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Abstract

Thermal spallation may be economically advantageous for the drilling of deep wells and is of strong interest for the devel-
opment of oil, gas and geothermal energy. The lowest required surface temperature (LRST) represents the minimal surface
temperature that can induce the spallation of rock. A deeper understanding of the LRST can be used to determine when
thermal spallation can be successfully initiated. However, to the best of our knowledge, comparisons of LRST in sandstone
and granite have not been performed. Based on experiments and simulations, this study investigated the LRST of one type
of granite and one type of sandstone in thermal spallation. First, we conducted thermal spallation experiments using rock
specimens and measured the LRST by an infrared thermometer. Then, the heat flux was evaluated and compared between
the sandstone and granite specimens. Meanwhile, a three-dimensional numerical model was built to simulate the heat
transfer and stress distribution in the granite and sandstone specimens. The temperature and von Mises stress between the
granite and sandstone specimens were compared, and then the breakage-probability factors were investigated to compare
the experimental results and simulation results. This study clarifies the differences in LRST between one type of granite and
one type of sandstone.
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List of Symbols u Displacement (m)
LRST Lowest required surface temperature a Rock thermal diffusivity (m%s)
A Slope of “best-fit” line (K/s'? p Thermal expansion coefficient (/K)
C Heat capacity (J/(kgeK)) u Poisson’s ratio (-)
o Breakage-probability factor (dimensionless) € Strain tensor (dimensionless)
E Young’s modulus (Pa) p Rock density (kg/m3)
F; Body force (Pa) 0y Stress tensor (Pa)
G Shear modulus (Pa) o, Yield strength (Pa)
h Heat convective coefficient [(W/(m? K)] o, Von Mises stress (Pa)
K, Thermal conductivity coefficient [W/(m K)] o First principal stress (Pa)
K’ Rock expansion index (Pa) o, Second principal stress (Pa)
0 Heat flux on the rock surface (W/m?) o3 Third principal stress (Pa)
Qo Convective heat transfer coefficient (W/m?)
T Temperature in the rock (K)
T, Temperature on the boundary (K) 1 Introduction
T Temperature of ambient temperature (K)
Thermal spallation is of strong interest for the development
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Song et al. 2017; Lyu et al. 2017). Compared to conven-
tional rotary drilling technologies, thermal spallation may
be economically advantageous for the drilling of deep wells
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2011; Rothenfluh et al. 2011; Hu et al. 2018a). The mecha-
nisms of thermal spallation can be simply explained. First,
when the rock surface is exposed to a hot fluid/flame jet,
transferring the heat flux from the rock surface to a position
far from the rock surface is difficult because of the low ther-
mal conductivity of rock. Second, the coefficients of thermal
expansion of the minerals in the rock are different. The two
reasons above explain why non-uniform thermal stress is
generated near the rock surface. Subsequently, pre-existing
flaws near the rock surface lengthen, and then these extended
flaws become connected, which causes the rock to fracture
into small spalls (Preston and White 1934; Hettema et al.
1998; Augustine 2009; Walsh and Lomov 2013; Hu et al.
2018b). The lowest required surface temperature (LRST)
represents the minimal surface temperature that can induce
the spallation of rock, which is of significant importance in
the application of thermal spallation. A deeper understand-
ing of the LRST can help identify when thermal spallation
can be successfully initiated and optimize the reaction in the
chamber used to generate high-temperature fluids/flames.
Since sandstone formation and granite formation are com-
mon reservoirs for oil and geothermal energy, it is necessary
to clarify the LRST in sandstone and granite.

