[image: image1]A study on microscopic damage characteristics of freeze-thaw sandstone cyclic loading and unloading based on DEM

		ORIGINAL RESEARCH
published: 13 December 2024
doi: 10.3389/fmats.2024.1521874


[image: image2]
A study on microscopic damage characteristics of freeze-thaw sandstone cyclic loading and unloading based on DEM
Lichen Sun1, Peijie Lou1,2*, Cheng Pan1 and Penghui Ji1
1School of Civil Engineering and Architecture, Anhui University of Science and Technology, Huainan, China
2State Key Laboratory for Fine Exploration and Intelligent Development of Coal Resources, China University of Mining and Technology, Xuzhou, China
Edited by:
Jiangyu Wu, China University of Mining and Technology, China
Reviewed by:
Amir Ali Shahmansouri, Washington State University, United States
Zhenyu Zhang, Chongqing University, China
Xingkai Wang, Shaoxing University, China
Tongqiang Xiao, Henan Polytechnic University, China
* Correspondence: Peijie Lou, pjlou@aust.edu.cn
Received: 03 November 2024
Accepted: 26 November 2024
Published: 13 December 2024
Citation: Sun L, Lou P, Pan C and Ji P (2024) A study on microscopic damage characteristics of freeze-thaw sandstone cyclic loading and unloading based on DEM. Front. Mater. 11:1521874. doi: 10.3389/fmats.2024.1521874

With the goal of examining the micromechanics damage characteristics of freeze-thaw red sandstone under the influence of cyclic loads, a model of freeze-thaw cyclic rock particles is developed based on Discrete Element Method numerical simulation in order to investigate and study the micromechanics response mechanism of rocks under the coupling effect of freeze-thaw and cyclic loads. The findings demonstrate that lower rock elastic modulus and higher irreversible strain are driven by longer loading/unloading durations and more frequent freeze-thaw cycles. Its bearing capacity and resistance to deformation are diminished by the damage brought on by freeze-thaw; Rock anisotropy and the spatial organisation of microcracks are significantly altered by different loading techniques; In freeze-thaw rocks, the frequency and intensity of acoustic emission breaking follow the law of normal distribution. Under cyclic stress, samples exposed to several freeze-thaw cycles exhibit an escalation in large-scale fractures, accompanied by a concentrated spatial distribution of acoustic emission events. Three phases may be distinguished in the energy evolution of red sandstone: the initial, accumulation, and release phases. The energy storage capacity is compromised by freeze-thaw degradation, resulting in an elevated conversion rate of dissipative energy and rendering the energy conversion mechanism more unstable. The previously described study results possess considerable relevance for rock engineering construction and catastrophe mitigation in cold climates.
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1 INTRODUCTION
In colder parts of Europe, Russia, Canada, and Northeast and Northwest China, many infrastructure projects are underway (Zhang et al., 2022; Wang et al., 2024). The notable temperature differential is brought on by the changing of the seasons and the rotation of day and night. The liquid within the rock turns to ice as the temperature drops below 0°C, which results in a reduction in density and an increase in volume (Liu et al., 2020; Shen et al., 2020). As the temperature steadily lowers, the amount of unfrozen water in the rock decreases, suggesting that the volume of pore ice grows. This increases the pressure of frost heave and promotes the formation and spread of internal fractures (Zhang et al., 2019; Kolay, 2016; Huang et al., 2018). In colder climates, rock engineers are constantly subjected to prolonged freeze-thaw cycles, which severely weaken rocks and increase the risk of engineering mishaps like tunnel collapses and hazardous rock landslides (Park et al., 2020; Guo et al., 2020). Additionally, the rock mass is susceptible to periodic loads due to blasting, tunnel excavation support, traffic load, and mechanical vibration during construction (Zhang et al., 2018; Fu et al., 2024). Therefore, research on the microscopic damage characteristics of rocks under the combined influences of freeze-thaw cycles and cyclic loads might help clarify the degradation processes under complex natural and anthropogenic settings.
