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ABSTRACT: Shale rocks have been widely investigated to evaluate the productivity of oil/gas. The high temperature generated by
the explosive fracturing to stimulate the gas reservoir has a significant impact on the chemical—mechanical properties of shale rocks.
Pioneering works have been carried out at temperatures below 500 °C, but little has been done to quantify the correlation between
the chemical and mechanical properties of shale at temperatures above 500 °C. Therefore, an experimental study on the effect of
temperature on the chemical-mechanical properties of shale rocks is presented in this paper. The temperatures used in our
experiments are between 0 and 800 °C. Results indicate that there exist strong chemical reactions leading to a big reduction in the
sample’s weight and mechanical strength for a temperature over 500 °C. Thermogravimetric analysis data demonstrates that the
weight of shale powders has little change below 400 °C and largely decreases after 600 °C. It shows that the chemical reaction rate
corresponding to shale compositions varies with temperature. X-ray diffraction and Fourier transform infrared are integrated to
quantify the occurrence of contained reactions including the decomposition of kerogen, carbonates, and quartz transition. This can
provide a temperature range for all possible reactions. Changes in the compositional information of shale samples have been proven
to significantly influence the mechanical properties. A 25% decrease in dynamic Young’s modulus emerges as the temperature
approaches 700 °C. As the brittle minerals, for instance, carbonates, decrease with temperature, a brittle-ductile transition happens in
shale. This work provides very meaningful results different from that at low temperatures to help people better understand the effects
of high temperatures in many fields, such as explosive fracturing and radioactive waste disposal.

1. INTRODUCTION temperature dependence of the hydro-mechanical properties of
The rising global demand for hydrocarbon energies has gas/shale reservoirs is found. The elevated temperature can
attracted the interest of researchers and engineers in the also change the chemical composition of shale. It has been
exploration and development of alternative resources.”” Shale identified as a pivotal parameter in shale gas production and
gas, as an unconventional natural resource, can largely ease the has many applications in many fields, such as the evaluation of
worldwide energy crisis. Numerous shale gas development shale gas productivity6’7 and gas sorption capacity.8’9 Up to

operations have been built, especially in North America,
Europe, China, etc.> However, challenges still exist in
recovering shale gas due to the extremely low permeability
of the reservoir rock. Explosive methods for enhancing gas
production have been applied in the gas/oil industry for
decades, for instance, the perforation in the hydraulic fracture
and the gas/solid explosives for reservoir fracturing. High
temperature generated by the above explosive methods plays a
significant role in the properties of the shale gas reservoir.” The

date, it is difficult to quantify the effects of high temperature on
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Table 1. List of Clay and Mineral Contents of the Wufeng Shale

mineral content (%)

clay content (%)

sample quartz calcite plagioclase

‘Wufeng—Longmaxi shale 33.5 17.3 1.5

dolomite total clay illite kaolinite chlorite

36.2 11.5 94 2 4
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Figure 1. (a—g) Schematic workflow for sample preparation and analysis.

f. XRD+FTIR
Composition analysis

e. TGA

shale formations including the changes in mineral composition
and mechanical properties.'’
quantitative method to characterize the effects of temperature
on the chemical—mechanical properties of shale rocks.

The temperature-dependent properties of shale have been
investigated by many scientists and engineers to evaluate gas
production and waste-storage performance. Pioneering works
on the effect of temperature on the mechanical behaviors of
rocks have been well documented through direct experimental
observation and numerical simulations. The work by Masri et
al. shows a reduction of Young’s modulus and compression
failure strength but an increase in the overall deformation of
shale samples due to the elevated temperature.'' Braun et al.
found that shale composition affects its pore structure and gas
storage potential.'” Zhou et al. found that the thermal strain
rate of shale increases rapidly at 200, 350, and 400 °C directly
observed through experimental methods."” Similar conclusions
had been made on the thermal effects on the mechanical
properties of clay, mudstone, and sandstone in many
publications.'*™'® Otherwise, mineralogy, particularly the
ratio of clay and quartz, frequently appears to be an important
factor to assess the mechanical properties of sedimentary
rocks.”"® For example, the proportion of brittle minerals of
quartz and carbonates has been widely used as a brittleness
index to assess the feasibility of hydraulic fracturing.'”*’ The
chemical compositions and the thermal stability are both
fundamental for evaluating the mechanical properties of
geomaterials. To date, the hydro-mechanical properties and
mineralogy of rocks have been separately investigated in most
cases. Little attention has been paid to the correlation of the
chemical composition and mechanical properties of shale
under different temperatures.

