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Geothermal energy has become one of the new energy sources of great concern
due to its wide distribution, abundant reserves and green, clean and renewable
advantages. In view of the advantages of both geothermal energy development
potential and abundant seawater reserves in the coastal areas, granite is taken as
the research object, and the surface topography under different temperatures (100
°C, 200 °C, 300 °C, 400 °C, and 500 °C) and different thermal shock cycles (0, 5,
10, 15 and 20) is obtained. Based on 3-D scanning technology, the damage details
of the surface are reconstructed, and the roughness parameters of the surface are
obtained. The maximum height, the maximum valley depth and the arithmetic
mean height increase with the increase of the temperature and the number of times,
but the maximum peak height does not change significantly. Based on fractal
theory, the variation law of the fractal dimension is further discussed. The impact
regions that affect the fractal dimension and thermal damage are divided: the
weak impact region, the transition region, and the significant impact region. It lays
a corresponding basic law for the heat exchange efficiency and strength charac-
teristics of dry hot rock.
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Introduction

The energy problem in the global perspective is prominent, and the environmental
problem is significant. The massive development and consumption of traditional fossil energy
is an important reason for the high carbon emissions. Therefore, marching into the deep part of
the earth [1, 2] and seeking new green energy from the source has become an important solu-
tion. Under the background of gradual exploration of deep underground resources [3-6], geo-
thermal energy has been paid much attention and expected in the field of new energy due to its
wide distribution, abundant reserves and green, clean and renewable advantages [7, 8]. The
enhanced geothermal systems (EGS) [9] proposed by Los Alamos National Laboratory
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(LANL) in America is mainly used for the geothermal development of deep dry hot rock. In the
process of EGS geothermal reservoir construction, the physical and mechanical response of dry
hot rock under the impact of cold and hot cycles does not be ignored. Scholars have carried out
basic research on the physical and mechanical response of dry hot rock under thermal shock
[10]. After thermal shock, the physical and mechanical properties of granite deteriorate to a
certain extent, including longitudinal wave velocity [11, 12], elastic modulus and compressive
strength [13, 14]. With the increase of thermal shock cycle times, granite will gradually induce
more microcracks [13], and the appearance of more cracks leads to the increase of permeability
[15]. Different types of cold and thermal cycle treatments also have different effects on physical
and mechanical parameters [16-18], and rapid quenching has more significant effects on granite
samples [15, 19]. The granite temperature has a significant effect on its mechanical properties
[20]. Different temperature gradients are set and mechanical tests are conducted. The rock
stress-strain curve model [21] and the particle mechanics model [22] are also established. It is
concluded that the thermal induced microcracks are the main factors leading to the degradation
of rock mechanical properties [23-25]. The research shows that the granite generally tends to
decrease with the increase of granite occurrence temperature and the increase of cold and
thermal cycles, and its physical and mechanical properties deteriorate to a certain extent, which
is mainly due to the thermal damage of granite under thermal shock [26]. Therefore, the thermal
damage of granite after thermal shock has also been studied [27]. The thermal damage is mainly
caused by the expansion of mineral particles and the formation of cracks, and the critical
temperature that ultimately leads to rock damage is 250 °C [28]. The mechanical properties,
porosity and permeability of rocks change significantly with thermal expansion and structural
damage [29, 30].

Most of the existing studies focus on the physical and mechanical properties of granite
from a macro perspective, but little attention is paid to the area with the most significant thermal
impact. Therefore, in this study, granite is taken as the research object, the research on the
surface morphology of granite under different temperatures and different cold and thermal
shock times are systematically carried out. Then the evolution characteristics of surface mor-
phology characteristics is described with impact temperature and times by various parameters
characterizing the surface roughness, and the damage degree of granite surface is quantitatively
characterized by fractal theory. Thus, it lays a foundation for the study of thermal conductivity
and mechanical properties of granite.

