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SUMMARY 
 
The majority of the tunnels in Sweden are constructed within strong rock and at shallow 
depths. According to statistics on Swedish railroad tunnels, 6% do not have any reinforcement 
at all, and 38% have selective reinforcement. Where the shotcrete is thin or non-existent, rock 
will be exposed to high temperatures in a tunnel fire. Rock with shotcrete may also be 
exposed to high temperatures if spalling of the shotcrete occurs. Extensive research efforts 
have been made to understand the phenomenon of fire-induced thermal spalling of concrete. 
However, only limited research efforts have been made within the area of fire-induced 
spalling of rock. 
 
The objective of this study was to improve the understanding of the behaviour of three 
Fennoscandian rocks subjected to fire. This was investigated by testing a group of oven-dried 
and water-stored granite, gabbro and schist blocks. The blocks with the size 600 mm × 500 
mm × 300 mm were tested on a small furnace in which the time-temperature curve 
approximately follows the hydrocarbon fire curve during the first several minutes and then 
slightly decreases. The temperature distributions inside the tested blocks were also measured 
during heating. 
 
It is concluded that the tested rocks present rather different behaviours during fire. Substantial 
explosive spalling occurred on granite, especially when it was water-stored. The spalling was 
probably controlled not only by thermal stress but also by pore pressure. There were a large 
amount of thermal fractures at macroscopic level on the surface of gabbro block, but only 
several small pieces flew off the surface during heating. The layered schist had low interfacial 
bond strength and expanded at different speeds between its inner layers, therefore it failed in 
delaminating during heating. Furthermore, although the water content is very low for these 
three hard rocks, it still influences their mechanical response in different ways during heating. 
 
 
INTRODUCTION 
 
During the last ten years a number of tunnel fires with fatalities have taken place all over the 
world. The damages caused by these fires were extensive and have led to an intensive debate 
and initiated research about tunnel safety in Europe and in the rest of the world [1, 2]. 
 
The majority of tunnels in Sweden are within hard rock, e.g. granite, granodiorite, gneiss and 
gabbro. According to some statistics on Swedish railroad tunnels [3], 6% do not have any 
reinforcement at all, while 38% have selective reinforcement (with spot bolting and shotcrete 



in a few places). When the shotcrete lining is thin or non-existent, the rock will quickly be 
exposed to high temperatures caused by a tunnel fire [4]. Rock with thicker shotcrete lining 
may also be exposed if spalling of the shotcrete occurs. 
 
The phenomenon of thermal spalling has been observed for some rocks exposed to high 
temperature [5, 6] and considerable risks of fallouts during and after tunnel fires have also 
been pointed out [2, 7, 8]. However, until now extensive research efforts have only been 
focused on understanding the phenomenon of fire-induced thermal spalling of concrete [9-
12], without noticing the area of fire-induced spalling of rock. For this reason, Smith and Pells 
[13] conducted a field test on a large rock cutting and assessed how exposed sandstone is 
likely to respond to a fire. Spalling of Hawkesbury sandstone occurred after only a few 
minutes of exposure to fire. The mechanism causing spalling appears to be primarily the 
generation of steam pressure. The behaviour of thermal spalling for Hawkesbury sandstone 
was again observed during a truck fire accident in Sydney in January 2008 [14]. 
 
Thus, it is reasonable to conclude that the behaviour of rock during and after exposure to fire 
is an important but poorly investigated field, especially for igneous and metamorphic rocks in 
Fennoscandia. Therefore, the objective of this experimental study was to investigate the 
behaviour of three Fennoscandian rock types under fire-induced heating and improve the 
understanding of the thermal response for different rock types. 
 
 
LABORATORY TESTING 
Rock descriptions 
 
Three Fennoscandian rock types, granite, gabbro and schist, were chosen for the tests. The 
Kuru granite is a pale grey, medium grained rock. The gabbro is a grey, coarse grained rock 
which consists entirely of plagioclase feldspar and has therefore been classified as 
anorthositic gabbro. Both the granite and gabbro have a granular structure. The schist is light 
grey in colour and consists of fine to medium grains. It exhibits pronounced foliation of 
muscovite (mica) rich and quartz rich bands/layers. The thickness of the layers is from 1 to 10 
mm. The mineral composition of granite, gabbro and schist was determined using 
petrographic modal analysis and is presented in Table 1. 
 

