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Large temperature changes may cause degradation in physical and mechanical properties of rocks. This degra-
dation can be influenced by heating-cooling procedure. In this study, it is proposed to investigate the influence of
cooling method after heating to high temperature on the degradation of physical and mechanical properties of
granite. For this purpose, two different cooling procedures are considered, the rapid cold water cooling and the
slow step-by-step cooling. Two groups of granite samples are first heated to a desired temperature ranging from
25 °C to 900 °C, and then cooled respectively by using these two methods. The porosity and ultrasonic velocity of
the thermally treated samples are measured. Uniaxial and triaxial compression tests are also performed to
evaluate the elastic properties and compression strength. It is found that for both groups of samples, the thermal
treatment induces the porosity increase, the wave velocity decrease and the modification of elastic modulus and
compression strength. But the modification of mechanical properties is clearly influenced by the thermal

treatment procedure.

1. Introduction

Hot dry rock (HDR) resources, recognized as an efficient, low-
carbon, clean energy source, has attracted more and more attention in
recent years with the depletion of fossil energy sources and the
increasingly severe environmental problems. The amount of hot dry
rock resources stored in the world is dozen times of the total storage
capacity of oil and natural gas."”? HDR energy is widely distributed in
granite at depth of 2-6 km where the temperature is about 150-650 °C.”
Nitrogen, sulfur oxides and other pollutants are barely produced during
development and utilization of HDR, and no other pollution problems
will arise.>* The usual mining method of HDR resources is to drill wells
into hot rock formations, and then to inject cold water into the wells so
that cold water can be absorbed by the rock masses and fissures, where
the heat energy is converted into hot fluid, and the energy is finally
converted by using the discharged water vapor or hot water to liquefy
into liquid water to release thermal energy. Therefore, it is of great
scientific value and practical significance to deeply study the mechanism
and deformation characteristics of rock cracking mechanisms after high
temperature heat treatment and cooling for the design and exploitation
of deep hot rock geothermal resources.

A large number of experimental studies have been performed to
investigate the mechanical properties of rocks after high temperature
heating and natural cooling treatment.” ' Most previous studies have
shown that the mechanical and physical properties of rock materials are
weakened at high temperature (peak strength and elastic modulus
decrease, permeability and porosity increase). The variations in
porosity, P-wave velocity, elastic modulus, and peak strength are all
related to the heat treatment temperature.'® >’ Vagnon et al.?® investi-
gated the mechanical properties of marble at high temperature and
shown that the thermal cracking yielded porosity increase and weak-
ening of physical and mechanical properties of rocks. Some other
experimental studies have been also performed on the mechanical
properties of rock subjected to high temperature heating and rapid
cooling treatment.?? >® The heating and rapid cooling treatment lead to
a complex stress distribution in crystalline rocks due to mineral thermal
expansion and the non-uniform temperature distribution,> *® and the
mechanical strength, elastic modulus and fracture toughness decrease,
while the permeability and porosity increase, and the material anisot-
ropy is attenuated.*”*® It seems that there is a difference in the effect on
properties of rock materials between rapid cooling and natural cooling
because of temperature gradients and thermal shock.>” ** However,
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Fig. 1. Schematic illustration of heating and cooling procedures.

there are few experimental studies on the effect of cooling rate on
thermal degradation of mechanical properties.

In this paper, we shall compare two different cooling methods, the
rapid water cooling and the slow step-by-step cooling. Two groups of
granite samples will be heated to a desired temperature and then cooled
by these two methods. The porosity and sonic velocity of both groups of
samples will be measured. Uniaxial and triaxial compression tests will
also be performed. By comparing the results obtained from two groups
of samples, we will characterize the effect of cooling method on the
thermal degradation of physical and mechanical properties of granite.