To quantify the minerals of rocks, many experimental
facilities have been used including thermogravimetric analysis
(TGA), X-ray diffraction (XRD), and Fourier transform
infrared (FTIR) spectroscopy.”' >* TGA is widely used to
characterize thermal degradation and temperature-dependent

Therefore, we propose a

44690

devolatilization of clayey rocks.””>* The reported TGA
measurements by the previous researchers operated at
temperatures up to 400 °C for shale gas/oil production.
FTIR spectroscopy is a non-destructive alternative technique
to quantitatively assess the mineralogical composition of
sedimentary rocks, such as coal and shale. The organic and
mineral contents of rock samples can be estimated from FTIR
spectra in the mid-infrared spectral region (4000—400
em™!).>%*” Previous studies have proven its feasibility in the
applications of acquiring quantitative compositional informa-
tion from geomaterials. XRD and FTIR are primarily used for
chemical identification and structural study.”**® In recent
decades, they have been increasingly applied in the quantitative
mineral analysis of sedimentary rocks.

A general method integrating the TGA, XRD, and FTIR
techniques has been proposed by Bhargava et al.”' and Fan et
al** to quantify the compositional change in shale rocks at
various temperatures. It shows a good agreement with the
published data.”’ Now, the combined technique instead of a
single technique has been widely used all around the world. It
has an advantage in the quantitative characterization of
compositional information of shale rocks with a high
resolution. Herein, the combined technique integrating TGA,
XRD, and FTIR is applied in this work. We conducted a study
to characterize the effect of temperature on the chemical—
mechanical properties of shale reservoirs. The contents of this
paper are listed as follows. Section 2 presents the workflows for
sample preparation and methodology. Then, the correspond-
ing results of all experiments and analyses are shown in Section
3. Section 4 demonstrates the discussions. Finally, conclusions
are drawn in Section 5.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation. Gas shale samples studied in
this work were obtained from the southeast area of Sichuan
Province in China, where the shale gas has been successfully
produced commercially.”” They belong to the geologically

https://doi.org/10.1021/acsomega.2c03575
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defined Wufeng—Longmaxi formation. Early literature on the
characteristics of the corresponding shale properties has
revealed a long-term and high productivity of the shale
gas.’”’" The shale formation located in the Jiaoshiba area of
Sichuan is the reservoir of the first commercial shale gas
project in China with an annual production rate of 5 X 10® m>.
Shale rocks have high ratios of quartz and clay minerals.””**
The clay and mineral contents of the selected shale sample are
listed in Table 1. The weight ratios of quartz and carbonates
are 33.5 and 55.0%, respectively, which are slightly higher than
the averaged data. The proportion of the clay in the sample is
small. The observed carbonate minerals include calcite
(17.3%), dolomite (36.2), and plagioclase (1.5%).

Figure 1 demonstrates the workflow of sample preparation
and all experimental tests. First, the shale rocks were crushed
and milled into 325 mesh (36 pm). Second, 10 g of shale
powder was sent for the thermogravimetric analysis (TGA).
Then, a muflle furnace was used to heat the shale powder to
various temperatures. In this work, we selected eight different
temperatures of the room temperature (25 °C), 100, 200, 400,
600, 650, 700, 750, and 800 °C, for heating the shale powder.
Each sample was kept in the muffle furnace for an hour at a
fixed temperature. Third, XRD and FTIR were combined to
measure the compositions of the heated powders.