Table 1 Mineral composition of granite, gabbro and schist (%). 
Rock 
types 

Quartz Plagioclase Alkali 
feldspar 

Biotite Pyroxene Muscovite Hornblende Others 

Gabbro / 92 / 3 4 / / 1 
Granite 63.7 20.1 9.9 6.2 / / / 0.1 
Schist 40 10 5 / 40 4 1 

 
 
Sample preparation 
 
The length and the width of all rock blocks were 600 mm and 500 mm, respectively, chosen 
to fit the furnace opening. To minimize the influence of high temperature on the Acoustic 
Emission (AE) sensors placed on the top surface of the blocks during fire, the thickness of all 
rock blocks was 300 mm (The AE results will be discussed in another paper). 
 
In order to study the influence of water saturation on spalling, two categories of rock blocks 
were prepared. One category of blocks was oven-dried and the other was water-stored. The 



oven-dried rock blocks were dried in an oven using a very slow heating rate (increasing 
around 10 ºC per hour). When the temperature reached 105 ºC, the blocks were kept in the 
oven for a minimum of 24 hours. The water-stored blocks were placed in a container and 
immersed in the water by increasing the water level gradually. This method could ensure 
greater possible saturation for low porosity rocks. The blocks had been stored under water for 
17 days before sent to the SP Technical Research Institute of Sweden, Borås. The water 
content was measured indirectly by measuring the mass variation of a group of rock cores 
which had been stored under the same water condition as the rock blocks. The detailed 
procedure of the preparation can be found in [15]. All the tested rock blocks and their testing 
conditions are listed in Table 2. 
 

Table 2 Rock types and their conditions. 
Rock types Oven-dried 

(with thermocouples) 
Water-stored* 

(with thermocouples) 
Water-stored* 

(without thermocouples) 
Gabbro A4 A3(wc: 0.07%) A1(wc: 0.07%) 
Granite G3 G2(wc: 0.20%) G1(wc: 0.20%) 
Schist S3 S1(wc: 0.14%) S2(wc: 0.14%) 

*wc is water content based on the rock core measurements. 
 
 
Test set-up and measurement 
 
A small furnace was used in the test series at SP, Borås. The furnace had the inner dimensions 
of 500 mm  400 mm  525 mm with an opening of 500 mm  400 mm. The blocks with the 
surface of 600 mm  500 mm covered the opening, i.e. the fire exposure was on one side of 
the blocks. The furnace and the rock block are shown in Figure 1. 
 

 
Figure 1 The furnace and the rock block during heating. 

 
According to the Swedish Tunnel Specification, the gas temperatures during a fire should 
follow the hydrocarbon (HC) time-temperature curve, see Figure 2. Although the aim was to 
follow this curve in our tests, it was found impossible after several minutes heating due to 
inadequate heat input in the furnace. However, the rapid start in the HC curve was still 
achieved, which seems to be important when considering spalling (see Figure 2). In the full 
scale test and small scale test [7, 13], the spalling was observed after 20-25 minutes heating. 
The spalling also occurred on the first oven-dried granite block after 7-8 minutes of heating in 
our tests. Therefore, in order to measure spalling depth and also avoid damaging the furnace 
from large collapse of rock blocks, the heating duration was limited to 25 minutes in these 
tests. 
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Figure 2 Comparison of furnace temperature-time curves with HC and standard fire curves. 
 
The temperature in the furnace was controlled by a 1 mm shielded type K thermocouple. The 
temperatures inside the tested rock blocks were also measured by type K thermocouples in 
four positions. The thermocouples were placed in four drill holes. The drill holes had an 
average diameter of 10.5 mm and they were drilled in a rhombic pattern (15  13 cm2) around 
the centre of the block. The holes were drilled from the upper surface. The base of each hole 
was at distances from the surface exposed to the fire, i.e. 20 mm, 40 mm, 80 mm, and 160 
mm. The holes were completely filled with fine quartz sand (with the average diameter of 0.2 
mm). The influence of the drilled holes and filled sand on the spalling behaviour of the rock 
blocks was also investigated by using another group of water-stored blocks without drilled 
holes. A data acquisition system, NetDaq connected to a computer, measured and stored all 
temperatures automatically at every 5th second. 
 
To record the initiation and propagation of surface fractures during and after the fire, a Canon 
IXUS 60 Digital Camera and a Sony DCR-HC17E Digital Video Camera Recorder were 
used. The schematic diagram of the furnace and the test set-up is shown in Figure 3. The mass 
of spalling material due to fire exposure was measured in order to make a rough quantification 
of the degree of spalling. Only the material inside the furnace was weighed and compared 
between oven-dried and water-stored blocks in the tests. The weakness of this method was 
that not all of the rock chips fell down into the furnace. Although they could be removed by 
hand, the disturbance would bring into more loosed material due to large amount of thermal 
fractures occurred inside rock block during heating. 
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Figure 3 The schematic diagram of the furnace and the test set up. 



