
Bulletin of Engineering Geology and the Environment (2022) 81: 43

Vol.:(0123456789)1 3

https://doi.org/10.1007/s10064-021-02522-w

ORIGINAL PAPER

Effect of high temperature on pore characteristics, yield stress, 
and deformation property of sandstone

Weiqiang Zhang1,2   · Zuoquan Wang1 · Yi Du3 · Shaoteng Zhang1 · Zhoujian Shi1 · Fanjia Li4

Received: 25 March 2021 / Accepted: 2 December 2021 
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
High temperature can change rock structure and mechanical properties, which may cause potential hazards in rock engineer-
ing. In this paper, mercury intrusion porosimetry (MIP), uniaxial compression tests, P-wave velocity, and acoustic emis-
sion (AE) tests were implemented to study sandstone samples subjected to high temperatures. Results including the pore 
characteristic change, yield strength, and deformation of the sandstones after the high-temperature treatment were analyzed. 
The internal cause of the changes was revealed from the evolution of the microstructure obtained by the scanning electron 
microscope (SEM) test. The research results show a consistent critical temperature threshold in the changing process of pore 
characteristics, yield strength, and deformation characteristics of the sandstones, which is around 400 °C. When the heating 
temperature exceeds the threshold, the porosity of sandstone increases rapidly, the uniformity coefficient of pores increases 
sharply, the yield strength decreases rapidly, and the maximum displacement in the compaction stage increases significantly. 
Also, the number of big pores and the volume of pores with a diameter between 7 and 3000 nm were seen increasing. The 
above changes are mainly caused by the emergence of new cracks and the accelerated development of premier and new 
cracks in the microstructure of the sandstones, and the high temperature mainly affects pores with a diameter between 7 and 
3000 nm. Although the yield strength decreases when the temperature goes beyond 400 °C, the ratio of the yield strength to 
the ultimate compressive strength remains nearly unchanged.
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Introduction

High temperature can affect the macroscopic and microscopic 
properties of the rock and bring about significant engineer-
ing effects (Liu et al. 2019a; Li et al. 2020; Martínez-Ibáñez 
et al. 2021; Peng et al. 2016; Ranjith et al. 2012). There-
fore, the research on the pore characteristics and mechani-
cal properties of rock undergone various high temperatures 
has very important theoretical significance and application 
value for deep rock engineering, such as geological storage 
of nuclear waste (Gens et al. 2009), exploitation of deep 
ore (Hassanzadegan et al. 2014; Zhang et al. 2008), under-
ground gasification of coal mining (Liu et al. 2019b), safety 
and stability assessment of buildings and slope after fire dis-
aster (Mónika 2002; Park et al. 2016; Sarro et al. 2021; Wu 
et al. 2013), and development of deep geothermal resources 
(Wang et al. 2020; Zhang et al. 2018).

Up to now, the research concerning the effect of high 
temperature on the macro-properties of rock mainly focuses 
on the physical and mechanical parameters (Brotóns et al. 
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2013; Tang et al. 2019; Vagnon et al. 2019, 2021), such as 
uniaxial compressive strength, elastic modulus, strain, wave 
velocity, and density. And, the most used research method 
is the laboratory test. According to the study results, as 
the heating temperature increases, the uniaxial compres-
sive strength, elastic modulus, P-wave velocity, and bulk 
density of the specimen decrease gradually while the peak 
strain increases. Although many scholars have done a lot of 
research on this field, very few studies have been reported 
concerning the yield strength and the deformation in the 
compaction stage, indicating a research gap there. In the 
studies of high temperature affecting the microscopic prop-
erties of rocks, efforts were mainly made on understanding 
the microstructure changes of specific rocks at different tem-
peratures using SEM tests (He et al. 2016; Lan et al. 2020; 
Meng et al. 2021; Zhang et al. 2021). However, only a few 
studies have focused on the pore characteristics (Castagna 
et al. 2018; Yao et al. 2021), which were more concentrated 
on the change of porosity (Géraud 1994; Zhang et al. 2016). 
Thus, much work on the distribution characteristics and 
evolution process of different types of pores after the high 
temperature is still needed. In addition, since the property 
of pores also has a significant influence on the permeability 
of rock (Darot et al. 1992; Liu et al. 2020; Sola and Rashidi 
2008), it can be an important factor affecting the hydrologi-
cal conditions of underground engineering. Therefore, it is 
necessary to carry out research on the evolution law of the 
pore characteristics and mechanical properties of rock sub-
jected to high temperatures.