Previous investigations related to surface temperature are
summarized below. Four models have been developed to
evaluate the LRST. First, Carslaw and Jaeger (1959) pro-
posed a model based on the assumption that one-dimen-
sional, semi-infinite solids are subjected to a constant heat
flux. The surface temperature is a function of the heating
time required for the initiation of spallation in the surface
and rock properties. Then, the LRST can be estimated when
the heating time is obtained. Rauenzahn and Tester (1989)
recorded a heating test on high-speed videotape and obtained
the heating time and estimated the LRST in granite. Second,
the surface temperature can also be estimated by a model
that is a function of stand-off distance, drilling velocity and
rock properties (Wilkinson and Tester 1993; Rauenzaha and;
Tester 1991a, b). Third, a Weibull model has been widely
used in the evaluation of surface temperature, and it is based
on a function of rock properties and Weibull parameters
(Dey 1984; Rauenzahn 1986; Dey and Kranz 1987; Walsh
et al. 2014). Fourth, a complex numerical model different
from the analytical models above was developed to simu-
late rock failure in the process of thermal spallation (Walsh
et al. 2011; Walsh 2013; Walsh and Lomov 2013). Using

this model, the damage distribution and spall features have
been investigated, and the simulation result showed that the
damage distribution in granite is a function of surface tem-
perature (Walsh 2013).

The surface temperature can be measured directly by
experiments featuring infrared thermometers or thermo-
couples. Studies have measured the surface temperature of
several different granite samples heated by flame jet using
an infrared thermometer (Wilkinson and Tester 1993; Brkic
et al. 2015; Kant and Rohr 2016). The surface temperature
of granite samples has also been measured by thermometers,
and then the surface was heated by a supercritical water jet
in the experiment process (Beentjes et al. 2018). All the
models and experiments above were focused on granite sam-
ples, and the LRST remains to be investigated in other rock
samples. Thermal spallation experiments of various rocks
(granite, quartzite, rhyolite, sandstone, and limestone) were
conducted, and the diameter and depth of the holes were
compared after spallation (Williams et al. 1996). However,
the LRST was not measured in the experiment. Based on
the discussion above, a comparison of the LRST between
sandstone and granite is lacking.

In this paper, we compared the LRST between one type of
sandstone and one type of granite by experiment and simu-
lation. First, we conducted the flame-jet thermal spallation
experiment using one type of sandstone and one type of
granite samples. We measured the surface temperature by
the infrared thermometer. The LRST was obtained when
the first spall appeared on the rock surface. Subsequently,
we quantitatively investigated the LRST of the sandstone
and granite specimen in our experiments. Furthermore, we
obtained the temperature distribution and stress distribution
via simulation, and the results can help to clarify the LRST
of granite and sandstone used in our experiment.

2 Physical Properties of the Tested Granite
and Sandstone

In this section, we measured the composition and proper-
ties of granite and sandstone samples for the experiment
and simulation. Table 1 shows the composition of the gran-
ite sample and sandstone sample. The minerals in the gran-
ite sample are quartz, potassium feldspar, anorthose, dolo-
mite, amphibole, and clay minerals, in which anorthose

Table 1 Mineral composition

. Samples Quartz (%)  Potassium Anorthose (%) Dolomite (%)  Amphibole (%) Clay
of the granite sample and feldspar (%) minerals
sandstone sample (%)
Granite 232 18.2 49.8 1.2 6.6 1.0
Sandstone  83.1 0.3 4.9 - - 11.7
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occupies the largest percentage (49.8%). The minerals
in the sandstone sample are quartz, potassium feldspar,
anorthose and clay minerals, in which quartz occupies the
largest percentage (83.1%). We measured the properties
of the granite sample and sandstone samples as shown
in Table 2, including the p, E, u, o, K,, C which mean
density, Young’s modulus, Poisson’s ratio, yield strength,
thermal conductivity coefficient, and heat capacity. It is
important to mention that the thermal expansion coeffi-
cient f for granite and sandstone is obtained from typically
measured data in a previous investigation (Rauenzahn
and Tester 1989). Figure la presents the granite sample
before and after the uniaxial compression test. Figure 1b
presents the stress—strain curve for granite in the uniaxial
compression test. Figure 2a presents the sandstone sample
before and after the uniaxial compression test. Figure 2b
presents the stress—strain curve for the sandstone sample
in the uniaxial compression test. The yield strength of the
granite sample is larger than that of the sandstone sample.
Meanwhile, the thermal conductivity coefficient in the
sandstone sample is larger than that in the granite sam-
ples by 98.4%. The heat capacity in the sandstone sample
is slightly larger than that in the granite sample.