 
 
RESULTS 
 
The measured furnace temperatures for oven-dried granite, gabbro and schist blocks are 
shown in Figure 2. The time-temperature curves in the furnace did not follow the HC time-
temperature curve due to lack of sufficient heat supply. However, they were between the HC 
curve and standard fire curve (ISO 834) and the heat supply was consistent among different 
rock blocks. Hence, the temperature curves were still representative of a fire temperature and 
comparable in the tests. 
 
In order to clarify the different phenomena between thermal spalling and thermal fracturing 
during heating, two definitions are given. Thermal spalling is defined as the process causing 
fracturing and removal of surface material by the action of heat [16]. Thermal fracturing is 
defined as the process causing macroscopic fracture but without creation of chips. 
Furthermore, the characteristic feature of a spall is that it is suddenly removed with enough 
violence to make an audible noise [17]. 
 
 
Granite block 
 
The oven-dried granite block started to spall after about 8 minutes heating and the spalling 
was accompanied with dull explosive sounds. Some flat chips of various sizes were produced. 
During heating, the thermal fractures appeared on the surrounding free surfaces of the blocks 
and propagated from the bottom surface (exposed to the fire) to the top surface. After heating, 
the spalling material was collected as shown in Figure 4. The maximum spalled piece in the 
furnace was around 40 mm wide and 3 mm thick. After heating and naturally cooling, the 
colour of the exposed surface changed from pale grey to pink. 
 
Spalling was more intensive for the water-stored granite block (G1) than for the oven-dried 
granite block (G3) during heating. The mass of the spalling material in the furnace and the 
spalling depth are presented in Table 3 and Table 4. The presented data indicates that water-
stored granite block presents more explosive spalling than the oven-dried block. Furthermore, 
to investigate the influence of heating duration, one water-stored block (G2) was heated only 
for 6.8 minutes, but there was still explosive spalling during the first several minutes. The 
mass of spalling material was also heavier than that of the oven-dried block. 
 
 
Gabbro block 
 
The thermal fractures also appeared on the surrounding free surfaces of the blocks and 
propagated from the bottom surface to the top surface for both oven-dried and water-stored 
gabbro blocks. Only small pieces flew off the fire exposed surface regardless of whether the 
blocks were oven-dried or water stored. The mass of the spalling material is presented in 
Table 3. In order to investigate whether the explosive spalling would occur with increasing 
heating duration, one water-stored block (A3) was heated for about 90 minutes. The mass of 
the spalling material in this test increased with a factor of two compared to the other water-
stored block (heated only 25 minutes). It is still surface pitting rather than explosive spalling. 
 
 



Schist block 
 
Unlike granite and gabbro, there was obvious differential lateral expansion perpendicular to 
the heating direction for schist, which resulted in sliding between the layers and further 
delaminating along the layers, see pictures in Figure 5. Since delamination took place along 
the layers, the material inside the furnace was not weighed, but the thickness of the 
delaminated pieces was measured and the measured thickness is presented in Table 4. It is not 
clear whether water-stored blocks have a larger delamination thickness than that of the oven-
dried one. For layered schist, the delamination thickness was seemed to be controlled by the 
original position of the layers. 
 

 
 (a) G3                                                 (b) G1                                                 (c) G2 

Figure 4 Spalling materials for granite in the furnace. 
 

Table 3 Comparison of mass of spalling materials in furnace*. 

Rock types 
Oven-dried 

(with thermocouples) 
Water-stored 

(with thermocouples) 
Water-stored 

(without thermocouples) 
Gabbro A4 (1.45 g) A3** (9.66 g) A1 (4.50 g) 
Granite G3 (17.16 g) G2*** (1080.64 g) G1 (2466.12 g) 

* Schist was delaminated along their layer, therefore the material inside the furnace was not weighed, but the 
thickness was measured instead in Table 4. 
* Gabbro A3 was exposed to heating for about  90 minutes. 
* Granite G2 was exposed to heating for 6.8 minutes. 
 

Table 4 Comparison of spalling depth (granite) and delamination thickness (schist). 

Rock types 
Oven-dried 

(with thermocouples) 
Water-stored 

(with thermocouples) 
Water-stored 

(without thermocouples) 
Granite G3 (2-15 mm)* G2 (0.5-5 mm) G1 (3-20 mm) 
Schist S3 (24-25 mm) S1 (27-30 mm) S2 (20-25 mm) 

* The maximum value is obtained after scaling. 
 