In order to investigate how high temperature affects the 
macroscopic properties and microstructure of the sandstone, 
we heated several groups of sandstone samples to differ-
ent high temperatures. The mercury intrusion porosimetry 
(MIP), uniaxial compression test, P-wave velocity, and 
acoustic emission (AE) tests were used to analyze the varia-
tion of porosity, pore distribution, yield strength, and defor-
mation properties of the sandstone samples. The scanning 
electron microscope (SEM) test was carried out to reveal 
the mechanisms behind the property changes. The research 
results can enrich theoretical research on the thermal damage 
of rock and provide basic data for rock engineering involving 
high-temperature environments.

Materials and methods

Preparation of rock samples

Sandstone is one of the most abundant rocks on the earth’s 
surface and is frequently encountered in underground engi-
neering, making it a good option for research. The test sam-
ples taken from a quarry of Jurassic strata in Shandong Prov-
ince of China were dark red in the natural state and belonged 

to fine sandstone due to the grain size being between 0.08 
and 0.20 mm. The sandstone was of clastic structure and 
contained granule and interstitial materials. The texture was 
relatively uniform, and there was no visible bedding. The 
cementation type of the samples was porous cementation, 
which is one of the most common cementation types in sedi-
mentary rocks and features of the point contact relationship 
between mineral particles. The main minerals were feldspar 
(21%), quartz (66%), zeolite (5%), and calcite (6%). The 
samples for the test of mechanical properties were cut into 
standard Φ50 × 100-mm cylinders (diameter and height), 
and the errors of diameter and height were within 0.3 mm 
and 5 mm, respectively. The end faces of the samples were 
perpendicular to the axis, and the non-parallelism and maxi-
mum deviation were smaller than 0.05 mm and 0.25°. The 
test sample of pore characteristics and microstructure was a 
small block whose diameter was 5 mm, and thickness was 
3 mm.

Experimental procedure and instruments

This paper mainly deals with MIP, uniaxial compression, 
P-wave velocity, SEM, and AE tests. The uniaxial compres-
sion, AE, and P-wave velocity tests were implemented on the 
same sample, while MIP and SEM tests were carried out on 
separate samples. All the samples were pretreated by heating 
in a CTM300A high-temperature furnace produced by Weike 
Technology Company of Xuzhou, and the heating process was 
divided into three stages. First, for each group of sandstone 
samples, the rock samples were first heated at a rate of 5 °C/
min until they reached the target temperature. Secondly, the 
samples were kept at the target temperature for 2 h to ensure 
the sample inside reached the same temperature and also to 
provide sufficient time for thermal reaction. Finally, the sam-
ples were cooled down to room temperature in the heating fur-
nace at a rate of 0.5 °C/min, which helped maintain a uniform 
cooling pace inside and outside the samples. Also, it could 
reduce the influence on the physical and mechanical proper-
ties of samples owing to cooling. The samples tested by the 
uniaxial compression, AE, and P-wave velocity were heated to 
15 temperature levels, which are 25 °C, 75 °C, 100 °C, 150 °C, 
200 °C, 250 °C, 300 °C, 350 °C, 400 °C, 450 °C, 500 °C, 
530 °C, 550 °C, 570 °C, and 600 °C, respectively. For each 
temperature level, three samples were prepared. The uniaxial 
compression and AE test were carried out on a WES-D1000 
electro-hydraulic servo universal testing machine (Fig. 1a) 
with a micro-II digital AE system (Fig. 1e). The loading rate 
of uniaxial compression was 800 N/s, which was controlled by 
stress. The AE signal was monitored synchronously during the 
compression process, and the threshold value was set to 40 db. 
The P-wave velocity of samples was obtained by a RS-ST01C 
sound wave tester (Fig. 1d). When testing the P-wave veloc-
ity, Vaseline was applied between the probe and the sample to 
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increase the tightness of the contact. The ultrasonic wave was 
emitted by the transmitting probe and received by the receiv-
ing probe. The P-wave speed was calculated by the height of 
the samples and the time of the ultrasonic wave propagation 
in the samples. Considering the high cost of MIP and SEM 
tests, only six temperature levels were set in this test, which 
were 25 °C, 200 °C, 400 °C, 500 °C, 570 °C, and 600 °C, 
and one sample for each test. The MIP test was carried out on 
an AutoPore IV 9510 automatic mercury injection apparatus 
(Fig. 1b) produced by Micromeritics Instrument Company of 
America. The microscopic characteristics were observed using 
a Quanta™ 250 SEM (Fig. 1c).