Numerous studies are carried out by both local and foreign researchers to elucidate how the mechanical and the freeze-thaw cycles effects alter the rocks physical properties. The porosity decreases with increasing rock density in relation to mass. Better cementation and reduced impact from freeze-thaw damage are associated with denser mineral particles. (Wang et al., 2020); From the standpoint of the external environment, the more freeze-thaw cycles, the more severe the deterioration of the rock’s frost resistance, the larger the plastic strain, and the lower the compressive strength and elastic modulus, the lower the freeze-thaw temperature limit, and the longer the freeze-thaw time (Wen et al., 2017; Argandoa et al., 1999); By doing many tests on rocks with varied freeze-thaw cycles, the research examines how various stresses affect the mechanical properties of freeze-thaw rocks. These studies include of triaxial compression, triaxial cyclic load, uniaxial compression, and uniaxial cyclic load testing. The aforementioned research primarily focusses on the macro level, but other researchers are using nuclear magnetic resonance, acoustic emission, scanning electron microscopy, and computed tomography (CT) to investigate the micromechanics of damage mechanisms of freeze-thaw rocks (Tan et al., 2022; Amitrano et al., 2012; Martínez-Martínez et al., 2013; Zhou et al., 2020). These studies demonstrate that the development of microcracks within rocks by the freeze-thaw pressure is what causes freeze-thaw damage (Yu et al., 2023). Nevertheless, this qualitative study places a great demand on experimental circumstances and is unable to capture the development and growth process of microcracks. In recent years, as computer technology has advanced, numerical simulation has gained popularity and recognition in scientific study. Numerous academics are doing research on freeze-thaw damage modelling because numerical simulation is less expensive and simpler to replicate than laborious and intricate indoor and outdoor trials. To simulate freeze-thaw damage and predict the temperature transfer and deformation behaviour of rocks, for example, a thermal-hydraulic-coupling model is developed using the Finite Element Method (FEM) (Duca et al., 2015). It is important to keep in mind that mesh division is the primary foundation of numerical models created using the finite element technique, and mesh distortion is common when examining situations involving substantial deformation and discontinuity. The nonlinear big deformation properties in rock masses may be more precisely simulated by the particle flow model using the Discrete Element Method (DEM) for discontinuous discrete media of rocks. The results demonstrate that this method can accurately simulate rock freeze-thaw damage. Tran et al. (2020) established the notion of “water” particles and used their shrinkage to model the drying process of clay, whereas Zhu et al. (2021) suggested a technique based on the discrete element approach, using pore ice particle expansion to simulate frost heave. The findings demonstrate that this approach may proficiently replicate freeze-thaw degradation in rock.
Furthermore, the investigation of cyclic loads is conducted using DEM numerical simulation. In order to shed light on the anisotropic mechanical behaviour of shale with varying bedding, Yin et al. (2023) examined the strength and deformation characteristics, strain energy, and damage development process throughout the loading and unloading process using numerical models and triaxial cyclic loading and unloading indoor tests. Song Y et al., 2023 used a damage model that included stiffness stiffening and weakening to correctly model how coal samples responded mechanically and acoustically to multiple stages of cycle loading at different rates of loading and unloading.
At now, several researchers are investigating tests and simulations of freeze-thaw rock behaviour under cyclic loading conditions. Song et al. (2019) performed indoor uniaxial compression tests and cyclic loading-unloading tests on red sandstone subjected to various freeze-thaw conditions, examining the alterations in peak strength, elastic modulus, hysteresis loop area, and dissipative energy of the freeze-thaw red sandstone under the two experimental scenarios. Nonetheless, research at the microscopic scale remained inadequate. Wang (2017) used parameter calibration in DEM to represent the damage caused by freeze-thaw and cyclic loads on fractured rock masses; nevertheless, this technique failed to adequately characterise the influence of freeze-thaw cycles on rocks. To investigate the microscopic damage characteristics of freeze-thaw sandstone under cyclic stress, the study uses DEM numerical simulation to construct a 3D particle model for freeze-thaw rocks. The findings of indoor test parameter calibration are then combined to assess the deformation characteristics, microscopic breaking evolution features, fabric distribution, acoustic emission moment tensor, and energy evolution laws of freeze-thaw red sandstone under cyclic loading.
2 TEST OF UNIAXIAL COMPRESSION AND FREEZE-THAW CYCLE
The red sandstone used in this study’s testing comes from a mining region in western China. Its primary minerals are potassium feldspar (14.6%), plagioclase (42.8%), and quartz (42.6%). It has a traditional granular structure. Figure 1A displays the XRD data.
[image: Figure 1]FIGURE 1 | Test programme: (A) XRD results (B) Samples handling and test procedure.
