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Experimental research on damage
characteristics of red sandstone
under the combined action

of temperature, water and stress
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In order to study the damage properties of red sandstone under combined action of temperature,
water and stress, the uniaxial compression test was carried out for red sandstone afterimmersing in
waterfor0.5h, Lhand 3 hat25°C, 55 'C, 85 'C and 95 °C, the mechanical properties, characteristic
stress points, acoustic emission RA-AF parameters and failure forms of red sandstone were analyzed,
the damage constitutive equation was established, and the damage properties of red sandstone

were studied. The results showed: (1) temperature could significantly improve the saturated water
content percentage of red sandstone. With the increase of temperature, the saturated water content
percentage showed a trend of increase first and then decrease, and was the largest at 55 C; with the
increase of temperature, the mechanical parameters (peak intensity, elasticity modulus, and stress

at start point of expansion) decreased first and then increased, and was the smallest at 55 C; (2) the
ratio of crack initiation stress to peak stress (oci/of) initially increases and then decreases with rising
temperatures for the same soaking duration. Conversely, it initially decreases and then increases with
extended soaking time at the same temperature. The RA-AF acoustic emission signals predominantly
occur in the tensile region at each stage account for a relatively large proportion, with the proportion
of signals in the shear region significantly increasing as soaking time extends, corresponding well with
the observed damage patterns. (3) By considering the damage due to temperature and water as Initial
damage to red sandstone and the damage due to stress as load-induced damage, a damage variable
based on the Weibull distribution function was established. The comprehensive damage constitutive
equation derived from this can be applied to water-saturated red sandstone below 100 ‘C. The findings
provide theoretical reference for practical engineering applications.

Keywords Damage characteristics, Mechanical parameters, RA-AF parameters, Damage morphology,
Constitutive equation

In recent years, in order to meet energy demands and improve transportation convenience, the construction of
deep underground engineering projects has gained increasing attention. However, various geological hazards
frequently arise during such projects. In environments with high temperatures and high stress levels, surround-
ing rock masses are prone to instability, compromising construction progress and safety. In water-rich environ-
ments, the weakening effect of water on rocks and the influence of pore water pressure make rock masses more
susceptible to instability during construction?. Therefore, the study of rock damage and failure characteristics
under the combined effects of temperature, water, and stress holds significant importance.

In practical engineering, the combined or pairwise effects of stress, temperature, and water on underground
rock masses are pervasive. Numerous researchers have extensively studied the patterns of rock damage and
failure under these three influencing factors.
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Under hydro-mechanical coupling, Zhang focused on water inrush hazards from coal seam floors, con-
ducted seepage experiments on single-fracture, T-shaped, and Y-shaped fractured rock samples®. The experiments
explored non-linear seepage patterns and used acoustic emission monitoring to investigate the progressive failure
evolution mechanism in fractured rock masses. However, the inherent randomness of rock fractures hindered
a comprehensive understanding of hydro-mechanical coupling mechanisms. Bian et al.* performed uniaxial
compression tests on shale samples subjected to various immersion periods, deriving a constitutive equation
suitable for weak water effects and uniaxial compression. In thermo-mechanical coupling studies, Long con-
ducted uniaxial compression tests on sandstone at various temperatures and triaxial compression tests at varying
temperatures and confining pressures®. The results showed that temperature enhances sample deformability to
some extent, and that rising temperatures both weaken and strengthen sandstone’s mechanical properties. Guo
et al.® conducted uniaxial compression experiments on granite at temperatures ranging from 25 to 600 °C and
established a constitutive equation based on thermal damage theory. Nevertheless, practical engineering con-
ditions rarely feature complete coupling of water force or temperature force. More often, engineering projects
encounter the combined effects of temperature, water, and stress.