2. Samples preparation and thermal treatment
2.1. Rock description and samples preparation

The samples are drilled from fresh fine and uniform grained granite
blocks, selected in Dabie Mountain, Macheng, Hubei province, China.
The main mineral composition of the granite based on the X-ray
diffraction analysis is quartz (8.9%), potassium feldspar (45.1%), albite
(21.1%), mica (23.2%), green mud stone (1.7%) and calcite (0.2%). The
natural density of granite is about 2.60 g/cm>. The diameter and height
of cylindrical samples is respectively about 37 + 0.02 mm and 74 + 0.05
mm.

2.2. Thermal treatment

As the main purpose of this work is to investigate the influence of
thermal treatment procedure on mechanical properties of granite, two
different procedures are chosen. In the first procedure, the samples are
first heated at a rate of 5 °C/min until a desired temperature and then
cooled in cold water. In the second procedure, the samples are first
heated with the same rate as that in the first procedure, but then step-by-
step cooled. The heating rate used here (5 °C/min) is considered as low
enough in order to reduce the effect of thermal gradient inside the
samples so that the thermal effect can be entirely attributed to tem-
perature raise.*®*>*8 Four levels of heating temperature are selected,
namely 200 °C, 400 °C, 600 °C and 900 °C. A schematic illustration of
heating and cooling steps is shown in Fig. 1 for both the water cooling
and step-by-step cooling methods. For the heating and water cooling
procedure, after a stabilization period of 3 h at the desired heating
temperature, the samples are suddenly immersed into
room-temperature water in a container with a volume of 25 L. For the
heating and step-by-step cooling procedure, the samples are first cooled
in a furnace to ambient pressure at a rate of 1 °C/min until the selected
temperature is reached. After a stabilization period of 3 h, the temper-
ature is decreased to the next cooling step. The temperature decrease for
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Fig. 2. Evolution of density (a) and porosity (b) with heat treatment temper-
ature for two different cooling methods.

each cooling step is 100 °C. Again, this low cooling rate is adopted to
reduce the temperature gradient in the samples. Finally, all the samples
are conserved in a desiccator until the completion of subsequent tests.

3. Physical and mechanical properties
3.1. Porosity

Porosity is one of the fundamental physical properties of porous
rocks. In this study, the porosity of the measurement test is measured by
the conventional wetting-drying method. The samples are saturated by
water in vacuum. The saturation is considered as completed when the
weight variation of samples within one week is less than 0.1% of the
total mass. The mass and volume of each sample is measured. The
samples are then dried in an oven at 105 °C for 24 h. Each sample is
considered as fully dried when the variation of its mass is less than 0.1%
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Fig. 3. Evolutions of P-wave velocity of samples treated with two different
cooling methods.
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Fig. 4. Typical stress-strain curves in uniaxial compression tests of granite
samples treated by step-by-step cooling method.

of the total mass during drying process. The mass and volume of each
dry sample are measured. The porosity and density are then calculated
from the mass and volume of the saturated and dry states of each sample.
The values of density and porosity of the samples for different heating
temperatures are given in Table 1 of Appendix and presented in Fig. 2,
for the sake of comparison; the following normalized porosity is here
used:
n

n—=

Nasec

(€8]

In Fig. 2(a), one can see that both the saturated and dry densities
decrease with the heat treatment temperature for the two cooling pro-
cedures. However, the density decrease of the water-cooled samples has
some fluctuations while that of the step cooled samples is regular. When
the temperature is higher than 573 °C, the decrease of dry density with
heat treatment temperature is generally considered as a consequence of
quartz transformation from a-type to p-type.*>°® This transformation
can produce a volume expansion of about 0.45%.°" According to the
results in Fig. 2(b), the porosity change is very small when the heating
temperature is below 400 °C. That implies that the samples exhibit only
some minor structural changes below 400 °C, primarily due to the
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opening of pre-existing microcracks and/or to the nucleation of some
new microcracks during the heating and cooling phases.'® The porosity
change is clearly accelerated when the heating temperature is higher
than 400 °C. The porosity change of the water-cooled samples seems to
be more significant than that of the step-by-step cooled samples. This
difference seems to indicate that the rapid water cooling method gen-
erates more important thermal degradation of granite microstructure
than the slow step-by-step cooling method, such as the a-p type transi-
tion in crystal structure enhancing the connection of microcrack net-
works and an increase in the number of open micro-cracks.”?

