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Abstract

The project is aimed at determining the rock mechanical consequences of a fire in a tunnel. 
Several different factors influence the behaviour of the rock, both during and after a fire. The 
heating rate and heating effect of the fire are important factors, as well as the mineral 
composition of the rock. In this study the focus is to determine how the mechanical properties 
of the rock are affected by increasing temperature. 
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1. Introduction 
The project is aimed at determining the rock mechanical consequences of a fire in a tunnel. 
Several different factors influence the behaviour of the rock, both during and after a fire. The 
heating rate and heating effect of the fire are important factors, as well as the mineral 
composition of the rock. In this study the focus is to determine how the mechanical properties 
of the rock are affected by increasing temperature.  

2. Aim 
This report is a status report covering the work performed until April 2007. The report covers 
laboratory tests as well as numerical analysis of the temperature evolution in a rock mass due 
to a fire. The laboratory tests were aimed at determining the mechanical properties of rock 
under increased temperatures, but under controlled circumstances. Therefore rock cores have 
been heated in an electrical oven and then the uniaxial compressive strength and the indirect 
tensile strength have been tested.

Numerical studies of the temperature distribution around a tunnel have also been performed, 
to see how far and how fast the temperature front moves away from the contour of a tunnel.  

3. Laboratory tests 
In a first stage testing was aimed at determining how the mechanical properties change with 
increasing temperature. This was accomplished by heating a number of rock samples (cores) 
to a certain temperature in an electric oven, allowing them to cool and then testing them in 
uniaxial compression and also performing an indirect tensile strength test. The number of 
samples heated to each temperature, and in what condition they were before heating is 
summarized in Table 1. The majority of the samples were tested in a dry state, but a number 
of them were tested in a saturated state, see Table 1. These samples were first saturated, then 
put in the oven to be heated, and then after cooling they were again saturated until the time of 
testing.

Table 1. Number of samples per test. 

Temperature [ C] dry saturated saturated (during testing) 
unheated 5 - 5 

400 5 + 1 5 5 
750 5 + 5 5 5 

1100 5 + 1 6 6 
    

total 27 16 21 

3.1. Sample description 
All samples were cored from cubes of Kuru granite, which is a medium grained (1-5 mm) 
grey granite. Saiang (2009) determined the mineral composition using petrographic modal 
analysis. The mineral composition is 75 % quartz, 8.4 % plagioclase feldspar, 5.6 alkali 
feldspar, 8.6 % biotite and 2.1 % hornblende (Saiang, 2009). Minor quantities of muscovite 
occur as accessory minerals. The reason for choosing this rock type for these tests is that the 
mechanical properties are consistent with very small variations both spatially and over time. 
This enables comparison with test results by other authors. 
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The cores have a diameter of 45 mm (  1 mm) and a length of 113 mm (  2 mm). Before the 
uniaxial compression test the end surfaces are smoothed, so that the both end surfaces are 
parallel. The samples used for the Brazilian test are also cut from a core, so the diameter is the 
same, but the length is 22 mm (  1 mm).

The mechanical properties of Kuru granite have been determined by several different authors, 
and are listed in Table 2.

Table 2. Mechanical properties of Kuru granite 

c
[MPa]

E50
[GPa] 50 Author

- 75.5 (*) 0.24 (*) Li (1993) 
238 70 (*) 0.21 (*) Li and Nordlund (1993) 
268 69 0.31 Carlsson (xx) 

(*) not specified by author if the measurement was initial or at 50 % of the uniaxial compressive 
strength.

Before heating all cores were grey, but after heating there was a distinct change of colour and texture 
of the cores. The cores became more pink the higher the temperature, and the texture became more 
grainy and rough with increasing temperature. This roughness made it difficult to get plane end 
surfaces of the samples, so it was decided to finish the cores (cut them to the correct length and polish 
the end surfaces) before heating. The colour change is apparent in Figure 1.

Figure 1. Colour comparison of samples heated to different temperatures; F1 unheated, 
D2 400 C, C1 750 C and A3 1100 C.

3.2. Heating of samples 
The cores were heated in an electrical muffle furnace (Figure 2), capable of a maximum 
temperature of 1100. The furnace has a semi-automatic control system, but to get the desired 
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low rate of temperature increase, the effect (which regulates the rate of heat increase) has to 
be changed manually. This manual control does not give an exact rate of increase, but it has 
been kept as low as possible. The temperature was logged using a thermo-element that 
measured the temperature of the air inside the furnace. Temperature logs for each of the 
different testing temperatures can be seen in Figure 3. It should be observed that part of the 
heating and cooling phases have been clipped from the logs. The heating rates were obtained 
by linear fitting, the slope of the line giving the heating rate. The heating rates per hour and 
minute are given in Table 3. 