To investigate rock damage characteristics under the combined effects of temperature, water, and stress,
Liu et al.” conducted uniaxial compression tests on argillaceous siltstone samples soaked in varying water tem-
peratures until saturation. They explored the effects of water and temperature on rock mechanical properties
from both a macroscopic and microscopic perspective using SEM images but did not quantify the influence of
each factor. Gao et al., conducted uniaxial compression tests on sandstone under thermo-hydro-mechanical
coupling conditions, investigating the effects of various influencing factors on the rock. It was found that stress
had the greatest impact on Young’s modulus, Poisson’s ratio, and peak strength, while temperature had the least®.
Building on this, Lu et al., performed a series of water absorption and uniaxial compression tests on mudstone
and sandstone soaked at varying temperatures and employed CT scanning to analyze their microstructure. The
results indicated that the rise in water temperature increased the formation of new internal cracks, intensifying
water-induced damage’®. Xu et al.!” seeked to understand the effect of high temperatures on the permeability
of argillaceous sandstone, conducted triaxial compression tests, which proved that mechanical parameters are
not highly sensitive to water temperature. The main mechanism casing the permeability is due to the thermal
expansion of illite, which clogs internal pores. Long improved the Duncan-Chang model and derived a three-field
control model, establishing a constitutive equation for sandstone under the combined effects of temperature,
seepage, and load®.

From the above studies, it is evident that most research on the damage characteristics of rocks under the
combined effects of temperature, water, and stress has focused on high temperatures (above 100 °C). However,
many underground engineering projects is below 100 ‘C. As a result, research on the damage and failure charac-
teristics of rocks at practical conditions (below 100 °C), including temperature, water, and stress, remains scarce.
Therefore, this paper first conducts immersion tests on red sandstone in various water temperatures below 100 °C,
followed by uniaxial compression tests to analyze its mechanical properties, acoustic emission RA-AF parameters,
and failure morphology. Based on the findings, the damage to red sandstone is classified into initial and load
damage, and a damage constitutive equation applicable to saturated red sandstone below 100 °C is established.

Uniaxial compression test under the combined action of temperature and water
Rock sample preparation and testing scheme

The rock samples used are composed of red sandstone (22.7% quartz, 77.3% feldspar) in cylindrical form with
dimensions of @ 50 mm x 100 mm. Prior to the experiment, the specimens were allowed to naturally air-dry
indoors for over a week. They were then placed in an oven at 105 °C for 24 h for further drying''. After cooling
to room temperature, strain gauges were attached in both vertical and horizontal orientations, as shown in Fig. 1.

Given that water content greatly influences various mechanical properties of rocks, According to literature®!2,
red sandstone reaches a saturated state after being submerged for 3 h. High temperatures intensify molecular
activity between water and rock materials, thereby enhancing the water absorption effect of rock minerals.
Consequently, the soaking durations were set to three gradients: 0.5 h, 1 h, and 3 h. During tunnel construction,
tunnels with surrounding rock temperatures exceeding 30 °C are referred to as high-temperature tunnels. Cur-
rently, the highest surrounding rock temperature encountered domestically is 88.8 °C in the Nigou Tunnel*’. To
consider normal temperature (25 °C), the highest temperature (88.8 °C), and not exceeding 100 °C, temperature
gradients were set at 25 °C, 55 °C, 85 °C, and 95 °C. The specific test plan is outlined in Table 1.

Experimental groups 1-12 underwent uniaxial compression tests after soaking. To investigate the variation
in water content of red sandstone, additional soaking test groups 13-20 were introduced, with soaking dura-
tions of 3.5 h and 4 h at various temperatures (25 °C, 55 °C, 85 °C, 95 °C). It was concluded that the specimens
reached a nearly saturated state after 3 h.

Testing equipment and procedure

The specimens are weighed after immersion in water at different temperatures and put into the heat preserva-
tion device (internal paste thermostatic heating device), and the device is placed on the test bench to carry out
the loading test, and at the same time, the acoustic emission system is used for real-time monitoring. The load-
ing system uses WAW-1000B electro-hydraulic servo-electric universal testing machine; the acoustic emission
acquisition device features a precision of 16 bits, A/D sampling rate of 10 MHz, bandwidth ranging from 1 to
1.2 kHz, threshold value of 40 dB, and the preamplifier is set at 40 dB. The test system as well as the test flow are
illusrated in Fig. 1.
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Figure 1. Experimental system and process. (a) Electric thermostatic drying oven; (b) electric thermostatic
water bath; (c) WAW-1000B electro-hydraulic servo universal testing machine; (d) loading test setup; (e) AEwin
Express8 acoustic emission system; (f) Donghua DH3820 stress—strain acquisition system. (I) Strain gauge; (II)
Spoke-type stress sensor; (III) insulated device; (IV) acoustic emission preamplifier; (V) nano sensor (acoustic
emission probe).