3.2. Ultrasonic velocity

The evolution of normalized P-wave velocity with thermal treatment
temperature is presented in Fig. 3, for two different thermal treatment
methods. It is found that the ultrasonic velocity decreases with the in-
crease of heating temperature and there is no significant difference be-
tween the two cooling methods. The rate of the P-wave velocity decrease
slows down after 400 °C. This decrease of ultrasonic velocity is also
generally attributed to the generation of microcracks during heating and
cooling processes.
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Fig. 7. Evolution of elastic modulus of samples after two different thermal treatments.

3.3. Mechanical responses

Uniaxial and triaxial compression tests are performed on two groups
of granite samples. The typical stress-strain curves in uniaxial
compression tests of the samples treated by the step-by-step cooling
method are presented in Fig. 4. We can see that the mechanical re-
sponses are significantly influenced by the thermal treatment tempera-
ture. For all values of temperature, there is a nonlinear concave phase at
the beginning of axial (deviatoric) stress loading. This phase is generally
related to the progressive closure of existing microcracks generated
during the preparation and thermal treatment of samples.’® It is inter-
esting to see that this initial nonlinear phase is much more pronounced
when the heating temperature is higher. This confirms that the thermal
treatment induces the generation and development of microcracks.>*>°
After the closure of microcracks, a quasi linear stress-strain phase is
observed and this phase represents the elastic deformation of the ma-
terial. It is found that the linear elastic phase is longer and easier to
identify when the thermal treatment temperature is lower. After the
linear elastic phase, one can observe a more or less marked nonlinear
phase before the peak stress is reached. This nonlinear phase can be
related to the nucleation and growth of new microcracks.”” It is

interesting to observe that this pre-peak nonlinear phase is more marked
when the heating temperature is higher. From the results given in these
tests, it is clear that the uniaxial compression strength (UCS) is signifi-
cantly deteriorated by the thermal treatment and this degradation is
much greater when the temperature is higher. Further, it seems that the
high heating temperature enhances less stiff behavior of granite. In
Fig. 5, we show the stress-strain curves in uniaxial compression tests of
samples treated by the rapid water cooling method. Similar remarks as
those for the samples treated by the step-by-step cooling method can be
made. More discussions on the effect of cooling method are presented in
the next section.

4. Analyses

In order to better characterize the effect of cooling method, some
quantitative comparisons are presented in this section. The initial
tangent modulus is first calculated at very beginning of loading stress-
strain curve in uniaxial compression tests. The obtained values are
given in Table A1 of Appendix and plotted in Fig. 6. The initial tangent
modulus of thermally treated samples continuously decreases with the
heating temperature for the two cooling methods. However, for the
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Fig. 8. Variation of relative peak deviatoric stress of samples after two different thermal treatments.

samples cooled by the step-by-step method, the rate of initial tangent
modulus is reduced after the temperature reaches 600 °C. On the con-
trary, in the sampled rapidly cooled by cold water, the decrease of initial
modulus is accelerated when the temperature is higher than 500 °C.
As mentioned above, in each stress-strain curve, it is possible to
identify a quasi linear part after the closure of initial microcracks and
before the nucleation and propagation of new microcracks. This linear
part is here interpreted as the elastic phase of material. We have
calculated the elastic modulus and Poisson’s ratio from this linear part in
uniaxial and triaxial compression tests. The obtained values are given in
Table A3 and Table A4 of Appendix. In Fig. 7, we show the evolution of
normalized elastic modulus of samples treated by two different cooling
methods. We can see that when the heating temperature is between 25
°C and 500 °C, the elastic modulus of cold water-cooled samples in-
creases with the heating temperature under low confining pressures (0
and 5 MPa) while the elastic modulus of step-by-step cooled samples
continuously decreases. This kind of difference is generally related to
two physical processes under competition: the thermal hardening and
cracking.>® Indeed, when granite samples are heated and rapidly cooled