Experimental results

Pore characteristics

The pore characteristics (i.e., pore diameter, volume, and 
porosity) of the sandstone samples were tested by MIP, 
in which the relationship between pore diameter and the 
applied pressure was in accordance with the Washburn equa-
tion (Zhang et al. 2017), as shown in Eq. (1).

where P is the applied pressure; r is the diameter of pore in 
the sample; σ is the surface tension of mercury and equals 

(1)P = −
4� cos �

r
× 100%

480 mN/cm; θ is the angle of the surface against the solid 
surface and equals to 140°.

The relationship between the pore volume and pore 
diameter of the samples is shown in Fig. 2. From the figure, 
the two properties have the same trend of change under the 
effect of high temperature. Specifically, both first increased 
at a low rate, then increased rapidly, and finally stabilized 
at a certain level. The pore diameters corresponding to the 
lower and upper limits of the rapid increase stage were 7 nm 
and 3000 nm, respectively. When the pore diameter was 

(a) (b) (c)

(d) (e)

Fig. 1   Photos of main experimental instruments: a WES-D1000 electro-hydraulic servo universal testing machine; b AutoPore IV 9510 auto-
matic mercury injection apparatus; c Quanta™ 250 SEM; d RS-ST01C sound wave tester; e micro-II digital AE system
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larger than 3000 nm, the pore volume increased slowly with 
the decrease of pore diameter. When the diameter was less 
than 7 nm, the pore volume remained almost unchanged. 
Besides, for pores between 7 and 3000 nm, the cumulative 
pore volume increased with the decrease of pore diameter, 
showing that the pores with diameters ranging from 7 to 
3000 nm have significant distribution characteristics in the 
samples. As for samples subjected to temperatures below 
400 °C, the cumulative pore volume of the samples had no 
obvious change in all pore diameters. Obviously, the effect 
of high temperature on the pore characteristics of sand-
stone is mainly reflected in the pores with a diameter of 
7–3000 nm. This result can be verified by the study of Zhang 
et al. (2017), in which the peaks of incremental mercury 
intrusion distributed between 7 and 3000 nm were much 
higher than that at other pore diameters.

In order to study the distribution of pores with differ-
ent sizes, the pores of sandstone samples were divided into 
five categories based on previous studies (Chen et al. 2013; 
Zhang et  al.  2015a), which were large pores (diameter 
larger than 10,000 nm), big pores (diameter between 1000 
and 10,000 nm), medium pores (diameter between 100 and 
1000 nm), small pores (diameter between 10 and 100 nm), 
and micro-pores (diameter less than 10 nm). The pore vol-
umes in each size range and under different temperatures 
are summarized (see Table 1 and Fig. 3). Apparently, the 
effects of high temperature varied with the pore size. The 
proportions of the large and micro-pores in the total pore 
volume were small, and their changes with the temperature 
were insignificant. The volume of big pores changed most 
significantly with the temperature, especially when the tem-
perature went above 400 °C, and it was followed by medium 
pores. This is basically consistent with the research results of 
Zhang et al. (2017). In addition, the BMS (the total volume of 
big, medium, and small pores) was introduced to analyze the 
change of pore volume due to the effects of high temperature, 
as shown in Fig. 3. BMS occupied larger proportions in the 
total volume of pores, and it increased as the temperature 
increased. The rose of BMS above 400 °C was as high as 
21.8%, which was far larger than 4.1% from 25 to 400 °C.