(d)

Group number | Soaking time/h | Temp/'C | Group number | Soaking time/h | Temp/C
1 0.5 25 11 3 85
2 0.5 55 12 3 95
3 0.5 85 13 3.5 25
4 0.5 95 14 3.5 55
5 1 25 15 3.5 85
6 1 55 16 3.5 95
7 1 85 17 4 25
8 1 95 18 4 55
9 3 25 19 4 85
10 3 55 20 4 95

Table 1. Experimental setup.

Experimental results and analysis

Characteristics of water content variation in red sandstone at various temperatures

To investigate the influence of varying temperatures on the water absorption properties of red sandstone, soak-
ing tests were conducted on the red sandstone samples at various temperatures and soaking durations. The test
results are presented in Fig. 2.

As seen in Fig. 2, the water content of red sandstone increases with soaking time before eventually stabilizing.
Specifically, after soaking for 0.5 and 1 h, the water content across all temperature conditions is relatively similar.
After 3 h, the water content rises significantly and approaches saturation!'2. At the 3.5-h and 4-h marks, water
content remains largely unchanged. Meanwhile, the water content of red sandstone at 55 °C, 85 °C, and 95 °C is
notably higher than that at 25 °C, indicating that increasing the soaking temperature effectively raises the water
content of red sandstone. However, the relationship between temperature and water absorption is not linear. This
is because, when temperatures exceed 25 °C, the increased molecular activity of water allows it to penetrate the
rock’s micropores and microcracks more easily, while higher temperatures also promote microcrack formation
and propagation'*, thereby enhancing the rocK’s water absorption properties.

Furthermore, as soaking time increases, the thermal expansion effect of rising temperatures reduces the
rocK’s permeability and porosity, thereby diminishing sandstone’s water absorption properties'. In Fig. 2, when
soaking for 0.5 h, the water content of red sandstone follows the pattern: wssec > Wgsec > Wgsoc > W,50c. Compared
to the water content at 25 °C, the contents at 55 °C, 95 °C, and 85 °C are higher by 40.82%, 22.45%, and 6.12%,
respectively, indicating that when the water content is low, the temperature effect on water absorption is more
significant than the thermal expansion effect. After 1 h of soaking, the pattern shifts to Wssec> Wa50c > Wgsec > Wosec.
Compared to the water content at 25 °C, the content at 55 °C increases by 6.17%, while it decreases by 3.7% and
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Figure 2. Changes in water content of red sandstone with immersion time at different temperatures.

11.73% at 85 °C and 95 °C, respectively. This shows that as the water content increases, the thermal expansion
effect begins to manifest. After 3 h, the pattern is wssec > Wgsec > Wosec > W1s5oc. The contents at 55 °C, 85 °C, and
95 °C are higher than at 25 °C by 48.28%, 43.84%, and 32.02%, respectively. This further demonstrates that at the
3-h mark, when red sandstone is in a saturated state, the influence of temperature on water absorption decreases
while the thermal expansion effect becomes more pronounced. At the 3.5-h and 4-h marks, the red sandstone
reaches near saturation, with only a slight increase in water content compared to the 3-h point.

From the above analysis, it is also clear that in a saturated state (after 3, 3.5, and 4 h of soaking), the lowest
water content is at 25 °C, and the highest is at 55 °C. Wang et al. using a 3D topography measurement instrument,
scanned the joint surfaces of sandstone and gneiss at varying temperatures (below 100 °C) and soaking dura-
tions, finding that the joint surface parameters increased with temperature and showed an initial rise followed
by a decline, peaking at 50 °C'®. This aligns well with the findings of this experiment, indicating that the impact
of temperature on water-rock interactions is most significant at 50 °C.

Effects of temperature and soaking time on the mechanical properties of red sandstone

From the above analysis, it can be seen that the water content of the red sandstone is different at different tempera-
tures and different soaking times, in order to further study the effect of different water content on the mechanical
properties of the red sandstone, this section focuses on the peak strength, modulus of elasticity, and expansion
starting stress of the red sandstone after soaking, the results of which are illustrated in Fig. 3.