by cold water, the related strong temperature gradient can generate an
important local stress concentration which induces a non-uniform
plastic strain field in the samples. For the samples that are
step-by-step cooled, the rate of cooling is slow and this reduces the local
stress concentration and the non-uniform plastic strain field. As a
consequence, for the range of temperature and confining pressure
considered, the plastic hardening is dominating on the thermal cracking
in the cold water cooled samples while the opposite process occurs in the
step-by-step cooled samples. When the heating temperature is higher
than 600 °C, there is an acceleration of elastic modulus decrease for both
groups of samples. On the other hand, it is found that it is not easy to
give a clear trend for the variation of Poisson’s ratio and there is no
significant difference between two cooling methods.

The experimental values of peak deviatoric stress are also deter-
mined and given in Table A5 of Appendix. The evolutions of normalized
peak stress of samples treated by two cooling methods are plotted in
Fig. 8. We can clearly see that the uniaxial compression strength of the
samples treated by the water cooling method exhibits a significant in-
crease from 25 °C to 500 °C. But there is no such strength increase in the
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samples treated by the step cooling method. However, with the increase
of confining pressure, the difference of peak strength evolution becomes
small between the samples treated by the two different cooling methods.
It seems that the evolution of peak stress is in agreement with that of
elastic modulus.

From the experimental values of peak stress obtained from the uni-
axial and triaxial compression tests, it is possible to calculate the two
common strength parameters by using the following classical Mohr-
Coulomb failure criterion:

—03)—&-1(01+(73)sin(/1—c005(/1:0 2)

F:—(O'] )

2

o1 and o3 are respectively the major and minor principal stress. ¢ and
¢ denote the cohesion coefficient and the frictional angle. The obtained
values of ¢ and ¢ are given in Table A6 of Appendix for the groups of
samples. The evolutions of ¢ and ¢ are plotted in Fig. 9. The friction
angle of the step-by-step cooled samples increases with the temperature
up to 600 °C, and then slightly decreases between 600 °C and 900 °C.
However, the friction angle of the cold water-cooled samples decreases
with the heating temperature until 500 °C, and then increases between
500 °C and 900 °C. The cohesion of the step-by-step cooled samples
continuously decreases with the heat treatment temperature. But the
cohesion of the cold water-cooled samples first increases between 25 °C
and 500 °C and then considerably decreases when the temperature
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exceeds 500 °C. It seems that in the rapid cooled samples, for range of 25
°C and 500 °C, the rapid cooling rate induces high local thermal stresses
and strong cooling-related shrinkage of samples. This has a preventing
effect on the development of thermal cracks and results in an increase of
material cohesion. When the temperature is greater than 500 °C, a large
number of thermal cracks are created so that the material cohesion is
significantly reduced. However, in the step-by-step cooled samples, the
effect of thermal shrinkage due to thermal stresses is less important.
Therefore, the material cohesion continuously decreases due to thermal
cracking.

5. Discussions

There is a competition between the thermal cracking and hard-
ening.>%*’ It is said that thermal cracks develop mostly during heat-
ing.°®°° However, high temperature gradients due to rapid water
cooling will cause thermal hardening which induces high local thermal
stresses and strong cooling-related shrinkage of samples. This has a
preventing effect on the development of thermal cracks. Therefore, the
generation and development of thermal cracks are influenced by the
combined effects of thermal cracking and hardening. According to the
experimental data presented above, it can be seen that the thermal
cracking caused by thermal treatment will induce the physical and
mechanical properties of granite to decline to different degrees. When
the thermal cracking is dominating, the physical and mechanical prop-
erties of the samples decrease. On the contrary, when the thermal
hardening plays an essential role, there is an obvious “hardening effect”
which can be seen clearly in some parameters.