The relationship between the cumulative volume per-
centage of pores and diameter is shown in Fig. 2, which 

shows that the distribution curves of samples heated by 
different temperatures are similar. In order to study the 
influence of temperature on the pores, uniformity coeffi-
cient (UC) and curvature coefficient (CC) were used to eval-
uate the variations of the pore diameter. Equations used 
to calculate the two coefficients are shown in Eqs. (2) and 
(3). UC reflects the distribution range of pore diameters. 
The larger the value is, the more concentrated the pore 
diameters are. CC reflects the smoothness of the curve. The 
specific data used for calculation is shown in Table 2. The 
calculation results are given in Fig. 4. In general, as the 
temperature increased, C

C
 kept stable (2.97 at 200 °C to 

1.84 at 500 °C), while U
C
 changed significantly, especially 

at temperatures above 400 °C. When the temperature was 
below 400 °C, U

C
 fluctuated with the temperature increase, 

with a maximum of 0.11 at 200 °C and a minimum of 0.07 
at 400 °C. When the temperature was higher than 400 °C, 
U

C
 increased drastically by 100%. Therefore, the pores 

become more and more unevenly distributed.

(2)U
C
=

D
60

D
10

Table 1   The total volume of 
pores with different sizes and at 
different temperatures

Temperature
/°C

Large pores 
(× 10−4 mL/g)

Big pores 
(× 10−4 mL/g)

Medium pores 
(× 10−4 mL/g)

Small pores 
(× 10−4 mL/g)

Micro-pores 
(× 10−4 mL/g)

25 26 111 139 112 6
200 19 128 133 108 7
400 26 97 159 121 6
500 36 181 153 118 12
570 17 157 154 108 9
600 27 205 141 113 9
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Fig. 3   Effect of temperature on the total volume of pores in different 
size categories, where BMS denotes the sum of the total volumes of 
big pores, medium pores, and small pores
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Porosity is an important parameter of rock pore and a sig-
nificant parameter in hydrogeology for evaluating the water 
absorption capacity, water binding capacity, permeability, and 
so on. The variation of porosity of sandstone samples versus 
temperature is shown in Fig. 5 and Table 3. From Fig. 5, the 
changes of porosity can be divided into two phases: (1) when 
the temperature was lower than 400 °C, the porosity remained 
constant at a certain level, i.e., from 7.78% at 25 °C to 7.89% at 
400 °C; (2) when the temperature exceeded 400 °C, the poros-
ity increased rapidly with the temperature increase. When the 
temperature reached 600 °C, the porosity was 9.60%, which 
was 23.39% larger than it was at the room temperature.

P‑wave velocity

According to the previous research results and relevant lit-
erature (Zhang et al. 2015b), the P-wave velocity can sen-
sitively reflect the change of rock structure. Therefore, the 
changes of P-wave velocity of the samples were tested, and 
the results are given in Fig. 6, which shows that the wave 

(3)C
C
=

(D
30
)2

D
10
⋅ D

60

velocity gradually reduced with temperature increase, and 
the trend of the change can be divided into two phases. The 
P-wave velocity decreased slowly at a temperature below 
400 °C, while at temperatures above 400 °C, the rate of 
decrease obviously accelerated, with the maximum rate 
reaching 43.4%. Comparing Figs. 5 and 6, it is found that the 
temperature corresponding to the changing point in P-wave 
velocity was the same as that of the porosity. Still, the chang-
ing trends of these two curves were opposite, indicating 
that the increase of porosity reduced the P-wave velocity. 
In order to analyze the internal relationship between poros-
ity and P-wave velocity of the rock after high-temperature 
treatment, the P-wave velocity and the porosity at the same 
temperature are plotted, and the results are shown in Fig. 7. 
A good negative linear relationship between porosity and 
wave velocity exists, which can be expressed by Eq. (4)

The correlation has a R2 of 0.80, where N is porosity and 
P is P-wave velocity.