 
(a)                                                        (b)                                                       (c)  

Figure 5 Sliding and delaminating of schist block during and after heating. 
 
 
DISCUSSIONS 
Effect of rock types on spalling 
 



The photographs of the heated surfaces of these three blocks after the fire test are shown in 
Figure 6. Regardless of whether the block is oven-dried or water-stored, it is clear that there is 
great difference in spalling behaviour among the three tested rock types. 
 
The granite shows substantial explosive spalling characterized by a sudden forcible separation 
and a loud noise. As it is shown in Table 1, the tested granite contains minerals with different 
coefficients of thermal expansion and is rich in quartz. Since quartz has larger thermal 
expansion than other minerals, it induces great thermal stress between mineral grains. 
Thermal stresses can be theoretically evaluated for a spherical quartz grain embedded in a 
feldspar matrix. In absence of external stress, a temperature rise of 200 ºC can lead to radial 
stress σrr=100 MPa and tangential stress σθθ=-50 MPa (tensile) [16]. If the tangential stress 
exceeds the tensile strength of the matrix, a tensile fracture will be initiated. It must also be 
realized that granite is inhomogeneous and contains not only quartz and feldspar but also 
some other minerals and flaws. Furthermore, the quartz grain is not an ideal sphere. 
Therefore, a weak flaw orientated parallel to the heat-exposed surface at a certain depth could 
also grow under considerable compressive stress. The surface buckling may increase as the 
flaw extends and the spall may finally bend up violently (see Figure 7) [17]. Furthermore, the 
spalling for granite presents a continuous process and is repeated as long as the conditions are 
met. 
 
The tested gabbro consists almost entirely of plagioclase feldspar (see Table 1), and hence the 
thermal stresses due to differences in thermal expansion between minerals were largely 
reduced on the heated surface during heating. Therefore, only surface pitting occurs on the 
fire exposed surface and spalling becomes a temporary surface process. 
 
The tested schist is composed of laminae of two materials with different thermal expansion 
coefficients which has been investigated at SP in [18]. According to the bi-crystal model 
proposed by [19], the tensile and compressive stresses can develop inside materials A and B, 
and shear stress can develop at the interface. If the interfacial bond strength between the 
layers is high compared with the tensile strength of the layer, the development of extension 
fractures is favoured (shown in layer B in Figure 8). If the interfacial bond strength is 
relatively low or if the layers are relative thick, shear fractures at the interface are more likely 
to occur. In our tests, although the interfacial bond strength and tensile strength of the layer 
were not tested, the relative movement along the failed interface (Figure 5(a)) and pulverized 
material on delaminating interface (Figure 9) were found. It shows that there was large shear 
stress on the interface during heating and the blocks failed in sliding along layers. 
 
It is concluded that in multi-mineral or poly-crystalline rocks, different thermal expansion can 
lead to the initiation and propagation of thermal fractures and also thermal spalling. Only 
under the condition of free lateral expansion and low interfacial bond strength, shear stresses 
at layer interfaces can lead to macroscopic slip in layered rock. 
 

 
(a) Granite (G3)                                      (b) Gabbro (A4)                                      (c) Schist (S3) 



 
(d) Granite (G1)                                      (e) Gabbro (A1)                                      (f) Schist (S2) 

 
(g) Granite (G2)                                      (h) Gabbro (A3)                                      (i) Schist (S1) 

Figure 6 Comparison of exposure surface among three rocks after fire. 
 

 
Figure 7 Chain of events which could lead to spalling by compression [17]. 

 

 
Figure 8 The bi-crystal model [19]. 

 

       
Figure 9 Pulverized materials along the failed interface of schist block. 
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Effect of water on spalling 
 
Although the water content (0.2%) was very low for granite, the water-stored granite still 
presented more intensive spalling behaviour and produced more spalling material than the 
oven-dried granite, see Figure 4 and Table 3. The mechanism causing more spalling could be 
primarily due to the generation of pore (air, vapor, liquid water) pressure during heating. 
 
Furthermore, another interesting finding was that the spalling depth for air-dried and water-
stored granite did not differ significantly after the heat-exposed surface of air-dried granite 
block was scaled (see Table 4). This indicated that the spalled pieces of the air-dried granite 
detached from the rock matrix but without falling into the furnace. Thus, it can be deduced 
that restrained thermal expansion induces surface buckling and later heat-induced pore 
pressure completes spalling violently for water-stored granite. In this spalling process, pore 
pressure plays a minor role since the tested rocks are hard and have low porosity and water 
content. 
 