For the mechanical parameters such as elastic modulus, compression
strength, internal friction angle and cohesion, it can be seen that the
water-cooled samples have a significant hardening effect up to 500 °C.
This is not the case for the step-by-step cooled samples. For the physical
parameters such as porosity and ultrasonic velocity, the hardening ef-
fects are not clearly demonstrated. For the water-cooled samples, the
evolution of wave velocity, porosity and initial loading tangent modulus
is monotonic with temperature. When the high temperature heated
granite is rapidly put into water, the outer surface of sample is rapidly
cooled, inducing a non-uniformed plastic strain field. And the strength
of the outer surface is rapidly increased while the mineral particles in-
side sample are not cooled synchronously with its outer surface during
the rapid cooling process. Therefore, the deformation caused by thermal
expansion is restrained by the outer surface of sample and its inner
compactness increases. However, as the degree of compactness in-
creases, a certain amount of thermal cracks are also generated. It makes
some parameters (e.g. porosity, ultrasonic velocity, initial loading
tangent modulus) evolve monotonically without showing an obvious
“hardening effect” as for the peak strength and elastic modulus. In
addition, it is seen in Figs. 7 and 8 that the hardening effect is attenuated
as the confining pressure increases. The effect of confining pressure
limits the volume change and increases the ductility of samples.
Therefore, the compression strength of sample is increased and the
stiffness of sample is also restricted.

In HDR project, the premise of efficient heat extraction is to generate
a good artificial fracture network in reservoir.>°*®! In addition to hy-
draulic fracturing, the high temperature thermal reservoir rock mass
during hydraulic fracturing also has a large temperature gradient, and it
will cause thermal degradation.®’°>%? In order to better investigate
HDR thermal reservoirs, the depth is also one of the important factors.®
The confining pressure is increasing with the depth. According to the
present results, the thermal hardening effect is attenuated at high
confining pressure. And the increase in temperature caused by a small
increase in depth has no significant effect on rock properties compared
to the confining pressure.°* Thus, we can imagine that the thermal
hardening effect is also reduced as the depth increases. Moreover, the
distribution, angle and development of cracks induce the degradation of
mechanical behavior.®® The distribution and development of thermal
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Fig. Al. Comparison of stress-strain curves in uniaxial compression tests between two different cooling methods.

cracks generated in heating-cooling process are related to factors such as
temperature and confining pressure. It can be quantitatively character-
ized in our future study. In addition, it is interesting to notice that the
results of the present study show that the thermal hardening enhances
the mechanical properties of granite in a certain temperature range, and
the transport properties are also enhanced. It has very positive signifi-
cance for the HDR thermal reservoir engineering.

6. Conclusions

In this paper, we have investigated the degradation of physical and
mechanical properties of granite samples subjected to two different
heating-cooling methods, in particular the evolution of porosity, wave
velocity, elastic modulus and compression strength. It is found that the
high cooling rate induces important thermal stresses. It is manifested by
the fact that the thermal hardening is the dominant process in the
samples treated by the cold water cooling. This induces an increase in
elastic modulus and peak strength when the heating temperature is
lower than 500 °C. This phenomenon is not observed in the samples
treated by the step-by-step cooling. When the heating temperature is
higher than 500 °C, there is a significant decrease in elastic modulus and
peak strength for two groups of samples. This is due to the effect of
thermally induced micro-cracks with a clear increase in porosity. The
thermal degradation of compression strength of granite sample is also