Based on the analysis of Fig. 3, it can be observed that at the same soaking time, the peak strength, elastic
modulus, and dilatancy onset stress of red sandstone all show an initial decrease followed by an increase as
temperature rises. The reason is that when the temperature is lower (25 °C), the red sandstone does not produce
newborn cracks, so its water content is lower, and 55 “C due to the temperature rise produces a certain amount
of newborn cracks, and the effect of thermal expansion has not yet appeared, so the red sandstone has the high-
est water content, and the higher the water content produces more intergranular cracks'”®, so its mechanical
parameters are smaller. As the temperature continues to rise (85 °C and 95 °C), the thermal expansion effect
gradually manifests, reducing the water content of the red sandstone and causing pore closure, which reinforces
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Figure 3. Changes in mechanical parameters of red sandstone with immersion time and temperature. (a) Peak
intensity, (b) Modulus of elasticity and (c) Expansion start point stress.

Scientific Reports|  (2024) 14:17012 |

https://doi.org/10.1038/s41598-024-67833-w

nature portfolio



www.nature.com/scientificreports/

«—Ccc

084

o
Y
L

Energy rates

°
=
L

024

0.0 :

the rocK’s load-bearing capacity to some extent. Consequently, the mechanical parameters increase. Under con-
sistent temperature conditions, peak strength decreases as soaking time increases, while the elastic modulus
and dilatancy onset stress show a decreasing trend followed by an increase. This is because, after soaking for 1 h
compared to 0.5 h, the water content of the red sandstone increases significantly, but the internal pores remain
unfilled, leading to a notable reduction in mechanical parameters. After 3 h of immersion, the water content of
the red sandstone has been close to saturation, at this time, the pores and microfissures within the red sandstone
have been basically filled with water, only a certain water content of the rock for static compression, pore water
pressure has less impact'?, but in the temperature of the thermal expansion effect, part of the water is sealed in
the pores and the formation of a more stable structure of the rock, can not be discharged in time in the compres-
sion, so as to provide a certain red sandstone Stiffness, so in the immersion of 3 h each mechanical parameter
is improved again.

Influence of temperature and soaking time on the location of characteristic stress points
In order to research the evolution process and damage type of internal cracks in rocks under stress, MARTIN
firstly proposed the concept of characteristic stress point®’. There exist many methods to determine the char-
acteristic stress point, among which the energy-based dissipation rate-transverse strain difference synthesis
method?! integrates the rock energy and deformation properties, so this paper adopts the energy dissipation
rate-transverse strain difference method to determine the characteristic stress point.

The total stored energy of a rock, Uy, is approximately equal to the sum of the elastic energy released by the
rock (U,) and the plastic energy (Uy). Thus, the equation for calculating the total stored energy of the rock is:

n
1
Uy=U+Us = /01id81 = ; 5(011‘ + 01i-1)(€1; — €1i-1) 6))
where U, is the total stored energy per unit volume of rock (M]), U, is the releasable elastic energy (M]), Uy is the
dissipated energy (M]), o1; and 07;.1 are the corresponding principal stresses, £1; and €3;.1 are the corresponding
principal strains, € €, is the principal strain, and i denotes the data point index.
The formula for calculating the elastic energy U, is as follows:

1 ol
U, = —016° ~ —L 2
e 2 1e1 2E, ( )
where o, is the principal stress and E, is the initial elastic modulus (GPa).
Thus, the formula for calculating the dissipated energy Uy is as follows?*:
| ol
Ui =Up— U, =25(01i+011-1)(81i—81i—1)— 21;0 (3)

i=1

Liu et al.* used the ratio of stress to peak stress (0,/0;) on the x-axis and energy rates (elastic energy rate U,/
U,, dissipated energy rate Uy/U,) on the y-axis to plot the energy dissipation rate curve. The stress points cor-
responding to the maximum and minimum values of the dissipated energy rate are defined as the crack closure
stress point (o) and the crack damage stress point (o), respectively. Martin et al.?* determined the crack ini-
tiation stress point (o,;) using the transverse strain difference method. The specific procedure is as follows: plot
the transverse strain-axial stress curve, draw a reference line from the damage stress point (o.4) to the origin,
and calculate the difference between the transverse strain under the same stress and the reference line as the
transverse strain difference (ALSR). The stress point corresponding to the maximum ALSR is the crack initiation
stress point (o). The schematic diagram for determining the characteristic stress points is illustrated in Fig. 4.
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Figure 4. Schematic diagram for determining characteristic stress points. (a) Elastic and Dissipative Energy
Rates, (b) Determine the location of the maximum lateral strain difference and (¢) Determine the crack
initiation stress point o;.
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Following the method described above to identify characteristic stress points, the characteristic stresses for
red sandstone under various temperatures and soaking times were determined. The ratio of each characteristic
stress to the peak stress reflects the relative position of the characteristic stress points on the stress—strain curve.
Thus, the ratios of each characteristic stress to the peak stress are presented in Table 2.