This inference can also be supported from the pore pressure measurement in fire-exposed 
concrete. The recorded pressures were low (less than 1 MPa) compared to the normal tensile 
strength of concrete when there was spalling [11, 12]. Therefore, the conclusion from the test 
series was that pore pressure in the capillary system is not the driving force for spalling [11]. 
 
Furthermore, the thermal fractures occur on all tested rock blocks due to thermal 
heterogeneities of rock minerals and temperature gradient, and hence vapour could easily 
escape through these fractures and further release the pore pressure. Figure 10 shows that 
vapour in a water-stored gabbro block flows out through thermal fractures and then disappears 
at free surface. Furthermore, the temperature variations with time inside the gabbro blocks are 
summarized and presented in Figure 11. The temperature-time curves clearly indicate that a 
plateau appears at different depths at different times when temperature reaches 100 ºC. These 
curves further show that the vapour propagates from the fire-exposed surface towards the top 
surface inside the block. 
 
The relative movement along the failed interface of schist block was also measured (see 
Figure 5(a)). Table 5 shows that the relative movement for the water-stored schist block is 
less than that for the oven-dried schist. The reason could be threefold: (i) shrinkage due to loss 
of water, (ii) less energy absorption for differential expansion because water absorbs more 
heat when it transforms to steam and (iii) the lower temperature in water-stored blocks which 
leads to lower expansion. 
 

 
(a)                                                      (b)                                                      (c) 



 
(d)                                                      (e)                                                      (f) 

Figure 10 Steam flow process along the outer surface of gabbro block. 
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(a) Short time interval                                                (b) Long time interval 

Figure 11 Temperature-time curves inside the water-stored gabbro block (A3). 
 

Table 5 The relative movement along the failed interface of schist block. 

Rock types 
Oven-dried 

(with thermocouples) 
Water-stored 

(with thermocouples) 
Water-stored 

(without thermocouples) 
Schist S3 (3.0-5.0 mm) S1 (2.5-4.0 mm) S2 (1.5-4.0 mm) 

 
 
Effect of drilling holes on fracturing and spalling 
 
Based on the analysis of the photographs taken with the digital camera and the video 
sequences recorded with the digital video camera during the fire tests, the time and furnace 
temperature for thermal fracture initiation on the block surface was evaluated and is presented 
in Table 6. The evaluation showed that there was only a slight difference in the furnace 
temperatures at the onset of fracturing among the tested rock blocks of the same rock type, 
regardless of whether the blocks had holes or not. The surfaces survey also shows that there 
are no obvious differences among blocks with and without holes. Therefore, it can be stated 
that the influence of the holes on the spalling can be ignored in this test. 
 

Table 6 Thermal fracture initiation on block surface. 

Rock types Status Drilled holes Time 
Furnace temperature 

[ºC] 
Temperature at depth 

of 20 mm [ºC] 
Granite (G3) Oven-dried Yes 07′43″ 782 95 
Granite (G2) Water-stored Yes 06′16″ 781 95 
Granite (G1) Water-stored No 05′12″ 796  
Gabbro (A4) Oven-dried Yes 05′08″ 756 68 
Gabbro (A3) Water-stored Yes 04′02″ 751 46 
Gabbro (A1) Water-stored No 05′07″ 774  



Schist (S3) Oven-dried Yes 07′43″ 755 24 
Schist (S1) Water-stored Yes 07′43″ 727 44 
Schist (S2) Water-stored No 07′43″ 728  

 
 
CONCLUSIONS 
 
The experiment has assessed the behaviour of Fennoscandian rock types, granite, gabbro and 
schist subjected to a fire. The granite showed substantial explosive spalling characterized by a 
sudden forcible separation. The spalling was a continuous process and was repeated as long as 
the conditions were met. The gabbro presented only surface pitting and it was only a 
temporary surface process. Due to different thermal expansion between layers and low 
interfacial bond strength, the layered schist failed in delaminating along layers. These 
different responses among these three rock types can be attributed to the mineralogy (different 
minerals, expansion anisotropy) and rock texture. 
 
Spalling can result from both restrained thermal dilation and pore pressure. Whether one or 
the other is dominant depends notably on the rock type and water content. In our test, pore 
pressure plays a minor role since the tested rocks are hard and have low porosity and water 
content. Furthermore, heat-induced thermal fractures also reduce pore pressure by providing a 
large amount of channels for vapour escape. 
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