influenced by the cooling method. In relation with the elastic modulus,
in the samples cooled by the cold water method, the cohesion first in-
creases until 500 °C and then decreases when the heating temperature is
higher. However, for the samples cooled by the step method, the cohe-
sion is continuously decreasing with the heating temperature. The fric-
tion angle of samples exhibits an opposite trend. As a conclusion, the
rapid cooling treatment can result in a reinforcement of elastic modulus
and compression strength until 500 °C and then a sharp decrease of
those properties when the heating temperature is higher. On the other
hand, the slow cooling treatment generates a progressive degradation of
elastic modulus and compression strength of granite.
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1000
temperature(°C)
Appendix
Table Al
Density and porosity of granite samples after two different thermal treatments
Temperature (°C) 25 200 400 600 900
Psat (g/cm3) water cooling 2.6082 2.5698 2.5477 2.5632 2.5146
step cooling 2.6053 2.6107 2.6079 2.5773 2.5263
pd(g/cms) water cooling 2.5962 2.5572 2.5319 2.5287 2.4533
step cooling 2.5937 2.6003 2.5950 2.5513 2.4793
Porosity (%) water cooling 1.1916 1.2583 1.5802 3.4493 6.1308
step cooling 0.4537 0.4033 0.4733 0.9933 1.8433
Table A2
Initial loading tangent modulus measured in uniaxial compression tests
Temperature (°C) 25°C 200 °C 400 °C 600 °C 900 °C
Ey(GPa) Water cooling 11.2467 10.7908 9.4745 6.9709 2.4198
Step cooling 9.315 7.9933 6.5633 4.7333 3.54
Table A3
Elastic modulus of samples after two different thermal treatments
Confining pressure (MPa) Elastic modulus
25°C 200 °C 300 °C 400 °C 500 °C 600 °C 900 °C
0 Water cooling 30.74 45.76 41.24 46.08 45.32 14.06 9.03
30.68 44.85 41.80 46.93 45.80 13.22 9.01
31.24 45.35 42.47 46.94 46.41 14.40 8.53
Step cooling 33.02 30.84 / 24.25 / 20.12 11.95
34.32 32.95 27.12 25.57 14.69
31.72 32.12 29.39 27.27 15.23
5 Water cooling 32.79 47.74 48.15 49.93 47.96 28.79 14.85
33.18 48.53 49.02 50.33 47.96 28.78 14.87
33.58 48.29 48.66 50.34 47.96 29.47 14.40
Step cooling 43.17 40.98 / 40.25 / 34.90 19.5
44.23 43.51 36.47 35.95 19.55
42.11 44.94 38.06 36.40 23.43
10 Water cooling 52.17 53.97 53.33 51.70 50.68 34.10 24.18
52.55 55.77 53.31 52.27 52.27 34.75 25.25
52.95 54.99 53.13 51.97 51.78 34.94 23.12
Step cooling 44.58 42.95 / 43.52 / 44.46 30.74
46.30 45.56 41.55 41.42 31.05
45.83 47.89 44.11 41.68 31.26

(continued on next page)
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Table A3 (continued)

Confining pressure (MPa) Elastic modulus
25°C 200 °C 300 °C 400 °C 500 °C 600 °C 900 °C
15 Water cooling 58.67 55.33 57.18 48.24 48.09 39.17 28.93
54.23 52.21 54.70 52.26 46.84 39.70 31.19
52.02 48.98 49.62 54.92 49.25 39.95 30.38
Step cooling 46.45 45.13 / 44.97 / 39.05 32.53
47.21 45.95 42.14 43.23 33.51
45.00 48.00 43.84 43.63 33.91
Table A4