Analysis of Table 2 reveals that the ratio of crack closure stress to peak stress (o../0;) remains around 0.1,
while the ratio of damage stress to peak stress (0.4/0;) hovers around 0.9. This suggests that the positions of the
crack closure and damage stress points in red sandstone are minimally affected by temperature and soaking time,
and thus are not the focus of this analysis. However, the ratio of crack initiation stress to peak stress (o./0¢) is
significantly influenced by temperature and soaking time, making it a key subject of this study. The variation
characteristics of the ratio of crack initiation stress to peak stress (0;/0¢) with temperature and soaking time are
illustrated in Fig. 5.

From Fig. 5a, it can be observed that at the same soaking time, the ratio of crack initiation stress to peak stress
(0./0¢) generally exhibits an initial increase followed by a decrease as temperature rises. At lower temperatures, as
the temperature increases, the water content in red sandstone rises, causing a significant reduction in peak stress,
which results in an increase in the ratio. At higher temperatures, the increase in internal microcracks leads to rock
deterioration, reducing the crack initiation stress. Additionally, higher temperatures cause a reduction in water
content and a subsequent increase in peak stress, resulting in a lower ratio of crack initiation stress to peak stress.

From Fig. 5b, at the same temperature, the ratio of crack initiation stress to peak stress (o.;/0y) first decreases
and then increases with soaking time. Compared to 0.5 h of soaking, the water content at 1 h is significantly
higher, leading to a noticeable increase in the deterioration of red sandstone. As a result, the crack initiation
stress decreases more sharply than the peak stress, leading to a substantial drop in the ratio compared to the 0.5-h
mark. At 3 h of soaking, the red sandstone reaches a saturated state, with pore water and water films forming

Soaking time/h | Temp/C | o /o¢ 0,i/0¢ Oq/0¢
25 0.10351 | 0.59167 | 0.944
55 0.08285 | 0.59858 | 0.9298
0 85 0.07997 | 0.54434 | 0.9364
95 0.1369 0.39459 | 0.915
25 0.0975 0.47458 | 0.9052
55 0.21004 | 0.41055 | 0.8754
! 85 0.0941 0.39589 | 0.8974
95 0.0719 0.2939 0.9554
25 0.1165 0.51494 | 0.8875
55 0.08329 |0.63178 | 0.93102
} 85 0.10737 | 0.55504 | 0.9399
95 0.12009 | 0.49168 | 0.9095

Table2. Ratio of characteristic stress to peak stress at different temperatures and immersion times.
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Figure 5. The trend of 0/0; with temperature and immersion time. (a) Trend of 0_/0; versus temperature and
(b) Trend of o./0; with water immersion time.
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stable links that provide some rigidity to the sandstone. The crack initiation stress thus increases more than the
peak stress, causing the ratio to rise.

In summary, the ratios of crack closure stress to peak stress (o./0;) and damage stress to peak stress (0.4/0¢)
are minimally affected by temperature and water content. However, the ratio of crack initiation stress to peak
stress (0,/0y) is closely related to the water content of the sandstone. At the same soaking time, the ratio of crack
initiation stress to peak stress (0,/0y) increases initially and then decreases with rising temperature. At the same
temperature, the ratio decreases initially and then rises with increasing soaking time.

Crack initiation stress typically represents the minimum stress required for rock to fracture or break under
external force, holding significant engineering importance. Based on the above conclusions, during actual engi-
neering construction, special attention should be given to the water content of surrounding rock at different
temperatures. When the water content reaches that of approximately 1 h of soaking, the crack initiation stress
will sharply decrease, making the surrounding rock more prone to instability.