3 Experimental Section
3.1 Experiment Setup

The schematic of the flame-jet thermal spallation experiment
is shown in Fig. 3. A methane tank and oxygen tank provide
fuel and oxygen, and the flow rates are 15 L/min and 45 L/
min, respectively. Combustion is generated in the combus-
tion chamber. The inner diameter and outer diameter of the
combustion chamber are 30 mm and 56 mm, respectively.
It is important to mention that combustion is initiated by an
electric spark. The distance from the combustion chamber
to the rock surface is 60 mm. The size of granite samples
and sandstone samples are 100 X 100 x 100 mm. Four holes
are drilled in the rock samples to measure the temperature
in the rock. The diameter and depth of holes are 4 mm and
40 mm. The distances from each hole to the rock surface are
20 mm, 40 mm, 60 mm, and 80 mm. The K thermocouples
are inserted into the holes to measure the temperature. All
the measured data are saved by the data collection system.
An infrared thermometer is used to measure the surface tem-
perature of the rock. The LRST is obtained when the first
spall appears on the rock surface. Figure 4 shows the thermal
spallation experiment using a granite sample, in which the

Table 2 Properties of the Samples  p(kg/m’) E(GPa) u(0) o,(MPa) K [W(mK)] CkeK)] FEK
granite sample and sandstone
sample Granite 2640 29.98 0.19 10387 250 827.20 8§x 1076
Sandstone 2480 16.63 034 8011 496 829.30 11075
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Fig. 1 Uniaxial compression test of a granite sample: a a granite sample before and after uniaxial compression test; b stress—strain curve for a

granite sample in uniaxial compression test
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Fig.2 Uniaxial compression test of a sandstone sample: a sandstone sample before and after uniaxial compression test; b stress—strain curve for

a sandstone sample in uniaxial compression test
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Fig.3 Schematic of the experimental apparatus of flame-jet thermal
spallation

reaction chamber, flame, granite sample and the K thermo-
couples can be observed.

3.2 Comparison of Surface Temperatures

We conducted the experiment using three granite samples
and four sandstone samples. The LRST and onset-spallation
time are shown in Fig. 5. The onset-spallation time means
the time interval from the moment at which heating begins
to the moment at which the first spall appears on the rock
surface. As shown in Fig. 5a, the LRST for three granite
samples are 780.15 K, 773.15 K, and 821.15 K and for four

@ Springer
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Fig.4 Thermal spallation process using a granite sample. The com-
bustion chamber, flame, granite sample and K thermocouple are
shown in Fig. 4

sandstone samples is 843.15 K, 893.15 K, 863.15 K and
770.15 K. The average LRST for the granite samples and
sandstone samples are 791.48 K and 842.40 K, respectively.
Under our experimental conditions, the average LRST in the
sandstone samples is higher than that of the granite samples
by 6.43%. We can infer that the type of sandstone used in our
experiment is slightly harder to spall than the granite. Based
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Fig.5 Comparison of lowest required surface temperatures and onset
temperatures; b onset-spallation times

on the Weibull model in the previous investigation (Hu et al.
2018b; Walsh et al. 2014), the LRST decreases as Young’s
modulus increases. As shown in Table 2, Young’s modu-
lus of the tested granite specimen is higher than that of the
sandstone specimen, which leads to a lower LRST in granite.

Figure 5b shows the onset-spallation time for the rock
samples, which are 26, 37, and 31.5 s for the granite sam-
ples and 69.5, 89, 71.5 and 33 s for the sandstone samples.
The average onset-spallation times of granite samples and
sandstone samples are 31.5 s and 65.75 s, respectively. The
average onset-spallation time of sandstone is longer than
that of granite by 108.73%, because the pores in the sand-
stone may extend and connect into a micro-fracture when
the surface is heated. The thermal stress can be relieved with
the extension of the micro-fracture, which results in higher
LRSTs and more onset-spallation time in the sandstone
samples. Since the onset-spallation time of sandstone 4 is
dramatically lower than that of sandstone 1, sandstone 2 and
sandstone 3. Some potential error may exist in the heating
experiment of sandstone 4. It is important to mention that
we just use the sandstone 1, sandstone 2 and sandstone 3 for
further analysis below.