2.2. TGA. Thermogravimetric analysis (TGA) of the shale
samples was undertaken using a USTA 55 thermogravimetric
analyzer with a temperature precision of +0.1. In this work, 1.0
g of shale powder with a particle diameter of less than 36 ym
was evenly distributed on a platinum pan and used for TGA
tests. The initial TGA temperature for all samples was 25 °C,
and the final temperature was 800 °C with a heating rate of 10
°C/min. The tests were carried out under nitrogen purging at a
rate of 20 mL/min to eliminate the oxidation of shale powders.

2.3. XRD and FTIR. X-ray diffraction analysis was
conducted with a Bruker XRD D8 advance diffractometer
equipped with a ceramic tube, X-ray source, a monochromator,
an automatic variable divergent slit, and a 1.0 mm detector slit.
The step size for the increment of the angle theta was 0.01 °C.
It has wide applications including phase identification,
quantitative phase analysis, and microdiffraction. Samples for
XRD measurements were carefully ground rock powders or
fine size fractions separated by centrifugation or gravity
settling. Ideally, the concentration of the mineral phases of
interest should be more than several percent. If not, it will be
difficult to accurately identify the interesting phase.

The shale powders heated at various temperatures were
analyzed by a Nicolet iS50 infrared spectrometer. FTIR spectra
were collected in the mid-IR range (4000—400 cm™") for all
shale samples with 4 cm™ resolution (2 cm™ steps).
Therefore, there are a total of 1801 data points for each
spectrum from 4000 to 400 cm™".

2.4. SHPB Tests. To verify the correlation between
temperature and the mechanical properties of shale, we carried
out a series of tests with the split Hopkinson pressure bar
(SHPB) to directly observe the evolution of the dynamic
mechanical properties. The samples collected from Wufeng
shale were shaped into Brazilian discs with a size of ¢S50 X 25
mm and subsequently heated in a muffle furnace to reach 25,
200, 400, 500, 600, and 700 °C. The SHPB loading is
perpendicular to the bedding plane of shale. Experimental
parameters, peak strength, strain rate, maximum strain, and
dynamic compressive strength in the SHPB measurements are
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listed in Table 3. The measured strain rates in this work were
between 60 and 90 s~ at an initial gas pressure of 0.60 MPa.

3. RESULTS

3.1. TG-DTG Analysis. Figure 2 illustrates the results of the
TGA analysis for the Wufeng shale powders. The red line is the
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Figure 2. TG-DTG curves of weight evolution of the shale sample.

TG curve representing the evolution of sample weight for
temperature ascending. The sample’s weight has been found
having little reduction before 400 °C, but a significant change
emerges at a temperature of 600—750 °C. It may be caused by
the decomposition of carbonates. To analyze the weight loss
rate, we also come up with the derivative thermogravimetric
(DTG) curve calculated from the thermogravimetric (TG)
curve. Up to 400 °C, a very small weight loss of 2.66% can be
the result of the loss of moisture and the interlay water from
clay minerals. It is consistent with the data reported in previous
literature.”>*> However, up to now, the specific temperature
for structural water in the clay minerals to release is not clear.

At the region of 400—600 °C, the weight loss rate slightly
increases and some carbonate types contribute to the weight
loss in this region. The work by Galan et al. shows that a large
fraction of kerogen is decomposed at around 500 °C, but the
decomposition amount varies from sample to sample due to
the different kerogen concentrations.”**Figures 2 and 3 show
that the largest weight loss occurs in the temperature region of
600—750 °C.
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Figure 3. Accumulated mass loss in the different temperature ranges.
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The sample’s weight reduces with the elevated temperature,
which is divided into three stages according to the derived
weight loss rate (Table 2). Stage I is when the temperature is