Analysis of acoustic emission RA-AF parameters and failure modes based on characteristic
stress segmentation points

Based on the characteristic stress points determined by the energy dissipation principle and the transverse
strain difference method above, the RA-AF signal values are segmented. According to the research conclusions
of related scholars*, the slope of 2 is taken as the segmentation line in this paper. The distribution of RA-AF
signals of red sandstone at each temperature and immersion time with its corresponding damage pattern is
illustrated in Fig. 6.

From Fig. 6, it’s evident that RA-AF signals are least abundant in the compaction stage, but the number
increases as the compression test progresses, with the signals clustering closer to the origin. Most of the signals
across all stages are found above the dividing line in the tensile region, indicating that tensile failure dominates in
red sandstone during uniaxial compression across different temperatures and soaking times. The most significant
signal changes occur during the stable and unstable crack propagation stages, with fewer signals in other stages.

At the same soaking time, the number of signals does not vary significantly with increasing temperature after
0.5 h of soaking. However, for soaking durations of 1 and 3 h, the number of signals initially decreases and then
increases, reaching its lowest count at 55 °C.

When soaking time increases at the same temperature, the number of signals gradually decreases. This is
because the increasing water content in red sandstone makes it difficult to capture certain signals and also leads
to acoustic wave energy attenuation in pore water, resulting in fewer RA-AF signals. Additionally, with prolonged
soaking, the number of signals in the tensile region noticeably decreases while those in the shear region remain
relatively stable, raising the proportion of signals in the shear region below the dividing line. Despite this, most
signals still occur in the tensile region above the dividing line. Thus, tensile failure is the primary failure mode
during uniaxial compression of red sandstone across varying soaking times and temperatures, which aligns with
the observed failure patterns in the specimens shown in Fig. 6.

Red sandstone damage evolution equation

Based on the principle of strain equivalence, the damage to red sandstone under the combined effects of tempera-
ture and water is considered the initial damage state, while load damage represents the secondary damage state.
Thus, a damage constitutive equation for red sandstone under the combined effects of temperature, water, and
load is established, as illustrated in Fig. 7. The previous analysis shows that the water content of red sandstone
has a strong correlation with its mechanical properties, characteristic stress point positions, RA-AF parameters,
and failure patterns. This section uses the water content of red sandstone soaked at room temperature (25 °C)
as the baseline to represent the influence of water. For other temperatures, the increase in water content (Aw)
compared to 25 °C indicates the effect of temperature on red sandstone. The relationship between temperature
and the increase in water content at various soaking times is shown in Fig. 8.

From Fig. 8, it can be seen that as temperature increases, the additional water content (Aw) of red sandstone,
relative to its water content at room temperature (25 °C), initially increases before decreasing across all soaking
times. The trend is consistent, so this change in water content (Aw) is used to represent the influence of tem-
perature on red sandstone. When soaked for 3 h, red sandstone reaches a saturated state, offering an accurate
portrayal of temperature’s effect on the rock. Therefore, this study focuses on the damage evolution and constitu-
tive equation of red sandstone soaked for 3 h.

Initial damage variable of red sandstone under the combined effects of temperature and water
Previous studies have demonstrated that changes in the water content of red sandstone samples lead to changes
in their macroscopic mechanical parameters, such as strength and elastic modulus. Hence, water content and
elastic modulus are closely related, and water content can be used to quantify rock damage?>?°. Since the water
content of red sandstone samples soaked for 3 h at various temperatures is at its maximum and near saturation,
it most accurately reflects the rock’s damage, while the original dry red sandstone is unaffected by temperature
or water. Therefore, these two states are used for analyzing the relationship between the elastic modulus and
water content of red sandstone, as shown in Fig. 9. The elastic modulus when using uniaxial compression only
represents the initial damage variable, and even without compression, the initial damage still exists.

In Fig. 9, a strong linear relationship between water content and the elastic modulus is evident across the dry
and 3-h soaked samples. The fitted equation accurately reflects the relationship between the water content and
elastic modulus of red sandstone.

The elastic modulus can be used to characterize rock damage, and the damage variable of red sandstone under
the combined effects of temperature and water can be expressed as:
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where: D, damage variable of red sandstone under the combined effects of temperature and water; E;, elastic
modulus of red sandstone at various soaking times and temperatures (GPa); E,, elastic modulus of dry red

sandstone (GPa).
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Substituting the fitted curve of water content and elastic modulus from Fig. 9 into Eq. (4) yields the relation-
ship between water content and damage D;:

Dy = — 0.0078 + 0.0657w (5)

For samples soaked for 3 h, the water content at each temperature can be divided into baseline water content
at room temperature (25 °C) and the additional content caused by higher temperatures, representing the effects
of water and temperature, respectively. This relationship is shown in Fig. 10.