3.3 Relationship Between Heat Flux and Surface
Temperature

The surface temperature changes as the heat flux increases
(Wilkinson and Tester 1993; Kant and Rohr 2016). An inves-
tigation of the relationship between the heat flux and surface
temperature can provide a critical guideline for combustion
design in thermal spallation. The heat flux can be evaluated
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-spallation times between granite and sandstone: a lowest required surface

by Eq. (1) (Carslaw and Jaeger 1959; Wilkinson and Tester
1993)

AK,

T

O S/

ey

where Q is heat flux on the rock surface (W/m?); « is the
rock thermal diffusivity (m?%/s); and A is the slope of the
“best-fit” line (K/s!/), which is obtained by linear fitting
between the surface temperature and square root of heating
time. The thermal diffusivity can be expressed as

K

T

To obtain the heat flux, we present the profile of the meas-
ured surface temperature with changes in the square root of
the heating time as shown in Fig. 6. After that, the linear fit-
ting is used to calculate the slope. The slopes for granite 1,
granite 2, granite 3, sandstone 1, sandstone 2, sandstone 3 are
32.75, 35.76, 39.21, 17.93, 29.94, and 26.36 K/s'?, respec-
tively. Based on Eq. (1), the heat fluxes corresponding to the
LRST of granite 1, granite 2, granite 3, sandstone 1, sand-
stone 2, sandstone 3 are 6.78 x 10%, 7.40 x 10%, 8.12 x 104,
5.07 x 10%, 8.47 x 10*, and 7.46 x 10* W/m?, respectively.
Figure 7 shows the LRST profiles with changes in the heat
flux. The red line represents the linear trend line fitted by the
least square method. The LRST roughly increases as the heat
flux increases, which has also been observed in granite sam-
ples in previous investigations (Wilkinson and Tester 1993;
Kant and Rohr 2016). It is important to mention that the heat
flux in this paper is smaller than that in previous investigations
for two reasons (Wilkinson and Tester 1993; Kant and Rohr
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Fig. 6 Profile of surface temperatures with the change of heating time: a granite 1; b granite 2; ¢ granite 3; d sandstone 1; e sandstone 2; f sand-
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2016). First, the distance from the combustion chamber to
the rock surface is large in our experiment. Second, the flame
length in our experiment is short, meaning that a small heat
flux acts on the rock surface. In addition, the heat flux should
be designed for field applications. If the heat flux is too small,
then the temperature of the rock surface will increase slowly,
which may lead to an increase of the onset-spallation time
and a decrease in the rate of penetration. If the heat flux is too
large, then the temperature of the rock surface will increase
too quickly, which may lead to rock melting and a decrease
in the rate of penetration. This work presents specific cases
about the heat flux and onset-spallation time. The average heat
flux of the granite and sandstone samples are 7.43 X 10* and

. 7.00 x 10* W/m?, respectively. Correspondingly, the average

Fig. 7 Profile of surface temperatures with the change of heating flux:
a granite 1; b granite 2; ¢ granite 3; d sandstone 1; e sandstone 2; f
sandstone 3
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onset-spallation time of the granite and sandstone sample is
31.5 and 76.7 s, respectively.
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4 Numerical Simulation Section
4.1 Model Description

A brief description of our model is presented here. First,
we present the mathematical model. Second, we present
the numerical model. The stress in the rock is obtained by

o;;+F; =0, 3)

ijyj
where o ; is the stress tensor (Pa); and F; represents body
force (Pa). The geometrical equation can be expressed as

1
£; = E(ui,j +u;,), “4)
where ¢ is the strain tensor (dimensionless); and u repre-
sents displacement (m). Rock samples are assumed to be
linear elastic materials. Hence, the constitutive equation can
be expressed as

G
1-2u

Gu, j; + uidj—K’aY‘i+Fi=0, 5)

where G is the shear modulus (Pa); and K” is the rock expan-
sion index (Pa), which can be obtained by
2G(1 + w)
= a o ©6)
3(1 = 2p)