Table 2. Three Stages of Shale Weight Loss with the
Evolution of Temperature

temperature
stages °C) decomposed matters of shale rocks
1 <400 moisture and interlayer water of clay minerals
I 400—600 siderite, kerogen, pyrite, and structural water
11 >600 carbonate minerals (calcite, dolomite, and

ankerite)

less than 400 °C, where the weight change by moisture loss is
the minimum. In Stage II, the organic and mineral matter may
start to decompose when the temperature is 400—620 °C,
causing little weight loss. Stage III is when the temperature is
over 600 °C, and a rapid weight reduction occurs as the result
of the further decomposition of carbonate minerals, such as
calcite, dolomite, and ankerite.

Table 1 shows that the shale sample has a relatively high
ratio of carbonate minerals (calcite and dolomite) accounting
for 53.5% of the total weight. For temperatures at 600—750 °C,
carbonates rapidly decompose, and inter-layer water is released
from clay minerals. This temperature range shows the largest
weight loss from the TG-DTG curve (Figure 2). However, the
weight changes at a temperature over 600 °C are complex
because gas products from lower temperature regions might

still react with the minerals and form different mineral phases.
The work by Baruah and Tiwari illustrate macroscopic
fractures and compositional changes occurring in oil/gas
shales at high temperatures.” Equations 1—3 are the major
reactions happening in the 600—800 °C region that can explain
the reason for the weight loss for increasing temperature.
Sulfur dioxide in eq 2 may be produced by pyrite oxidation.
Bhargava et al. found that the reaction products could react
again to 2?ggduce new products, which are very difficult to
measure.”’

calcite: CaCO; — CaO + CO,(g) (1)
1

CaCO; + SO, + ~0,(g) = CaCO, + CO,(g) )

dolomite: [Ca, Mg] CO; — [Ca, Mg]O + CO,(g) (3)

3.2. XRD Spectra. The XRD spectrum is quantitatively
related to the weight ratio of each component in the rocks.
Therefore, the weight ratio or concentration of each
component can be obtained by comparing it with standard
PDF cards of each mineral. The overall density is estimated by
the summation of the product of the weight ratio and
corresponding mineral density. Herein, shale samples
processed under different temperatures were measured by an
XRD analyzer to record the evolution of the geochemical
composition. Figure 4a demonstrates the whole XRD patterns
of the Wufeng—Longmaxi shale. The primary diffraction peaks
can be indexed to the quartz, calcite, and dolomite phases. The
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Figure 4. Quantitative analysis of XRD spectra and shale density evolution with the elevated temperature including (a) whole XRD patterns of
shales at different temperatures, (b) enlarged XRD peaks at 26.6° and (c) densities of shale with temperature. Notes: Q, quartz; F, feldspar; C,

calcite; K, kaolinite; P, pyrite; I, illite; D, dolomite.
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Figure 5. FTIR absorbance spectra of the Wufeng—Longmaxi shale under various temperatures. (a) FTIR absorption spectra under various
temperatures; (b—d) characteristic absorption bands for quartz, carbonates, kerogen, and O—H bonds. Notes: Q, quartz; C, carbonate; C—H,

organic matter; O—H, hydroxy group.

compositional information of shale samples varies with
temperature. For instance, the diffraction peaks at 26.5°
representing quartz have high stability with a small shift in the
diffraction angle for the elevated temperature (Figure 4b).
Diffraction peaks have a major change at the temperature
between 600 and 800 °C, especially for calcite and dolomite.
Variations of the indexed minerals (calcite and dolomite) due
to chemical reactions can be derived from the XRD spectrum
in Figure 4a.”°Figure 4c shows that the densities of all shale
samples linearly decrease with temperature caused by the big
weight loss.