Stress and displacement

Figure 8 plots the stress and displacement curves of the 
sandstone samples. From the figure, all the curves share a 
similar growth trend except that of samples at 600 °C. The 
samples at temperatures other than 600 °C failed in the form 
of brittleness. The sample at 600 °C had a better ductility, 
whose maximum displacement was greater than those at 
other temperatures. On the other hand, it could be observed 
that there was an obvious compaction stage for each sam-
ple, which was significantly affected by the temperature. 
At 600 °C, the displacement was the largest, and the peak 
strength started to decrease quickly. The displacements of 

(4)N = 12.10 − 1.41 × P

Table 2   Summary of the results of percentage by volume passing

Temperature/°C D
10

/nm D
30

/nm D
60

/nm U
C

C
C

25 2944 1262 214 0.07 2.53
200 2124 1223 237 0.11 2.97
400 2654 986 181 0.07 2.02
500 3115 1546 416 0.13 1.84
570 2511 1358 364 0.14 2.02
600 3230 1998 457 0.14 2.70

Fig. 4   Effect of temperature on the uniformity coefficient and curva-
ture coefficient
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the compaction stage of each sample under the influence of 
temperatures are shown in Table 4.

Figure 9 plots the changes in the average value of the 
maximum displacement (MD) of samples in the com-
pression stage against the temperature. Notably, the MD 
increased with the increase of temperature. In detail, the MD 
of rock samples was higher at a temperature below 100 °C, 
but it reduced at the temperature from 100 to 200 °C, which 
was mainly caused by the natural variability of samples. � 
is a newly introduced value used to represent the change 
rate of displacement in the compaction stage, and it can be 
calculated using Eq. (5).

where S
i1
 is the displacement in the compaction stage at tem-

perature T
i1
 , and S

i2
 is the displacement in compaction stage 

at temperature T
i2

 and ΔT = T
i2
− T

i1
.

According to Eq. (5), �
1
 (from 200 to 500 °C) and �

2
 (from 

530 to 600 °C) can be calculated as below:

From room temperature to 200 °C, � decreases with the 
temperature. When the temperature is in the range of 200 

(5)�
i
=

S
i2
− S

i1

ΔT
× 100%

(6)�
1
=

0.54 − 0.24

300
× 100% = 0.10%

(7)�
2
=

0.85 − 0.45

70
× 100% = 0.57%

to 500 °C, � increases with the temperature at a steady but 
relatively low rate. When the temperature exceeds 530 °C, � 
increases with temperature at a much higher rate that is 5.7 
times of the former.

Yield strength

The strength corresponding to the yield point of rock is 
called yield strength. When the stress exceeds the yield 
point, many cracks appear, and rock failure tends to occur. 
The occurrence of cracks can form AE signals, making AE 
information a good indication of the yield point (Kong et al. 
2018; Sun et al. 2021). The specific method to identify the 
yield point of rock is to find the changing point of the AE 
count rate and the cumulative energy curve. Compared with 
the uniaxial compressive strength, yield strength can bet-
ter reflect the compressive properties of sandstone in nature 
under the action of stress.