The temperature is obtained by solving the energy equa-
tion in the rock, which is obtained by

oT
pC—, =V - (KVD), )

where T is the temperature in the rock (K). It is important to

mention that the effect of rock deformation on heat transfer
is not considered in the paper. The maximum tensile stress

D=0.03 m B,

k!j A-A
S |

criterion and Mohr—Coulomb criterion have been widely
selected as the breakage thresholds in previous investi-
gations (Zhu and Tang 2004; Zhu et al. 2014; Zhou et al.
2018). However, when the rock is heated by a high-tem-
perature flame, plastic deformation may occur in the rock
spallation process. Hence, in this paper, von Mises stress is
used as the breakage threshold, and it can be expressed as

Oy

_6, >0, ®)
where o, is von Mises stress (N/m?); and o, is the yield

strength (N/m?). The von Mises stress can be obtained by

o, = \/%[(61 — 0y + (03— 03)" + (05 — 6)°], ©)

where 0, 0,, 05 are principal stresses (Pa). In this paper, the
tensile stress is positive and the compressive stress is nega-
tive. The principal stresses are numbered conventionally in
descending order of magnitude: 6, > ¢, > o3.

A 3D numerical model is built as shown in Fig. 8. The
model size is the same as the rock sample size (0.1x0.1 X
0.1 m), which is shown in Fig. 8a. A heating zone is assumed
in the rock surface and has a diameter of 0.03 m (Fig. 8a).
The heating zone equals the inner diameter of the combus-
tion chamber. The thermal boundary conditions and force
boundary conditions are shown in the longitudinal profiles
along the centerline (Fig. 8b, c). The temperature in the heat-
ing zone is equal to the measured temperature by the infrared
thermometer (B;). The measured surface temperatures of
all six specimens are shown in Fig. 9. Figure 9a—f represent
the measured surface temperatures of granite 1, granite 2,
granite 3, sandstone 1, sandstone 2, sandstone 3, respec-
tively. The black dots in Fig. 9 are the measured surface
temperatures of the rock specimens. The red dashed lines
in Fig. 9 are tread lines obtained via the linear fitting, and
they are used as the temperature boundary condition in the

U A
|

ANDY

i\/iB/

B, I |

Z . /! 2 P

y‘)\"‘ Lx T Lx ]
(a) (b) (c)

Fig.8 The model size and boundary conditions a model size; b thermal boundary conditions; ¢ force boundary conditions
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Fig.9 The measured surface temperatures of granite and sandstone: a granite 1; b granite 2; ¢ granite 3; d sandstone 1; e sandstone 2; f sand-

stone 3

heating zone (B)) in the simulation. The temperature in the
other zone (B,) are controlled by convective heat flux; thus,

Qp = hy X (Tey = 1), (10)

where Q, is the convective heat flux (W/m?); T, is the
temperature on the boundary (K); %; is the convective heat
transfer coefficient [W/(m? K]; and T, is the ambient tem-
perature, which is 280.15 K under our experimental con-
ditions. Figure 8c presents the force boundary conditions
of the model. The boundary condition of the rock bottom
(B5) is called roller, which means that the displacement in
the Z direction is zero. The other boundaries (B,) are set
as free, which means that the boundaries (B,) can deform
freely. The material properties of granite and sandstone can
be found in Table 2. The domain is discretized and solved in
space using the finite element method. The Gauss integra-
tion method is implemented to evaluate all volume integrals
in the weak form equations. All the equations are solved
by a time-dependent solver. Specifically, physical models
of solid mechanics and heat transfer in solid are used in the
simulation. The rock is considered an isotropic linear elastic
material. The initial displacement of the rock specimens is

@ Springer

zero. The initial temperature in the internal of rock equals
the ambient temperature under the experiment condition
(280.15 K). A free triangular mesh is used at the top surface.
The swept method is utilized to generate prism elements
in the domain. The time step is 0.1 s. A physics-controlled
method is used to calculate the tolerance.