The intensity peak of carbonates (calcite, dolomite, etc.) is
the second-highest located at the 2-theta of 29 and 31°. Illite is
another important component, accounting for 94% of the clay
content in Wufeng shale based on the clay analysis in Table 1.
However, it cannot be detected through the analysis of the
XRD spectra. It may be caused by the low concentration of the
clay in the selected sample. According to the data from the
existing research, similar results have been obtained because of

the low intensity of clay contents.>*>’
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3.3. FTIR Spectra. Figure Sa illustrates the FTIR
absorbance spectra of shale compositions under different
temperatures. The wavenumber chosen for shale is in the mid-
range spectra (400—4000 cm™') as presented. The FTIR
results show the occurrence of the main compositions of
quartz, kerogen, and carbonates. The quartz within shale has a
high absorbance within the spectral range of 800—1000 cm™".
Carbonates have a characteristic absorption band occurring
between 1500 and 1400 cm™' due to the internal vibrational
modes of CO3? ions. The spectrum peak of quartz emerges at
798—780 cm™' due to the change of intermolecular bonds.
Stretching vibrations of O—H emerge at 3750—3400 cm™' to
separate phyllosilicates from quartz. Kerogen’s absorption
spectrum exists between 1800 and 1000 cm™' (C=0 and C=
C) and 3000 and 2800 cm'. These results show good
agreement with the data of the work by Chen et al.”’

Quartz has good thermal stability as its absorbance at
around 800 cm™' stays the same with the increase in
temperature (Figure Sb). It can also be obtained from the
XRD spectra presented in Figure 4a. Carbonates are stable at
low temperatures but increasingly decompose at temperatures

https://doi.org/10.1021/acsomega.2c03575
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Table 3. List of Experimental Parameters and Primary Results in the SHPB Tests

no. of samples  temperature (°C)  peakstrength (GPA)

T25-1 25 144.14 64.93
T25-2 25 133.07 80.43
T2S-3 25 123.58 78.06
T200-1 200 149.30 72.04
T200-2 200 147.95 71.38
T200-3 200 147.47 60.66
T400-1 400 140.14 73.00
T400-2 400 127.47 63.86
T400-3 400 139.03 75.87
TS00-1 500 120.63 90.09
TS500-2 500 124.41 84.60
TS00-3 500 130.94 85.35
T600-1 600 123.25 62.99
T600-2 600 147.21 72.78
T600-3 600 130.77 76.58
T700-1 700 129.48 80.50
T700-2 700 109.43 79.21
T700-3 700 108.26 81.66

strain rate ( s_l)

maximum strain  dynamicYoung’s modulus (GPA)  Tedesco—Ross DIF

2.70 145.46 1.085
3.49 133.12 1.185
3.68 123.62 1.145
3.30 149.30 1.119
292 147.95 1.116
2.64 147.64 1.062
3.37 139.03 1.123
3.21 128.07 1.079
3.14 138.73 1.136
4.01 120.63 1.193
3.51 124.41 1.172
3.19 130.94 1.175
2.79 123.25 1.075
3.08 147.21 1.112
3.84 130.77 1.139
3.36 129.48 1.156
4.48 109.43 1.150
4.10 108.26 1.160

over 400 °C. When the temperature exceeds 700 °C, the
characteristic absorbance bands of calcite, carbonate, and C—H
bands at 875, 2520, and 2875 cm ™}, respectively, completely
disappear (Figure Sb,c). This reveals that a large proportion of
carbonates of the Wufeng—Longmaxi shale have been
decomposed at temperatures of 700 °C and above. The
primary organic matter of kerogen in gas shale has been
identified by the absorbance band at 2875 cm™ in the FTIR
spectra. The decomposition of organic matter usually starts at
400 °C and ends at about 750 °C according to the data in
Figure Sc. Figure Sd shows a characteristic O—H absorption
spectrum that emerges at temperatures of 700, 750, and 800
°C, which reveals new products occurring.