Figure 2. The interior of the furnace used for heating the samples.  

The samples were kept at the desired final temperature for about one hour, to allow the heat to 
spread through the sample. The temperature was then slowly decreased again, at first with the 
oven door closed, and later with the door open (the last 200 degrees). 

Table 3. Heating rates from oven tests. 

Curve Heating rate 
[ C/hour]

Heating rate 
[ C/min]

Cooling rate 
[ C/hour]

Initial Cooling 
rate [ C/min]

400 74.9 1.3 115 1.9 
750 94.4 1.6 120 2.0 

1100 107.8 1.8 238 4.0 

According to Simmons and Cooper (1978) a heating or cooling rate of more than 2 C/min 
introduces microcracks into the sample during heating or cooling. The heating rates used in 
these tests are below that limit, while the initial cooling rate for heating up to 1100 C is twice 
this limit. This high cooling rate however is not maintained, but levels out to an average of 
about 1.5 C/min after an initial drop in temperature inside the oven. This may be improved 
by reducing the effect of the oven in steps, instead of turning it off directly as was done here.



4

0 4 8 12 16
Time [hours]

0

400

800

1200
Te

m
pe

ra
tu

re
 [

C
]

Figure 3. Temperature logs from heating tests. 

3.3. Water saturation of samples 
The samples were saturated under a vacuum using an ejector pump, which ensures the best 
possible saturation of low porosity materials. The samples were placed in a pressure cell filled 
with water, the vacuum was applied, and then they were left there for a minimum of 24 hours. 
After removal from the pressure cell the samples were stored in a bucket of water until 
testing, ensuring that all samples were completely covered. The water saturation set up is 
shown in Figure 4.

3.4. Determination of density 
All cores were weighed and measured before heating and after heating. This was done to 
determine if the density of the rock is affected by the heating.
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Figure 4. Water saturation of samples by use of an ejector pump. 

3.5. Uniaxial compression test 
The samples were fitted with electrical strain gauges after heating, but before the final water 
saturation of the wet samples. The strain gauges were protected from the water by a small clot 
of silicone. A trial was made to first saturate the cores, take them out of the water and let them 
dry for 30 min and then applying the strain gauges, but this did not work since the gauges did 
not adhere to the sample. The cores were then placed in the test apparatus, a vertical load was 
applied, and the load and strain (both tangential and axial strain) were measured until failure 
occurred. To ensure that the samples were loaded absolutely vertically a spherical seat was 
used. A sample ready for uniaxial testing is shown in Figure 5.

Figure 5. Sample ready for uniaxial testing.

Spherical seat 

Load cell 

Sample
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From the measurements, the uniaxial compressive strength, Young’s modulus and Poisson’s 
ratio could be calculated. The test rig is an Instron Rock Mechanics frame, which is very stiff, 
and has a load capacity of 4.5 MN. The load cell used in the tests, have a load capacity of 2.25 
MN. The same machine was also used for the Brazilian test, but a different load set up was 
used, see Figure 6.

Figure 6. Test apparatus with set-up for Brazilian test.

3.6. Indirect tensile strength test – Brazilian test 
The indirect tensile test is performed on disc like samples that are about 22 mm thick. These 
were obtained by cutting a core sample into 5 disks. After testing a few discs it became 
apparent that when the core was cut into five pieces, the two end pieces gave non-reliable 
results due to end-effects. These disks sometimes had pieces missing due to handling or 
cutting or the ends could become very porous because of the heating, which gave very poor 
quality of the samples. To ensure better quality, and thus more reliable results, it was decided 
to maintain a disc thickness of 22 mm but to make only three pieces from every core, which 
means that only the three center disks were used for testing. 

The loading set-up consists of two steel platens with curved contact surfaces that loads a disc-
shaped specimen until failure occurs, see Figure 7a. 
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Figure 7 a) Test set up for the Brazilian test, and b) load application in the Brazilian test. 