The numerical model is validated via comparisons with
the measured temperature in the rock. As shown in Fig. 4, the
holes with a distance to the rock surface of 20 mm, 40 mm,
60 mm, and 80 mm are called hole 1, hole 2, hole 3, and hole
4, respectively. Since the rock samples have a low coefficient
of thermal conductivity, the temperatures in hole 2, hole 3,
and hole 4 change little as the heating time increases. We
used the measured temperatures in hole 1 to validate our
numerical model. The depth of the K thermocouple in hole
1 is 30, 20, 30, 17.5, 20, and 25 mm for granite 1, granite
2, granite 3, sandstone 1, sandstone 2, sandstone 3, respec-
tively. A comparison of the measured temperature and simu-
lated temperature is shown in Fig. 10. The y-axis in Fig. 10
is the difference between the surface temperature and the ini-
tial temperature (¢=0). The x-axis in Fig. 10 represents the
heating times. In the validation section, the heating time is
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Fig. 10 Comparison between measured temperatures and simulated temperatures in hole 1: a granite 1; b granite 2; ¢ granite 3; d sandstone 1; e

sandstone 2; f sandstone 3

assumed to be 90 s, which is longer than the onset-spallation
time of all specimens because the temperature increase in
hole 1 is still minimal as the heating time increases. A longer
heating time can provide a clear comparison between the
simulation results and experimental results. The red mark-
ers and black full line in Fig. 10 represent the measured
data and simulated data, respectively. As the heating time
changes, the average errors between the simulated tempera-
ture and the measured temperature for granite 1, granite 2,
and granite 3 are 6.95%, 4.28%, and 13.07%, respectively.
The average error for all three granite specimens is 8.10%.
Meanwhile, as the heating time changes, the average errors
between the simulated temperature and the measured tem-
perature for sandstone 1, sandstone 2, sandstone 3 are 2.77%,
7.99%, and 33.19%, respectively. The average error for all
three granite specimens is 14.65%. An acceptable match can
be obtained between the simulation results and measured
results. The error of sandstone is higher than that of gran-
ite because more pores occur in sandstone than granite and
additional micro-fractures can be induced in sandstone dur-
ing the heating process. Pores and micro-fractures may affect
the heat transfer in the interior of the sandstone, which is not
considered in the simulation.

4.2 Temperature and Stress Distribution
Comparisons

In this section, we select sandstone 2 and granite 2 to clarify
the temperature and stress distribution in the rock. The tem-
perature distribution in the vertical direction (X—Z profile)
for granite 2 and sandstone 2 is shown in Fig. 11. The tem-
perature distributions for granite with heating times of 10,
20, and 30 s, respectively, are shown in Fig. 11a—c. The tem-
perature distributions for sandstone with heating times of 10,
20, 30 s, respectively, are shown in Fig. 11d—f. Only the tem-
perature at the zone close to the rock surface presents a sig-
nificant increase because the heat transfer in the rock is slow
in both the granite and sandstone samples. The temperature
at the zone far from the rock surface is almost unchange-
able as the heating time increases. Compared with granite,
sandstone has a larger high-temperature zone because of
the larger coefficient of thermal conductivity. To obtain a
quantitative understanding of the temperature distribution
in granite and sandstone, we present the temperature along
line L, and line L, with a heating time of 30 s as shown in
Fig. 12. Line L, has a distance of 5 mm to the rock surface.
Line L, is the centerline (Fig. 11). When the X coordinate
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(a) Granite,t=10s

(d) Sandstone, t =10 s

(b) Granite,t =20s

(e) Sandstone, t =20 s
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Fig. 11 Comparison of temperature distribution at the vertical direction for granite and sandstone. The heating time is 10, 20, 30 s, respectively
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Fig. 12 Profiles of temperature distribution along line L; and L,: a profile of temperature distribution along line L; b profile of temperature dis-

tribution along line L,

at line L; is 0.05 m, the temperature of sandstone 2 is higher
than that of granite 2 by 12.58%. When the Z coordinate at
line L, is 0.09 m, the temperature of sandstone 2 is higher
than that of granite 2 by 18.90%.