3.4. SHPB Test of Shale Samples at Different
Temperatures. Table 3 provides the major parameters of
peak strength, strain rate, maximum strain, and dynamic
compressive strength in the SHPB tests. It shows that the peak
strength of samples decreases for ascending temperature,
which is identical to the evolution of dynamic compressive
strength. Some typical stress—strain curves are presented in
Figure 6 to demonstrate the correlation between temperature
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Figure 6. Dynamic stress—strain curves of shale samples at different
temperatures from SHPB tests.

and the dynamic mechanical properties of shale. In the low-
temperature region of 25—200 °C, little change occurs that is
consistent with the result reported by Yang et al.” When the
temperature is over 200 °C, the curves evolve rapidly with a
decrease in the peak of stress. The slope of the post-peak curve
decreases with the elevated temperature, indicating a reduction
in rock brittleness.

In the experimental process, we found the frequent
occurrence of fractures in shale discs at a temperature between
300 and 400 °C. According to the work by previous
researchers, water loss and partial organic decomposition can
generate a significant increase in pore pressure. "' When the
temperature grows beyond 700 °C, all shale samples break into
pieces. Therefore, all SHPB samples are prepared at the
temperature range of 25—700 °C. Table 3 and Figure 7 present
the mechanical parameters and the relationship of maximum
strain and stress with temperature. The thermal stress inside
rocks increases with temperature; meanwhile, the strength of
shale is reduced with the elevated temperature. As a
consequence, the shale samples break at a given high
temperature.

4. DISCUSSION

Shale rock is a low-permeability sedimentary rock as well as a
reservoir of oil and gas. As global interest in shale resources
grows, theoretical and experimental works have been made for
enhancing unconventional energy resources. Explosive fractur-
ing techniques had been proposed in oil and gas production for
decades and subsequently replaced by hydraulic fracturing.®
Due to the enormous volume of water used in the hydraulic
fracturing technique, researchers are looking for non-aqueous
techniques, such as in situ explosive fracturing. Explosives
applied in deep shale could generate complex fractures around
drilling wells. In addition, the depleted shale reservoir has been
also taken as a suitable place for nuclear waste disposal.”*~*" As
a large amount of heat energy from the explosion and
radioactive waste can cause a high reservoir temperature, the
effects of high temperature on shale rocks should be
investigated. The elevated temperature has been proven as a
significant factor affecting the mechanical properties of rocks
according to the published pe\pers,16’17’33’41 which could largely
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Figure 7. Measurements of mechanical strength and deformation of shale samples in SHPB tests including (a) maximum strain and (b) maximum

stress evolution with temperature.

affect the performance of explosive fracturing and radioactive
waste disposal. Therefore, a series of tests have been conducted
in this work to quantitatively investigate the evolution of shale
properties with temperature.

The TGA results in Figure 3 indicate a big weight loss of
shale rocks with elevated temperatures. According to geo-
chemistry, weight loss is caused by the physical/chemical
reactions happening during the heating operation. The DTG
curve shows that the reaction rate varies and reaches a peak at
around 725 °C. It has been previously reported that the
contained water is released from sedimentary rocks at below
200 °C, and chemical reactions of organic matter and minerals
may begin at a temperature exceeding 300 °C.>"**** XRD data
in Figure 4a reveals that the thermal reaction of shale rocks
contains several different reactions, such as pyrite oxidation,
kerogen, and carbonate decomposition, by comparing with the
XRD evolution curves of pure minerals. Figure 4b reveals a
shift in the diffraction angle of the quartz peaks as a result of
the increase in temperature. This transformation has been
found in previous work and attributed to the rotation of the
bonds between tetrahedral leads in the transition from a-
quartz to B-quartz. Additionally, the evolution of carbonate
minerals, including calcite and dolomite, has been directly
observed through the XRD and FTIR absorbance spectra. It
illustrates that there is a big weight loss in carbonate minerals
of shale samples. This finding is consistent with the thermal
properties of carbonates. However, it is unavoidable that gas
products can react with other minerals and form new
products.”® Therefore, we can only tell the possible processes
happening in a temperature range. It is challenging to provide
the specific temperature and time of each mineral reaction.