The result from a Brazilian test is only reliable when the failure is initiated at the centre of the 
test specimen and propagating along a line between the two loading points. In the centre of 
the sample the stress situation is 1 + 3 = 0, which according to Griffith’s failure theory 
represents a transition between a stress condition causing tensile failure and one causing shear 
failure. An increase in 1, causes a shear failure while a decrease causes tensile failure. For 
the failure to be initiated at the centre of the specimen and not at the contact with the steel 
plates, the load P must be applied over a larger area. This can be accomplished using curved 
contact surfaces according to Figure 7b. The tensile strength is determined using the 
relationship 

dL
P

t
max2

 , [MPa] 

where Pmax is the failure load [N], d is the sample diameter [mm], and L is the sample length 
[mm].

Spherical seat 

Lower load platen 
Sample

Guide pins 

Upper load platen
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4.  Results 
The results from the uniaxial compressive strength test is a plot of stress versus axial and 
tangential strain, see an example in Figure 8. As can be seen from Figure 8, the strain curves 
are linear and it is easy to fit a straight line. From this type of plot the compressive strength, 
Young’s modulus and Poisson’s ratio can be determined.  

-4000 -2000 0 2000 4000 6000

0

100

200

300

Figure 8. Axial compressive test of sample B1, unheated and dry. 

One problem that was discovered as testing started of heated samples, was that the strain 
curves were no longer linear, see Figure 9. The reason for this behaviour is probably that the 
material is not linear elastic after heating, so it contracts slightly when the load is applied. The 
axial strain gauges show normal behaviour (compression), while the tangential gauges show 
initial compression followed by dilation. This gives unrealistic results when determining the 
initial Poisson’s ratio, which means these values can not be used since the material does not 
behave according to theory. Similar tendencies can be noted for all cores heated to 400 C and 
750 C. However, cores heated to 1100 C behave like the unheated cores, see Figure 10, i.e., 
the tangential strain gauges show dilation from the start of loading. Poisson’s ratio calculated 
at 50 % of the compressive strength show that the cores then behave elastically.  

Linear fits at initial phase 
and at 50 % of the 
compressive strength 

Axial strain 
Tangential strain

Strain [ strain] 

S
tre

ss
 [M

P
a]
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Figure 9. Axial compressive test of sample A1:R, heated to 750 C. The sample was saturated 
as heating started.
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Figure 10. Axial compressive test of sample A3_1100, heated to 1100 C. The sample was dry 
as heating started. 
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A summary of the mechanical properties as determined by this study can be found in Table 4. 
The results of each test will be given in more detail in the following subchapters. 

Table 4. Summary of results from tests of mechanical properties. 

Number of samples 
testedType of test c

[MPa]
t

[MPa]
Eini

[GPa]
E50

[GPa] ini 50

c t

unheated (d) 265 16.9 63.6 67.6 0.24 0.26 4 4 
unheated (w) 236 13.7 51.0 67.5 0.17 0.36 4 3 
400 (d) 249 9.9 27.8 60.2 0.06 0.35 4 4 
400 (w) 250 11.7 23.0 61.3 0.04 0.33 4 3 
400 (ww) 208 8.9 21.2 54.8 0.07 0.37 4 3 
750-1 (d) 126 8.8 * 2.1 22.5 0.07 0.32 4 4 
750-2 (d) 124 2.8 2.5 21.4 0.06 0.32 4 3 
750 (w) 129 2.9 2.1 28.5 0.09 0.45 4 3 
750 (ww) 104 2.3 1.9 20.1 0.08 0.48 4 3 
1100 (d) 19.8 0.7 1.2 2.3 0.19 0.91 4 4 
1100 (w) 18.2 0.6 1.3 2.0 0.22 0.80 4 3 
1100 (ww) 16.5 0.5 1.0 1.9 0.28 1.24 5 3 

d = core heated and tested in a dry state, w = core heated wet, but tested in a dry state, ww = core 
heated wet and tested in a wet state, * = tensile strength calculated from maximum load on sample. 

The tensile strength of the samples in series 750-1 is calculated from the maximum load 
recorded, however cracks were initiated in the sample at a much lower load. Earlier testing 
were done on unheated samples or samples heated to 400 C, which all behaved in a brittle 
manner. This means that the crack initation load and the maximum load coincide. The 
samples in series 750-1 samples were the first to behave differently, so it was decided to log 
the load in the rest of the tests. A more correct value of the tensile strength is 2.9, which is 
calculated based on an estimate of the load when cracking was initiated. This value 
corresponds well to the tests in series 750-2 where the load was logged, and the tensile 
strength is calculated from the actual failure load at crack initiation.