The stress distribution in the granite and sandstone sam-
ples is compared in this section. The von Mises stress in the
vertical direction (X—Z profile) for granite 2 and sandstone 2
is shown in Fig. 13, and it is used to compare the equivalent

@ Springer

stress in granite and sandstone. Higher von Mises stresses
are induced in the granite sample than the sandstone sample
(Fig. 13). We present the von Mises stress along line L, and
line L, with a heating time of 30 s as shown in Fig. 14. Line
L; has a distance of 5 mm to the rock surface. Line L, is
the centerline (Fig. 13). When the x coordinate at line L; is
0.05 m, the von Mises stress of granite 2 is higher than that
of sandstone 2 by 13.77% (Fig. 14a). When the Z coordinate
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Fig. 13 The von Mises stress of granite and sandstone when the heating time is 30 s
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Fig. 14 Profiles of von Mises stress along line L; and L,: a profile of von Mises stress along line L;; b profile of von Mises stress along line L,

at line L, is 0.1 m, the von Mises stress of granite 2 is higher
than that of sandstone 2 by 46.74% (Fig. 14b). Since the
equivalent stress (von Mises stress) of the granite samples
is larger than that of the sandstone samples, spalls are more
easily generated in the granite sample than the sandstone
sample, which is consistent with the experimental result.

4.3 Comparison of the Breakage-Probability Index

In this section, the breakage-probability index is used to com-
pare the simulated results and experimental results. In the
experiment section, the onset-spallation time at which the
first spall is generated at the rock surface is obtained. Here,

the stress distribution in the rock is simulated using a heating
time equal to the onset-spallation time. After that, a breakage-
probability factor is defined to represent the possibility of rock
breakage. If the breakage-probability factor is larger, then the
rock has a higher likelihood of being broken. A breakage-
probability factor equal to 1 in the simulation means the rock
is broken, and it roughly corresponds to the generation of the
first spall at the rock surface in our experiment. In this paper,
the breakage-probability factor is defined by the ratio of von
Mises stress and yield strength, which can be expressed as

[}
fb = G_Vv

S

12)
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where f; is the breakage-probability factor (dimensionless).

First, we compared the simulated results and experimen-
tal results. The breakage-probability factor of granite 2 and
sandstone 2 in the vertical direction (X—Z profile) is shown
in Fig. 15. The heating times for granite and sandstone is
37 and 89 s, which equals the onset-spallation time of gran-
ite 2 and sandstone 2, respectively. As presented in Fig. 15,
the high breakage-probability zones occur near the rock
surface for both granite and sandstone, which is consistent
with the experimental results. The first spall is generated
inside the zone where the rock surface is heated directly.
The comparison between the experimental and simulation
results is shown in Fig. 16. When the heating time equals
the onset-spallation time, the first spall can be observed in
the granite and sandstone experiments. Hence, the break-
age-probability factor should equal 1 for the experimental
results. Correspondingly, when the heating time equals
onset-spallation time, the largest breakage-probability fac-
tors of granite and sandstone at the surface are 0.91 and
0.82, respectively, which means that granite and sandstone
have a high possibility of breakage. Meanwhile, we can infer
that with the von Mises criterion, the simulation results can
provide acceptable predictions of the onset of granite break-
age. However, we have to mention that the simulation still
slightly underestimates the possibility of granite and sand-
stone breakage. The error between the simulation results
and the experimental results is mainly caused by the model
assumptions. Heterogeneity, micro-flaws, and plasticity are
not considered in the simulation, which may affect the pos-
sibility of rock breakage. First, the increase of heterogeneity
may enhance the possibility of rock breakage. Second, pore
and micro-flaws in the rock may become expanded and con-
nected when the rock surface is heated and thus may also

Granite, t =37 s

1.2

Simulation & Experiment

Breakage-probability factor (-)

Granite 2,t=37s Sandstone 2,t=89 s

Fig. 16 The comparison between experiment and simulation for gran-
ite 2 and sandstone 2

enhance the possibility of rock breakage. Third, the plastic-
ity of rock may increase as the heating time increases, which
may reduce the possibility of rock breakage.