Sample preparation and test plan

Sample preparation

The same complete rock mass was selected in the sample preparation process, and the
drilling was consistent, and the surface was free of macroscopic cracks. The granite is pro-
cessed to a diameter of 50 mm and length of 100 mm recommended by ISRM. The average
density is 2.617 g/cm®. The seawater used to cool the high-temperature granite is manually
configured, tab. 1. The density of the solution is 1.05-1.06 g/cm® and the pH value is 8.2.

Table 1. Composition table of prepared seawater

Component | Content[gL™"] | Component | Content[gL™] Component | Content [gL "]
NaCl 26.518 MgSQO, 3.305 MgCl, 2.447
CaCl, 1.141 KCI 0.725 NaHCO; 0.202
NaBr 0.083 - - - -
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Test scheme and test instrument

The specific process is as follows, fig. 1:

— The prepared samples are put into CR-MJ5 muffle furnace, the sample to the design tem-
perature (100 °C, 200 °C, 300 °C, 400 °C, and 500 °C, respectively) are heated at a heating
rate of 5 °C per minutes and keep it for 4 hours, and then the high temperature granite is
placed immediately in a cooling tank filled with seawater in room temperature.

— After the sample is cooled to room temperature, it is taken out and dried in DHG-9035
drying oven for 24 hours to conduct the next high-temperature thermal shock test.

— Repeat 1% and 2" steps, and conduct natural cooling (0 times) for the samples at five design
temperatures in turn, and rapid cooling in seawater for 5 times, 10 times, 15 times, and 20 times.

— The surface topography data of the sample under various conditions are obtained through
VR-5000-3D Profile, and further research on the surface topography and fractal character-
istics is carried out.

Muffle furnace (CR-MJ5) VR-5000-3D profiler

-;

Typical mmpn

m-iﬁ J

Dryng oven

Cooling tank (DHG-9035)

Figure 1. Experimental instruments and test procedures
Results

Surface morphology of granite after thermal shock

Under the shock of seawater at room temperature, the surface of high temperature
granite cools rapidly. Due to the rapid circulation of cold and heat for many times, the granite
has different height and depth features on the surface, and even obvious macro cracks appear. In
order to describe the morphological characteristics of granite surface, the contour scanner
VR-5000-3D is used to accurately measure the height fluctuation of the surface. The typical
scanning results (200 °C and 500 °C) are shown in fig. 2. The results indicate that the surface of
high temperature granite is impacted by seawater and its morphological characteristics have
changed significantly. Therefore, the change of its unevenness will be quantitatively charac-
terized by some characteristic parameters.

- T

,,,‘ - \ ] \ y > »

\Jl ‘\.ﬂ\/l @ \él Wl (;.. v\/' @

(a) (b )
Figure 2. Surface morphology of granite under the impact of seawater cold and hot cycles;
(a) under 200 °C and (b) under 500 °C
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Surface roughness of granite after thermal shock

The international roughness test standard ISO 25178 is adopted, in which four im-
portant surface topography parameters are defined, namely, the maximum peak height, Sp, the
maximum Valley depth, Sv, the maximum height, Sz, and the arithmetic average height, Sa.

In the ISO 25178, Sp represents the highest height of the peak on the granite surface,
and Sv represents the lowest height of the valley on the surface. The Sv represents the height
difference between the highest peak vertex and the lowest valley bottom point, so the three
satisfy the relationship as shown in eq. (1). The data point model obtained by the contour
scanner to obtain Sp, Sv, and Sz is analyzed, as shown in figs. 3 and 4. There is the relation:

Sz=Sp+Sv Q)

where Sz is the maximum height, Sp — maximum peak height, and Sv — maximum valley depth.
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Figure 3. Relationship between roughness Figure 4. Relationship between roughness
parameters and temperature parameters and the number of cycles