Substituting the water content data from Fig. 10 into Eq. (5) yields the damage of red sandstone due to tem-
perature and water, as illustrated in Fig. 11.

As seen in Fig. 11, the combined effects of temperature and water primarily result in damage due to water.

The damage D, of red sandstone under both factors initially increases and then decreases as temperature rises,
with values consistently below 0.2.

Damage variable of red sandstone under load
Under load, microcracks continue to form inside the red sandstone. When these microcracks expand and coa-
lesce into a primary crack, which lead to macroscopic failure of the red sandstone. Assuming that rock strength

follows a Weibull distribution, previous research®” has derived the damage variable of red sandstone under load
as follows:

+0 —— Fitting the curve: o=exp(0.074+0.031T-0.00023T?) R*=0.99
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Figure 10. Relationship between temperature and moisture content after 3 h of immersion in water.
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D=1 1 FA"
=i-enli - (5) | @

where: D,, damage variable of red sandstone under load; m, E, Fj, Weibull distribution parameters.
According to the strain equivalence hypothesis and the definition of the rock damage constitutive relationship
in the Kachanov continuous damage model:

o = Ee(1 — D) )
Substituting Eq. (6) into Eq. (7) gives:

=E 1 FA"
oo (2]

The Drucker-Prager criterion is used as the failure criterion for the rock:
sin ¢
V9 4+ 3sin? ¢

where ¢, internal friction angle (°); I,, first invariant of the stress tensor; J,, second invariant of the deviatoric
stress tensor.
In uniaxial compression:

F=ol, + V) = L+ 9)

L =o0]+0,+0 (10)

fo=<|(of = 03)" + (03 = 03)" + (0] = 03)"] (an

In Eq. (12), o denotes the effective stress in MPa.
For uniaxial compression: 0, = o3 = 0.

E

So: Iy =0, =FEe;, Vo= 3

€1 (12)

S

1
F = (a) —+ 7§)E8 (13)

Taking the derivative of both Egs. (8 and 13) yields:

8U_E(1_F>m - 1(1:)’"131:
wmle(-5) T -=E) = (0

oF n 1 E F S JdF F
— = e = -, L E— =
de @ V3 e 20 o (15)

Under critical conditions, substituting into Egs. (12) and (13) provides:

1
~ In(o./Ee)’

S|=

=6 —lepo) =0, 0 =0, m=

Fy = F ,
3% 0 m (16)

where o, and ¢, represent the stress and strain of the rock under critical failure conditions, respectively.
Substituting Eq. (16) into Eq. (6) yields:

1/e\"

where D, is the damage variable of red sandstone under load. By substituting the values of 0. and ¢ under each
condition into Eq. (16), the m value can be determined, and then substituting this into Eq. (17) will yield the
trend of damage variable D, of red sandstone under load at different temperatures and soaking durations as a
function of strain (¢). The trend is shown in Fig. 12.

Figure 12 illustrates that the growth of damage variable D, in red sandstone under load can be divided into
three stages: initial stage, rapid growth stage, and slow growth stage. In the initial stage, red sandstone is in
the compaction and elastic stages, with internal pores and cracks closing and only a few new cracks forming.
Therefore, the damage increases slowly, which is consistent with the observation of low RA-AF signal counts
during the compaction and elastic stages in Section “Analysis of acoustic emission RA-AF Parameters and
failure modes based on characteristic stress segmentation points” In the rapid growth stage, red sandstone is
in the stable and unstable crack propagation stages, where the internal elastic energy is largely converted into
dissipated energy, generating many new cracks. After reaching the peak stress, red sandstone fails, and damage
variable D, increases at the fastest rate, corresponding to the RA-AF signals observed in the stable and unstable
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Figure 12. Damage variable D, of sandstone under load as a function of strain € Trend of change.

crack propagation stages. In the slow growth stage, red sandstone is in the post-peak stage. Although new cracks
continue to form, their growth rate slows down, and the damage variable approaches stability near 1, signifying
the complete failure of red sandstone.