The variation of yield strength with temperature is 
shown in Fig. 10. From the figure, the yield strength curve 
can be divided into two phases according to the chang-
ing trend of yield strength: (1) from room temperature to 
400 °C, the yield strength decreased slowly by 9.8%, from 
66.2 MPa at 25 °C to 59.7 MPa at 400 °C; (2) from 400 to 
600 °C, the yield strength decreased drastically by 29.3%, 
with a yield strength of 42.2 MPa at 600 °C. At a given 
temperature, taking R as the ratio of the yield strength to 
the peak strength, then we have

Table 3   The porositys of 
sandstone samples undergone 
different temperatures

Temperature/°C 25 200 400 500 570 600

Porosity/% 7.87 7.89 7.78 9.70 8.77 9.60

Fig. 6   Changes in the P-wave velocity versus temperature Fig. 7   The relationship between porosity and P-wave velocity
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where �
Y
 is the yield strength at the given temperature and 

�
P
 is the peak strength. As shown in Fig. 9, R ranged from 

0.70 to 0.90 (as shown in Table 5). Obviously, the curve 
remains stable except at 300 °C. Therefore, although the 
temperature significantly impacted yield strength and peak 
strength, it had little influence on R.

The previous research has shown that the P-wave veloc-
ity is a parameter that can well reflect the damage of rock 
structure and the change of macro physical–mechanical 

(8)R =
�
Y

�
P

Fig. 8   The relationship between stress and displacement of part sam-
ples. a 25, 100, and 150 °C; b 200, 300, and 350 °C; c 400, 450, and 
600 °C

Table 4   The displacements in the compaction stage of samples heated 
by different temperatures

Temperature
/°C

Displacement of compression stage/mm

1 2 3 Average Standard 
deviation

25 0.34 0.41 0.37 0.37 0.03
75 0.71 0.36 0.42 0.50 0.15
100 0.22 0.24 0.16 0.21 0.03
150 0.21 0.28 0.26 0.25 0.03
200 0.27 0.18 0.26 0.24 0.04
300 0.31 0.70 0.36 0.46 0.17
350 0.55 0.57 0.33 0.48 0.11
400 0.44 0.72 0.51 0.56 0.12
450 0.76 0.36 0.42 0.51 0.18
500 0.44 0.67 0.51 0.54 0.10
530 0.42 0.38 0.55 0.45 0.07
550 0.60 0.52 0.57 0.56 0.03
570 0.54 0.79 0.61 0.65 0.11
600 0.77 0.84 0.94 0.85 0.07

Fig. 9   The average value of maximum displacement in the compac-
tion stage versus temperature
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parameters (Brotóns et al. 2013; Vagnon et al. 2019; Zhang 
et al. 2015b, 2017). Therefore, the relationship between the  
yield strength and P-wave velocity of this study was ana-
lyzed (see Fig. 11), which gave a moderate linear relation 
between them. The fitting equation is shown in Eq. (9), 
whose relation coefficient (R2) is 0.63. The fitting line shows  
that the yield strength increases linearly as the P-wave veloc-
ity increases.

where �
Y
 is yield strength and v is wave velocity.

Microstructure

Structure change is the essence of rock damage, and SEM 
is an effective method to observe the microstructure of 
materials (He et al. 2016). Therefore, SEM tests were 
conducted on rock samples at different temperatures. The 
results are shown in Fig. 12. In the sandstone with a clastic 
structure, the mineral particles contacted with each other 
and the interstitial materials filled the pores and contact 
areas. The crystals looked relatively complete, but many 
of them had some micro defects, such as the circular or 
elliptical pores that could be observed at the surface. 
A small amount of premier cracks existed between the 
minerals (Fig. 12a and b). Micro-cracks with very small 
length and width were also found in some mineral crystals 

(9)�
Y
= 11.69 ⋅ v + 28.25

(Fig. 12a and c). In general, the microstructures of the 
sample did not change significantly below 400 °C. With 
the temperature increase, the premier cracks developed, 
and some new cracks emerged and extended, especially 
when the temperature was up to 400 °C. The surface layer 
of some minerals had fallen off (Fig. 12d), especially at the 
cross part of minerals, which might be caused by the stress 
concentration. When the temperature reached 570 °C, the 
majority of cracks in crystals started to connect with the 
existing cracks between the mineral particles (Fig. 12e). 
The number of transcrystalline cracks in the microstruc-
ture increased significantly at 600 °C (Fig. 12f), resulting 
in damages or even destructions to the crystal structure 
of some minerals. On the other hand, many connections 
were observed between the cracks, and the surface of some 
crystals was seen slightly rough.