The stacking histogram is formed by superimposing Sv in the lower half and Sp in the
upper half. The superimposed histogram shows the maximum height of the granite surface.
From the relationship between the roughness parameters and the granite temperature and the
number of cold and thermal cycles, it can be seen that when the cold and thermal shock cycle is
not carried out, Sv is close to Sp at the beginning, which is about 100 um. With the increase of
the number of cycles, the values of Sv showed an obvious upward trend. After the number of
cold and hot cycles are 15, the depth increases sharply. After 20 cold and hot cycles at 500 °C,
the depth was 16 times that of the initial state. On the contrary, Sp did not change significantly,
and its value remained at 100-300 um, which is not as obvious as the value of Sv. With the
increase of granite surface temperature, the values of Sv and Sp show a similar law to the
number of cycles, that is, Sv gradually increases while Sp has no obvious change. It is worth
noting that when the temperature reaches 300 °C or above, the rising trend of Sv is further
intensified. Under the strong influence of Sv and the weak influence of Sp, Sz of the granite
surface is basically consistent with Sv.

The arithmetic mean height Sa, that is, the average value of the average plane height
difference, is one of the most widely used parameters. It is not significantly affected by
scratches, contamination, and measurement noise. Therefore, figs. 5 and 6 are obtained. At a
certain temperature of granite, the average height of its surface always shows a gradual growth
trend. When the temperature is 100 °C and 200 °C, Sa increases slowly, the average growth rate
of Sa is 30.85% at 200 °C, and when the temperature rises to 300 °C and above, Sa increases
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rapidly. The average growth rate can reach 148.69% at 500 °C, which indicates that the surface
roughness is limited when the temperature is low (< 300 °C) while the temperature becoming
higher (> 300 °C), the surface roughness changes significantly. Except for O time, the Sa of the
granite surface shows a trend of gradually increasing. When the cold and thermal cycles reach 15
times or more, the surface roughness Sa increases further. This indicates that only high- temper-
ature treatment of granite will not change the surface roughness. The thermal impact of its high
temperature surface and seawater is the fundamental reason for the change of surface roughness.
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Figure 5. Relationship between arithmetic Figure 6. Relationship between arithmetic
mean height Sa and temperature mean height Sa and the number of cycles
Discussion

In order to characterize this change, the traditional roughness expression method does
not quantitatively characterize the degree of rise and fall of granite surface as a whole. Fractal
geometry theory is an important new method to analyze the rock surface topography and
fracture distribution in geotechnical engineering [31]. Fractal dimension is the most important
index to measure the complexity and irregularity of fractal volume in fractal theory, and also an
important parameter to reflect the degree of fractal self-similarity [32, 33]. Therefore, cube
covering method is adopted for fractal theory analysis. In this method, the granite surface is
covered by a cube with side length a, and the total number of cubes N(a) required to cover the
joint surface is calculated. The total number of cubes N(a) measured at different scales a is plotted
on the double logarithmic coordinate map. The slope of the straight line N(a) is given by:

N(a)~a® 2
which implies that
5 loN@ @)
lga

where D is the fractal dimension and a is the side length of a cube. It has been reported (2) was
considered to model the elasticity [34] and flows [35, 36].

The fractal dimensions of each sample surface are obtained, and the fractal dimen-
sions are shown in fig. 7. The surface temperature of granite has a significant influence on the
surface morphology of granite. The average fractal dimension at each temperature is 2.03471,
2.04737, 2.06900, 2.07371, and 2.07763, respectively, which indicates that the average fractal
dimension of granite surface increases gradually with the increase of temperature. It is con-
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sistent with the results of traditional roughness characterization. On the other hand, with the
increase of the number of cycles, the fractal dimension of the sample surface mainly shows an
upward trend. Different from the law of roughness characterization, when the number of cycles
is 0, the fractal dimension still gradually increases with the temperature. In the case of low cycle
times, a large range of slight thermal damage will occur on the granite surface, and the dif-
ference between the high and low fluctuations is small. The reason why the average height
change is not obvious in Sa is that Sa can only be considered from the height, but cannot
characterize the large range of thermal damage on the surface. The fractal dimension can better
characterize the influence degree of thermal damage due to the self-similar property.
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Figure 7. Relationship among fractal dimension, temperature and
cycle times of granite surface