Composite damage variable of red sandstone under the combined effects of temperature,
water, and load

Based on Eq. (7), the constitutive relationship of red sandstone under the combined effects of water content,
temperature, and load is expressed as:

0 = (1 — Dy)Eoe (18)

where D, is the comprehensive damage variable under the combined effects of water, temperature, and load, and
D, andD, retain their previously stated meanings. According to?:

1—=D, = (1—-D)(1—-Dy) (19)

So: D, =Dy + D, — DD, (20)

Substituting the damage variables D, and D, into Eq. (20) yields the trend of the composite damage variable
D, of red sandstone under the combined effects of water, temperature, and load, as shown in Fig. 13.
Substituting Egs. (4), (17), and (20) into Eq. (18), the damage constitutive model is derived as:

e Soak in water at 25°C for 3h
Soak in water at 55°C for 3h
Soak in water at 85°C for 3h
e Soak in water at 95°C for 3h
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Figure 13. Comprehensive damage variable D, Trend of variation with strain.
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—F 1 El 1 & m
7= °8{ TR [‘a(;) ]} @)

The parameters Ey, E;, m, and ¢_ retain the same meanings as previously described.

Since the stress-strain curves obtained from the red sandstone tests show a distinct compaction phase,
the derived constitutive model does not reflect well the changes during this phase. Analyzing the distribution
characteristics of the Weibull function reveals that the shape of the stress—strain curve mainly depends on the
exponential term. Therefore, the constitutive model in Eq. (21) is divided at the endpoint of the compaction
phase(Taking the crack closure stress point occ determined in section “Influence of temperature and soaking time
on the location of characteristic stress points” as the endpoint of the compaction stage), Establish the constitutive
equation® for the segmented compression section:

E 1 "
E()(-,‘{l - %exp [—a<;:> }},s < &¢

m
E 1 —&cc
Eo(e — SCC)ETI) eXp |~ ( — ) + 0 € > Ecc

m' \ ec—écc

o =Ey(1 — Dy)e = (22)

In the equation: o, and ¢ represent the stress and strain at the endpoint of the compaction phase in red
sandstone, respectively; m' is the Weibull distribution parameter for the compaction phase, while m is the
parameter for subsequent phases;

Validation of red sandstone damage constitutive model

To verify the accuracy of the derived damage constitutive equation, all calculated parameters are substituted
into Eq. (22) to obtain the theoretical stress—strain curve. This curve is then compared to the experimental
stress—strain curve to validate the model’s accuracy, as illustrated in Fig. 14.

As illustrated in Fig. 14, the theoretical stress—strain curve derived from the model aligns well with the
experimentally measured curve. The experimental curves at different temperatures after 3 h of soaking exhibit
a distinct compaction phase, which fits the theoretical values well. The derived constitutive model is suitable
for describing the stress—strain relationship of red sandstone in a water-saturated state below 100 °C, providing
valuable theoretical insight for practical engineering applications.

Conclusions

1. The water content of red sandstone increases exponentially with soaking time, while soaking temperature
effectively raises the rocK’s saturated water content. Water content initially increases and then decreases with
rising temperatures. Peak strength, elastic modulus, and dilatancy onset stress all initially decrease and then
increase with rising temperatures.

2. Under the same soaking time, the ratio of initial fracture stress to peak stress (oci/of) increases first and
then decreases with increasing temperature, while under the same temperature, this ratio decreases first and
then increases with increasing soaking time. Most of the acoustic emission signals (RA-AF) are distributed
in the tensile zone, but with increasing soaking time, the proportion of signals in the shear zone gradually
increases, although still much fewer than those in the tensile zone, consistent with the predominant tensile
failure mode observed in the red sandstone specimens during testing.

3. 'The water content of red sandstone soaked at room temperature (25 °C) is used as the baseline to represent
the influence of water. The increase in water content (Aw) compared to room temperature represents the
influence of temperature on red sandstone. The damage constitutive equation of red sandstone under the
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—®—Measured value
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at 95°C for 3h

Soak in water
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)
S
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Figure 14. Comparison of stress—strain curves obtained from theoretical and measured constitutive models of
red sandstone.
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combined effects of temperature, water, and stress fits well with the experimental stress—strain curves and is
suitable for analyzing damage in red sandstone below 100 °C in a water-saturated state.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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