4.1. Compressive strength 
The compressive strength of the unheated sample corresponds well to the results reported by 
other authors, see Table 2. It can be seen in Figure 11 that the compressive strength decreases 
radically for samples heated to more than 400 C. Saturating the samples before heating does 
not seem to have any great effect on the compressive strength as long as the samples were 
tested in a dry state. The decrease in strength in per cent is summarized in Table 5. The 
samples that were tested in a dry state are all compared to the unheated dry test result. The 
samples that were tested in a saturated state are compared to the samples heated (dry) to the 
same temperature and tested in a dry state. It is interesting to note that the samples tested in a 
saturated state have a lower compressive strength than samples tested in a dry state although 
they were heated to the same temperature. This decrease is between 10 and 17 %. For the 
samples tested in a dry state the decrease in compressive strength is about 6 % if the sample is 
heated to 400 C, about 52 % for heating to 750 C and about 93 % for samples heated to 
1100 C. The number of samples tested were 3-4 per temperature level and test type (d, w, 
ww).



11

0

50

100

150

200

250

300

un
he

ate
d (d)

un
he

ate
d (

w)

40
0 (

d)

40
0 (

w)

40
0 (

ww)

75
0-1

 (d
)

75
0-2

 (d
)

75
0 (

w)

75
0 (

ww)

11
00

 (d
)

11
00

 (w
)

11
00

 (w
w)

C
om

pr
es

si
ve

 s
tr

en
gt

h 
[M

Pa
]

Figure 11. Average compressive strength for all test types. 

Table 5. Compressive strength decrease in per cent. 

Dry
[%] 

Saturated
[%] 

unheated (d) 0.0  
unheated (w)  - 10.9 
400 (d) 6.0  
400 (w) 5.7  
400 (ww)  - 16.5 
750-1 (d) 52.4  
750-2 (d) 53.2  
750 (w) 51.3  
750 (ww)  - 17.5 
1100 (d) 92.5  
1100 (w) 93.1  
1100 (ww)  - 16.7 

4.2. Tensile strength 
The tensile strength was determined using the Brazilian test. The important thing is that the 
failure should initiate in the centre of the sample, so this load (crack initiation load) should be 
measured. This load is also called the failure load, and for brittle rock it normally coincides 
with the maximum load, see an example in Figure 12. However, when testing the samples in 
series 750-1, it was noted that a crack had initiated at a much lower load than the maximum 
load.  The failure load for these series had to be estimated after testing, since only the 
maximum load was logged. Experience from this test series led to the decision to start logging 
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load-time for all Brazilian tests. An example of a load-time curve for a sample heated to 1100 
C is shown in Figure 13. 
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Figure 12. Load-time curve for A2_2 heated to 400 C. Failure load and maximum load 
coincide. 
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Figure 13. Load-time curve for H1_2, heated to 1100 C. The failure load is the first plateau, 
when a crack initiated in the centre of the disk. The maximum load is significantly higher. 

As noted previously the tensile strength of the samples in series 750-1 is calculated from the 
maximum load recorded, however cracks were initiated in the sample at a much lower load. A 
more correct value of the tensile strength is 2.9 MPa, which is calculated based on an estimate 
of the load when cracking was initiated. This value corresponds well to the tests in series 750-
2 where the load was logged, and the tensile strength was calculated from the actual failure 

Failure load
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load at crack initiation, see Figure 14. The decrease in tensile strength in per cent is given in 
Table 6. 
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Figure 14. Average tensile strength for all test types. 

Table 6. Decrease in tensile strength in per cent. 

 dry [%] wet [%] 
unheated (d) 0.0  
unheated (w) - 18.9 
400 (d) 41.4  
400 (w) 30.8  
400 (ww) - 10.1 
750-1 (d) 47.9  
750-2 (d) 83.4  
750 (w) 82.8  
750 (ww) - 17.9 
1100 (d) 95.9  
1100 (w) 96.4  
1100 (ww) - 28.6 

The effect of heat and testing in a saturated state seems to be more pronounced than for the 
compressive strength tests. For the samples tested in a dry state the decrease in tensile 
strength is about 35 % if the sample is heated to 400 C, about 83 % for heating to 750 C and 
about 96 % for samples heated to 1100 C. The same trend can be seen here, that the samples 
tested in a saturated state have a lower strength compared to the dry samples. The tensile 
strength of the saturated samples is between 10 and 30 % lower than the strength of the dry 
samples heated to the same temperature. 