The work by Longbottom et al. shows that the temperature-
dependent phenomena are determined by the chemical
reaction rate of shale contained minerals.”” The temperature
effect of the chemical reaction is commonly characterized by
the Arrhenius relationship, which is expressed as

r E |1 1
LA | D
Xp T, T

@
where r and r, represent the reaction rates (mol/s) at different
temperatures of T and T, (K), respectively. E, is the activation
energy (KJ/mol), and R is the molar gas constant (KJ/mol/K).
This expression gives the relationship between reaction rate
and temperature. The reaction rates of minerals increase with
T when activation energy E, and the molar gas constant are
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known. It shows that the reaction inside shale varies when
subjected to the increasing temperature. However, most
minerals are very stable at room temperature and atmospheric
pressure. The compositions of shale rocks are activated at
various high temperatures. From the perspective of energy,
when the input energy reaches the activation energy of a
mineral, it can be activated and react with other matters.

The microscale reactions have dramatically altered the
compositional information of shale samples. It is inevitable to
have a great impact on the macroscopic mechanical properties.
The temperature has been reported to have a significant impact
on the hydro-mechanical properties of shale.'”** For temper-
atures below 400 °C, water evaporation can increase the pore
pressure in the porous structure.'” We found that some shale
rocks burst apart in the muffle furnace at a temperature
between 300 and 400 °C, which could be subjected to the
increasing pore pressure exceeding the tensile strength. In our
SHPB tests, there is a 25.6% reduction in dynamic Young’s
modulus of the shale rocks (Table 3) after the heating process
in the muffle furnace. The dynamic stress—strain curves of six
heated samples in Figure 6 provide a reduction of rock
brittleness. This reveals the brittle to ductile transition in shale
rocks due to the heated decomposition of the brittle
minerals.” In this process, the strength of the shale sample
linearly decreases while the maximum strain linearly increases
with temperature (Figure 7a,b). High temperatures providing
high thermal stress can cause damage to rocks according to the
theory of thermodynamics.**™** Our tests found that shale
samples rapidly explode into pieces at 800 °C.

5. CONCLUSIONS

This paper presents an investigation of the effect of
temperature on the compositional and mechanical properties
of the Wufeng—Longmaxi shale. Results indicate that temper-
ature has a great influence on both the composition and
dynamic mechanical properties of shale rocks. An integrated
method with TGA, XRD, and FTIR is introduced to
characterize the compositional information of shale samples
evolving with the elevated temperature. The SHPB is applied
to test the changes in the dynamic mechanical properties.
Conclusions have been made as follows.

(1) There is a 25% weight loss in shale powders measured
with TGA at a heating rate of 10 °C/min. A little reduction in
the sample’s weight occurs before 400 °C, but a big weight loss
emerges at a temperature of 600—750 °C due to mineral
reactions. According to the TG-DTG curve, the evolution of
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the shale weight with temperature is divided into three stages
concerning the thermal decomposition of different composi-
tions of the Wufeng—Longmaxi shale.

(2) The XRD-FTIR combined method identifies the effect
of temperature on the compositional information of shale
rocks. XRD and FTIR spectra both illustrate that the
decomposition of kerogen and carbonate minerals primarily
governs the weight and density decreases observed from TGA
data. It is also found that a change in the X-ray incidence angle
of quartz is due to the transition from a-quartz to f-quartz.
FTIR spectra reveal reactions to produce new products with
O—H absorbance bands happening for temperatures above
700 °C.

(3) This provides a direct relationship between composi-
tional information and macroscopic mechanical properties
through the SHPB tests. The evolution of the shale
composition with temperature has a great impact on the
dynamic strength. A brittle to ductile transition has occurred
due to the changes in the compositional information.
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