Second, we compared the breakage-probability factor
of granite 2 and sandstone 2 in the vertical direction (X-Z
profile) with the same heating time of 37 s (Figs. 17, 18).
The heating time equals the measured onset-spallation
time of granite 2. Compared to sandstone 2, when the
heating time is the same, granite 2 has a higher possibil-
ity of breaking because the breakage-probability factor of
granite is higher than that of sandstone at the rock surface
in the heating zone (Fig. 17). This finding is consistent
with the experimental results. The onset-spallation time
of granite 2 is lower than that of sandstone 2. To obtain

D ()
1.0

0.8

0.6

0.4

0.2

Sandstone, t =89 s
0.0

Fig. 15 The breakage-probability factor of granite 2 and sandstone 2. The heating times of granite sandstone are 37 and 89 s, respectively
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Fig. 17 The breakage-probability factor of granite and sandstone when the heating time is 37 s
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Fig. 18 Profiles of breakage-probability factor line L5 and L¢: a profile of breakage-probability factor line Ls; b profile of breakage-probability

factor along line L

a quantitative understanding of the breakage-probability
factor of granite and sandstone, we present the break-
age-probability factor along lines Ls and Ly as shown in
Fig. 18. Line Ls is at the rock surface, and line Ly is at the
center line. A comparison of the breakage-probability fac-
tors of granite samples and sandstone samples along line
Ls is shown in Fig. 18a. The heating zone at the rock sur-
face indicates the zone that is heated with a high tempera-
ture. The breakage-probability factor of granite 2 is higher
than that of sandstone 2 in the heating zone. When the x
coordinate equals 0.05, the breakage-probability factor of
granite 2 is larger than that of sandstone 2 by 19.69%. The

breakage-probability factor of granite 2 and sandstone 2
is approximately the same outside of the heating zone. A
comparison of the breakage-probability factors of gran-
ite 2 and sandstone 2 along line L, is shown in Fig. 18b.
When the distance to the rock surface is less than 3 mm,
the breakage-probability factor of granite 2 is higher than
that of sandstone 2. When the distance to the rock sur-
face is larger than 14 mm, the breakage-probability factor
of granite 2 and sandstone 2 are minimal (less than 0.1).
Thus, we can conclude that rock breakage occurred near
the rock surface for both sandstone 2 and granite 2.
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5 Conclusions

In this study, experiments and simulations were performed
to investigate the lowest required surface temperature in
thermal spallation for one type of granite and sandstone.
First, we conduct a thermal spallation experiment for the
granite and sandstone samples. The lowest required sur-
face temperature of the granite and sandstone samples is
measured by an infrared thermometer. Then, the heat flux
is evaluated and compared between the sandstone and
granite samples. Meanwhile, a three-dimensional numeri-
cal model is built to simulate the heat transfer and stress
distribution in the rock samples. The temperature and von
Mises stress are compared in the sandstone and granite
samples, and then the breakage-probability factor of the
tested granite and sandstone samples are compared. The
following conclusions are obtained by this study:

1. Under our experimental conditions, the average lowest
required surface temperature in the sandstone samples
is slightly higher than that of the granite samples. The
average LRSTs for the granite and sandstone samples
are 791.48 K and 842.40 K, respectively.

2. Under our experimental conditions, the onset-spallation
time of the sandstone samples is longer than that of the
granite samples. The average onset-spallation time of
the granite and sandstone samples is 31.50 s and 65.75 s,
respectively.

3. Only the temperature at the zone closed to the rock
surface presents a significant increase for both granite
and sandstone. The temperature at the zone far from the
rock surface is almost unchangeable as the heating time
increases.

4. When the heating time is equivalent, the von Mises
stresses near the surface of the granite samples are
higher than that of the sandstone samples. Meanwhile, a
higher breakage-probability factor can be achieved near
the surface of the granite samples than the sandstone
samples.

The limitations of our work are discussed here. First,
we are focused on investigating the LRST for one type
of granite and sandstone. Thus, careful consideration
must be exercised when using our conclusions for dif-
ferent granites and sandstones. Additional efforts should
be focused on investigating the LRST in more types of
granite and sandstone specimens. Second, in this paper,
we only tested three specimens for granite and sandstone.
Hence, the relationship between the heat flux and surface
temperature should be further investigated in future stud-
ies. Third, the heterogeneity, micro-flaws, and plasticity
are not considered in our model. A more complex model
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should be developed in future work to accurately simulate
the process of rock breakage.
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