Estimated value 
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4.3. Young’s modulus 
Young’s modulus is determined from stress-axial strain curves by using the equation 

a
TE .

There are several different methods, but the ones chosen here are the tangent modulus at the 
initial stages of the loading and the tangent modulus at 50 % of the compressive strength. The 
initial modulus has a steadily decreasing trend, see Figure 15, and the samples tested in a 
saturated state have a lower modulus than the samples tested in a dry state. The modulus 
calculated at 50 % also has an overall decreasing trend, but the same pattern regarding 
samples tested in a saturated state is not as obvious.  
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Figure 15. Average Young’s modulus for all test types. 

The decrease in Young’s modulus in per cent is given in Table 7. The value in parenthesis is 
based on the Young’s moduli calculated from the second test at 750 C. If this value is used, 
as a general observation, the decrease in Young’s modulus is about 20 % when samples are 
tested in a saturated state compared to samples tested in a dry state. 
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Table 7. Decrease in Young’s modulus in per cent. 

 Eini E50

 dry [%] wet [%] dry [%] wet [%] 
unheated (d) 0  0  
unheated (w) - 19.9 - 0.2 
400 (d) 56.3  10.9  
400 (w) 63.8  9.3  
400 (ww) - 23.9 - 9.1 
750-1 (d) 96.7  66.7  
750-2 (d) 96.1  68.4  
750 (w) 96.7  57.8  
750 (ww) - 6.6 (22.5) - 10.8 
1100 (d) 98.1  96.6  
1100 (w) 97.9  97.0  
1100 (ww) - 20.8 - 16.1 

4.4. Deformation ratio (Poisson’s ratio) 
The deformation ratio (or Poisson’s ratio) is determined as the ratio of the axial to the 
tangential strain. The maximum theoretical value of Poisson’s ratio for linear elastic rock is 
0.5, beyond this limit it is more correct to denote the ratio as a deformation ratio. In most 
applications the range of values of Poisson’s ratio is between 0.2 and 0.4. As can be seen in 
Figure 16 the deformation ratio estimated from the initial phase of the curve fall below this 
range, while the deformation ratio estimated at 50 % of the compressive strength for some 
temperature levels go far beyond this range. The behaviour of the samples heated to 1100 C
is according to this not linear elastic. Saturated samples heated to 750 C also fall outside this 
range of values for linear elastic behaviour.
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Figure 16. Deformation ratio 

4.5. Density 
Figure 17 shows the measured change of the samples after heating. One indication is that the 
higher the heating temperature the greater the decrease in density. If the cores were saturated 
or not at the start of heating does not seem to influence the density decrease.  To some degree 
the decrease in density can be a result of water loss, but the significant difference in density 
between samples heated to 750 C and 1100 C cannot be explained only by water loss, but 
has to be a result of changes in the rock material.  
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Figure 17. Density of dry samples. 
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5. Numerical analysis 

5.1. Introduction 
The numerical modeling was done with FLAC (Itasca, 2006). The analyses are performed as a 
parameter study to determine the temperature distribution with time in the rock mass 
depending on which fire curve is chosen, e.g. the HC-curve (hydrocarbon) or the RWS-curve. 
As can be seen from Figure 18 the initial temperature increase is very rapid for all curves. The 
maximum temperature differs between the curves as well as the duration of the fire. The EBA 
and RABT-curves also have a cooling phase. 
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Figure 18. Fire test curves. 

In this study, it was decided to use a constant fire temperature of 1000 C, and a duration of 3 
hours. The fire is assumed to reach this temperature instantaneously, since the rock reacts too 
slowly to the heat change to “notice” the first few minutes before the maximum temperature is 
reached. A quarter of a circular tunnel is modeled, since it was easier to get a fine and even 
mesh with this configuration. In this first model no stresses were used, since the aim was to 
study the temperature distribution. Table 8 presents the thermal properties for the rock mass. 

Table 8. Thermal properties for the rock mass 

Thermal property Min value Max value Unit

Conductivity, 2.2 3.8 W/m.K
Thermal expansion, 1x10-6 6x10-6 C-1

Specific heat, C 730 730 J/kg.K

The minimum values are used in a model called enkel_xx.dat and the maximum values in 
model called high_xx.dat, where xx denotes the number of seconds used for the modeling. 
The modeling is done using a sequence of files. In the first file (enkel_10800.dat) a 
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temperature of 1000 C is applied to the boundary for a duration of 10800 seconds (= 3 
hours). In the next file (enkel_21600.dat) the temperature is removed and the calculations 
continue for another 3 hours. In every consecutive file the calculation time is doubled, so the 
last file in the sequence ends at 200000 seconds (= 55.5 hours). The temperature change in the 
rock mass may possibly continue for a while longer, but the changes are small and slow after 
this time. The file enkel_10800.dat can be found in Appendix 1. 

