabase
has low fracture ratio at the unheated state. However, at 400◦C
the crack intensity increased. Micro-cracking in olivine min-
eral grains increased exponentially, while the micro-cracking
in mica grains are gradual. Similar interpretations can be given
to micro-cracking in the mineral grains of granite.

For schist the micro-cracks lengths were less than
0.01 mm/mm2, which were considered to be negligible and
therefore assumed to have no cracks. However, upon heating
the quartz mineral grains were observed to have cracked.

4.3 Physical examination

Diabase and schist appeared to mimic natural iron after being
heat treated at 750◦C and 1100◦C. Both naked eye observa-
tions and microscopic examination reveal formation of other
phases which includes alloys and iron-oxides that mimic nat-
ural iron. Both diabase and schist contain minerals such as
pyroxenes, (Fig. 9), mica and olivine, which have iron in their
chemical compound. The formation of iron alloys could be
the reason for the increase strength of diabase and schist.

5 DISCUSSIONS

5.1 Correlation between UCS and mineral composition

The alterations in the mineral content of the Fe containing
minerals, biotite(mica), olivine and pyroxene appear to have
a more dominant effect on the UCS of the rock specimens.
There is increase micro-cracking at this temperature, but it is
not seen affect the strength, since it would have an opposite
on UCS by reducing it.

Even with lesser composition than feldspar and quartz, the
iron containing minerals such as pyroxene, olivine and mica
appear to be responsive at 400◦C as seen in Figure 4 to 6.These
minerals underwent phase change or heat driven alteration to
form iron oxides and alloys. This was particularly the case
for diabase and schist, the rock types with greater amounts of
iron containing minerals. The other phases (oxides & alloys)
in turn gave a plastic response when externally loaded leading
to high strength in at 400◦C.

5.2 Correlation between UCS and micro-cracks

In this study it is clear that micro-crack intensity, measured
in terms of specific crack lengths, does have an influence on
the UCS, particularly for the temperature levels of 750◦C and
1100◦C.At these temperatures the micro-cracking of minerals
such as pyroxene, olivine and mica were observed to be accel-
erated. Dehydration due to loss of crystal bound water also
made the minerals become friable.The intense micro-cracking
and dehydration appear to affect the strength to decelerate
rapidly from 750◦C to 1100◦C as seen in Figures 1 and 3. The
deceleration of modulus is also consistent with the strength
reduction.

5.3 General discussion

Saturation of the samples in water did not show any difference
in results, both during heat treatment as well as in the mechan-
ical tests. The reason being the rocks had low porosity. On the
hand the schist showed some variation, which weaker bonds
along the foliation bands.

The alteration of minerals due to the increase in heat
involved simply minerals undergoing phase changes and mix-
ing to form oxides and alloys. These phases which include the
oxides termed other phases (OP) in the analysis. The identi-
fication of these phases was by SEM/ED method and they
include ilmenite, magnetite, cuprite, Ti-Fe-Mn phases and
Fe-Ti-Mg phases.

6 CONCLUSIONS

The phase changes of minerals such as olivine and mica were
notable at temperatures between 400◦C and 750◦C. Beyond
750◦C it was difficult to identify these minerals as they have
become components of the opaque minerals (other phases)
that existed as oxides or alloys. It is observed that the strengths
of rock samples were mainly affected by micromechanical
behaviour of these other phases at 400◦C. Although there is
sufficient increase in the micro-cracks at 400◦C they do not
seem to have significant effect on the samples mechanical
behaviour at this temperature. However, at 750◦C the micro-
cracks appear to have dominating role on strength and stiffness
of the rock samples. By 1100◦C the samples were highly
friable and crumbled easily upon compression.

In conclusion it can be stated that the initial phase change
reaction of the Fe containing mineral of the rock appear to
affect the mechanical behaviour of the rock, in this study
by increasing it. After the phase change, more micro-cracks
developed as a result of thermal expansion of the different
minerals and tend to affect the mechanical behaviour by reduc-
ing its strength and stiffness. The loss of crystal bound water
caused also the rocks to become very friable and susceptible
to failure.
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