The 3-D fitting of the relationship among the fractal dimension, temperature and the
number of cycles is carried out under thermal damage. The results show that the fitting is good,
of which correlation coefficient reaches 0.92, fig. 8. In general, the conditions of lower tem-
perature and lower number of cold and thermal cycles have less influence on the fractal di-
mension of granite surface, while the conditions of higher temperature and higher number of
cycles have greater influence on the fractal dimension of granite surface. Based on the degree of
the influence, the impact region can be divided for the top view of the fitting image. The region
in the blue wireframe in fig. 8 is divided into the weak impact region, which is mainly in the low
cycle number region with low temperature. The fractal dimension of this area is maintained at
2.02~2.04, and is weakly affected by thermal damage; The area in the yellow wireframe is
defined as the transition region, which is mainly under the working conditions of 10 and 15
cycles of low temperature and 5 and 10 cycles of high temperature. The fractal dimension is
kept at 2.05~2.06, and the surface roughness changes obviously. It is subject to a certain degree
of thermal shock, which results in slight erosion. The area in the red wireframe is defined as a
significant impact region, which is mainly concentrated in the working conditions of relatively
low temperature and high cycle times. Under the working conditions of relatively high tem-
perature and high cycle times, the fractal dimension is distributed between 2.07 and 2.10, and
the surface topography characteristics change significantly. Under the repeated thermal shock
of high temperature granite and seawater, the granite surface and its internal temperature gra-
dient change, and the uneven expansion of minerals causes the change of granite morphology
characteristics. The surface erosion is serious, and even obvious macro cracks are formed. With
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the increase of temperature and cycle times, the surface thermal damage is more serious, which
is reflected in the increase of roughness and fractal dimension.
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Figure 8. Fitting of fractal dimension D, temperature and
cycle number of granite surface

Conclusion

In the study, the surface morphology of granite has changed obviously after multiple
thermal shock with seawater under high temperature. After thermal shock of high temperature
granite and seawater, Sv of surface roughness parameter gradually increases with the increase
of temperature and cycle times, while Sp does not change significantly, and Sz gradually in-
creases under the strong influence of Sv. The growth of Sz and Sv was further intensified after
the temperature was 300 °C and the number of cycles was 15. This indicates that the seawater
thermal shock produces erosion and damage to the surface. The mean height Sa of granite
surface after seawater thermal shock can more stably represent the degree of thermal damage.
Under lower temperature conditions (100 °C and 200 °C), Sa increases slowly. When the
temperature continues to rise, Sa increases rapidly. If the number of cycles are given as 15, the
values of Sa are increasing rapidly. This indicates that the surface roughness is limited when the
temperature is lower (< 300 °C), and the surface roughness changes significantly when the
temperature is higher (= 300 °C). With the increase of temperature and the number of cycles,
the fractal dimensions gradually increase, which is basically consistent with the rule of
roughness. Three impact region affecting the fractal dimension of granite surface are divided:
the weak impact region (D = 2.02~2.04) is distributed in the area of low temperature and low
cycle times, and the surface is slightly damaged by heat; The transition region (D = 2.05~2.06)
is distributed in the low temperature (10~15 cycles) and high temperature (5~10 cycles) re-
gions, causing certain thermal damage and denudation; The significant impact region (D =
2.07~2.10) is distributed in the area with high temperature and high cycle number, and the
thermal damage is serious and even macro cracks appear.
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Nomenclature

Sp — maximum peak height, [um] Sa — arithmetic average height, [um]
Sv — maximum valley depth, [um] N — number of cubes, [-]

Sz — maximum height, [um] D — the fractal dimensions [-]
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