5.2. Results 
Results from a run with minimum values of conductivity and thermal expansion are given in 
Table 9. Plots from this run can be found in Appendix 2. 

Table 9. Temperature distribution with low conductivity and thermal expansion.  

Time Temperature 
on boundary 

Temperature at 
1 dm depth Comments

3 h 1000 527 At the end of heating phase 
6 h 477 427 After 3 h of cooling 

12 h 327 277  
24 h 277 200  

55.5 h 130 130 This temperature goes 3.5 dm 
into the rock mass 

Results from a run with maximum values of conductivity and thermal expansion are given in 
Table 10. Plots from this run can be found in Appendix 3. 

Table 10. Temperature distribution with high conductivity and thermal expansion. 

Time Temperature 
on boundary 

Temperature in 
zone Width of zone 

3 h 1000 527 0.75 – 1 dm 
6 h 477 427 0.7 – 1.4 dm 

12 h 327 277 0 – 2.2 dm 
24 h 277 200 0 – 2.5 dm 

55.5 h 130 130 0 – 4.2 dm 

The conclusion from these two runs is that the temperatures are comparable at the same depth 
(1 dm), but in the model with high conductivity and thermal expansion the zone is wider.  

Another way of comparing the two models is to plot the temperature distribution at fixed 
distances from the boundary. The differences between the models is not significant as can be 
seen in Figure 19 and Figure 20. The Y-axis shows the temperature in Kelvin, and X-axis the 
number of steps, 20000 steps equals 200000 seconds or 55.5 hours. With high conductivity 
the temperature at a distance of 2.5 cm from the boundary is about 50 degrees higher than in 
the model with low conductivity. At a distance of 32 cm from the boundary, the high 
conductivity model shows a maximum temperature about 50 degrees higher and 30 minutes 
earlier than in the low conductivity model. The same patterna can be seen for the other 
distances as well, but with a lower temperature distance, about 25 degrees.
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Figure 19. Temperature development at fixed distances from the boundary, model with low 
conductivity and thermal expansion. 

Figure 20. Temperature development at fixed distances from the boundary, model with high 
conductivity and thermal expansion. 
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______________________________________________
* Quarter of a circular tunnel with a radial mesh 
* Used for simulating heating 

new
config thermal 
gr 50,50 
model elastic th_iso 

ca hole.fis 
set rmin 3 rmul 10 gratio 1.1 

hole

init temp 288   ; temperature in the rock mass before heating ( K)
prop dens 2700 bulk 20e9 she 12e9 
prop cond 2.2 spe 730 thexp 1e-6 

apply temp 1273 from 1 51 to 1 1 short  ; applies a temperature of 1000 C on the boundary 

hist thtime 
hist temp i 5 j 45 
hist temp i 5 j 5 
hist temp i 35 j 35 
hist temp i 15 j 35 

set mech off 
set thdt 10   ; thermal time step is 10 seconds 
solve age 10800 sratio 0.0  ; calculation until 3 hours have passed 

window -0.1 4 -0.1 4 
;scline 1 (1.25 2,76) (5.5 10.5) 
set plot jpg 
set output temp_10800.jpg 
title
Temperature distribution at 10800 sec 
plot pen bound temp fill 

save enkel_10800.sav_________________________________



Plots from run with low conductivity and thermal expansion. Appendix 2 
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Temperature distribution after 3 hours. 

Temperature distribution after 6 hours. 



Plots from run with low conductivity and thermal expansion. Appendix 2 
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Temperature distribution after 12 hours 

Temperature distribution after 24 hours. 



Plots from run with low conductivity and thermal expansion. Appendix 2 
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Temperature distribution after 55.5 hours  



Plots from run with high conductivity and thermal expansion. Appendix 3 
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Temperature distribution after 3 hours. 

Temperature distribution after 6 hours. 



Plots from run with high conductivity and thermal expansion. Appendix 3 
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Temperature distribution after 12 hours. 

Temperature distribution after 24 hours. 



Plots from run with high conductivity and thermal expansion. Appendix 3 
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Temperature distribution after 55.5 hours.  