Poisson’s ratio of samples after two different thermal treatments

Confining pressure (MPa) Poisson’s ratio
25°C 200 °C 300 °C 400 °C 500 °C 600 °C 900 °C
0 Water cooling 0.23 0.17 0.56 0.19 0.41 0.24 0.39
0.23 0.16 0.53 0.28 0.39 0.17 0.50
0.22 0.16 0.52 0.30 0.41 0.20 0.52
Step cooling 0.33 0.30 0.31 0.58 0.47
0.37 0.29 0.30 0.56 0.48
0.30 0.32 0.33 0.63 0.45
5 Water cooling 0.68 0.30 0.39 0.28 0.34 0.39 0.41
0.64 0.29 0.35 0.27 0.38 0.28 0.38
0.61 0.30 0.35 0.30 0.40 0.33 0.43
Step cooling 0.24 0.33 0.22 0.17 0.27
0.26 0.32 0.21 0.16 0.25
0.25 0.34 0.24 0.18 0.28
10 Water cooling 0.36 0.33 0.41 0.32 0.35 0.31 0.20
0.34 0.28 0.42 0.30 0.31 0.29 0.27
0.37 0.31 0.44 0.33 0.34 0.26 0.39
Step cooling 0.44 0.40 / 0.23 / 0.48 0.29
0.46 0.39 0.21 0.42 0.28
0.45 0.42 0.26 0.51 0.30
15 Water cooling 0.28 0.20 0.21 0.11 0.13 0.34 0.31
0.25 0.11 0.11 0.12 0.18 0.30 0.45
0.16 0.26 0.21 0.15 0.25 0.30 0.32
Step cooling 0.60 0.40 / 0.49 / 0.47 0.23
0.60 0.35 0.47 0.45 0.20
0.61 0.47 0.51 0.48 0.27
Table A5

Peak deviatoric stress of samples after two different thermal treatments

Confining pressure (MPa) Peak deviatoric stress (MPa)
25°C 200 °C 300 °C 400 °C 500 °C 600 °C 900 °C
0 Water cooling 168.98 223.52 247.05 205.44 201.45 134.15 67.12
172.33 230.33 216.22 233.98 232.65 139.95 58.18
162.67 226.93 231.63 219.71 217.05 139.56 56.18
Step cooling 143.86 141.71 / 128.33 / 124.19 92.61
150.74 151.76 122.94 100.89 100.56
159.71 146.73 134.23 104.86 112.32
5 Water cooling 299.70 319.44 326.45 313.33 298.35 227.45 259.63
297.37 291.94 316.98 289.67 349.04 206.57 250.05
286.09 305.69 321.71 301.50 323.69 288.26 254.84
Step cooling 316.20 297.25 / 308.12 / 304.92 241.3
314.57 290.02 294.01 287.52 237.56
296.56 306.52 281.16 279.37 243.93
10 Water cooling 406.68 393.60 397.31 365.76 411.59 331.29 343.42
330.87 378.88 427.80 406.06 356.89 350.19 311.46
368.77 386.24 412.56 385.91 384.24 333.61 317.36
Step cooling 416.00 366.12 / 394.22 / 381.97 345.62
349.33 400.23 360.85 352.60 350.29
382.66 388.34 370.89 341.23 356.33
15 Water cooling 441.40 460.06 454.69 440.66 440.00 409.84 358.57
490.27 450.95 452.50 451.49 450.76 384.40 391.13
448.08 440.78 463.34 462.33 461.51 397.12 374.85
Step cooling 361.58 386.39 / 368.66 / 383.92 338.15
440.21 403.42 387.21 349.62 356.52
476.71 411.49 416.07 362.99 374.23
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Table A6
Cohesion and friction angle of samples after two different thermal treatments
25°C 200 °C 300 °C 400 °C 500 °C 600 °C 900 °C
C (MPa) Water cooling 17.311 27.263 22.775 27.089 27.215 17.365 7.8924
18.836 27.914 26.4963 26.476 23.375 15.802 8.4948
20.943 28.198 1.006 27.667 31.886 18.335 9.4449
Step cooling 19.71 18.82 / 16.23 / 13.61 11.99
19.21 18.76 16.78 13.94 13.01
19.06 19.12 16.98 13.29 14.27
() Water cooling 67.309 63.062 66.021 62.436 62.399 64.555 67.087
64.971 62.387 64.223 63.252 64.729 65.965 66.765
63.766 61.908 61.957 61.594 59.474 63.675 66.520
Step cooling 62.59 63.55 / 64.12 / 64.55 64.56
64.804 64.31 64.52 64.92 64.54
65.85 64.61 65.37 66.14 64.44
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