Response characteristics of micro‑ 
and macro‑properties

By comparing and analyzing the changes in the microstruc-
ture, pore characteristics, and mechanical properties of the 
sample, it can be seen that the premier cracks, including those 
in crystals, expanded in length and width, and new cracks 
emerged and extended which changed the distribution of 
pores. The increase of pore volume (7–3000 nm), uniformity 
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Table 5   The displacements in the compaction stage of samples heated by different temperatures

Temperature/°C 25 75 100 200 300 400 450 500 530 550 570 600

Yield strength/MPa 66.20 58.30 58.30 67.20 63.50 56.70 55.00 59.70 59.80 56.00 55.10 49.00
Peak strength/MPa 78.55 71.80 71.08 79.39 73.38 76.82 70.87 71.27 67.76 64.24 63.44 56.63
R 0.84 0.81 0.82 0.85 0.87 0.74 0.78 0.84 0.88 0.87 0.87 0.87
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Fig. 11   The relationship between the average value of P-wave veloc-
ity and yield strength
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coefficient, and porosity was closely related to the generation 
of new cracks and the development of original cracks. The 
yield strength and maximum displacement of the compaction 
stage were also mainly determined by the shape, length, and 
connection of the cracks. From room temperature to 400 °C, 
the cracks developed slightly, and only a few new cracks were 

generated, leading to little change in the yield strength and 
maximum displacement of the compaction stage. While the 
rapid decrease of yield strength and the fast increase of the 
maximum displacement of the compaction stage was caused 
by the acceleration of crack development, the occurrence 
of new cracks, and the structure changing. The changes of 

Fig. 12   The SEM images of 
samples. a 25 °C; b 200 °C; c 
400 °C; d 500 °C; e 570 °C; f 
600 °C

(a) (b)

(c) (d)

(e) (f)
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microstructure, pore characteristics, and mechanical proper-
ties of sandstone around 600 °C were more obvious, which 
was related to the phase transition of quartz around 573 °C 
(Sun and Zhang 2019). In the process of phase transforma-
tion, the volume of quartz expanded rapidly, causing com-
pressive or tensile stresses on the surrounding mineral crys-
tals. Cracks occurred when the stress exceeded the ultimate 
strength of the mineral crystals. The development of cracks 
reduced the yield strength of the sample and increased its 
plasticity, which was also the main reason for the increase of 
the maximum displacement in the compaction stage.

Conclusions

In order to evaluate the influence of high temperature on 
sandstone, the SEM test was adopted to analyze parameters, 
including the pore distribution, porosity, yield strength, and 
displacement in the compression stage of some sandstones at 
different temperatures. The main conclusions were as below:

(1)	 The critical temperature threshold at which the pore 
characteristics of sandstone change significantly is 
about 400 °C. After this point, the volume of the pores 
with a diameter of 7–3000 nm increases significantly, 
the porosity increases rapidly, the number of big pores 
increases significantly, and the uniformity coefficient 
increase quickly.

(2)	 In general, the maximum displacement in the compac-
tion stage increases with temperature, especially at 
above 500 °C, which is caused by the occurrence of 
new cracks.

(3)	 The sandstone has a good yield strength in nature, and 
it decreases with the heating temperature, especially at 
temperatures above 400 °C. The temperature almost 
has no influence on the rate of yield strength and peak 
strength. The main reasons for the decrease of yield 
strength are the emergence of new cracks, the develop-
ment of premier, and new cracks and the decomposition 
of cement.

(4)	 A moderate linear relationship exists between the wave 
velocity and yield strength.

Funding  This study is funded by “the National Natural Science Foun-
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Province (KYCX21_2247).
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