Figure 1B provides an overview of the sample processing and testing procedure. The following are the specific steps. Taking the core red sandstone rock mass, cutting, polishing, and manufacturing the standard rock samples in Φ50 mm × 100 mm; Using the ultrasonic velocimeter to screen out samples with similar wave speeds; Drying them to a constant weight at 105°C for 24 h; Using the vacuum saturation device to extract air for 2 h under 0.1 MPa of negative pressure, and submerging the sample in water for 48 h until the weight remains unchanged in order to obtain the saturated samples; By using the operation procedures for freeze-thaw tests the Professional Standards Compilation Group of People’s Republic of China, 2001 and other researchers’ research, the saturated sandstone is sealed with cling wrap and conducted freeze-thaw cyclic tests in high and low temperature test chambers. Zhang et al. (2018) state that a WAW-600 servo testing device with a displacement loading rate of 0.06 mm/min is used to perform uniaxial compression tests on rocks. The temperature range for the freeze-thaw process is set between −30°C and 20°C, the cyclic period is set at 8 h (4 hours of freezing and 4 hours of thawing), and the number of freeze-thaw cycles is 0, 20, and 40, respectively. The physical properties of the acquired red sandstone samples are as follows: porosity of 8.66%, moisture content of 3.58%, and saturation density of 2.42 g/cm³.
3 NUMERICAL SIMULATION OF FREEZE-THAW CYCLES
The fundamental cause of rock deterioration from freeze-thaw cycles is the volume alterations caused by the recurrent phase transitions of pore water between water and ice. When the temperature falls below 0°C, the water in the pores freezes, and the resultant expansion of ice volume generates frost heave pressure inside the rock. The adjacent rock mineral particles are compressed, resulting in diminished or entirely lost adhesion between particles, and an augmentation in pore volume. In the ensuing warming and thawing process, more water infiltrates the pores of the rock. Repeated freeze-thaw cycles will cause microstructural damage, worsen irreparable damage to the rock, and eventually lead to a decline in its mechanical qualities. The concept is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic representation of freeze-thaw damage mechanism.
In the Discrete Element Method (DEM), rock materials are seen as a collection of interacting particles, facilitating the modelling of fracture development in rock masses. This method provides considerable benefits in simulating the fracture mechanisms and granular movements of geotechnical materials. The Parallel Bond Model is used to represent the loaded behaviour of freeze-thaw rocks, since it is appropriate for granular bonded materials like rocks and concrete. This concept establishes bonded connections between particles, enabling the transmission of forces and moments. When the normal or tangential contact forces surpass the bond strength, tensile or shear failure ensues, resulting in bond rupture and the formation of microcracks, as seen schematically in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic representation of the parallel bond model principle (Sun et al., 2024).
DEM is used to create a 3D particle model of freeze-thaw rocks by consulting earlier researchers’ work on numerical modelling of freeze-thaw cycles. Without accounting for the impact of pore water seepage, and performing temperature homogenisation (the temperature fluctuations within and outside the model are the same), saturated rocks are reduced to being made up of rock and water particles. Changes in the unfrozen water content are controlled using numerical simulations that use programming language to regulate particle temperatures. The following formula may be used to determine the unfrozen water content based on the findings of Liu et al. (2016).
[image: image]
Where, wu means the unfrozen water content inside the rock, and ΔT is the temperature change quantity.
We simulate the frost heave phenomenon when the water particles expanded into ice particles throughout the cooling and freezing process. In order to simulate continuous water entry into the widening pores underneath the water-rich environment, water is provided after each temperature rise (ignoring the volume changes of rock particles). According to Song Y et al., 2023 study methodology on the expansion mode of water particles, the DEM uses the radius expansion of water particles uv as a control. At a given temperature T, the volume Vof a single water particle is determined by Wu and uv. The exact equations are as follows, per Liu et al. (2016) and Song Z et al., 2023:
[image: image]
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Where, r0, V0,ΔVW mean the initial radius, initial volume, and volume increment of water particles respectively; uv means the radius expansion of water particles under the frost heave force, and pi is the ice pressure; vm and Em mean the Poisson’s ratio of rocks and elastic modulus respectively; vi and Ei mean the Poisson’s ratio of ice and elastic modulus respectively; n is the porosity of the rock.
As the frequency of freeze-thaw cycles escalates, the volume of water particles perpetually expands, resulting in the compression of rock particles. When the stress among the particles surpasses their tensile or shear strength, the bonds fracture, leading to the formation of tensile or shear microcracks. This results in a reduction of the bonding force and strength of the rock, simulating freeze-thaw damage, as seen in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic diagram of freeze-thaw damage.
The model building, parameter assignment, and loading process of the DEM model are shown in Figure 5. Based on the volume ratio of rock particles and water particles generated by the porosity and moisture content of rocks, as well as the moisture content of saturated red sandstone samples, the research builds a numerical model that is similar in size to the indoor experiments, with 60,942 particles and 282,783 contact bonds. It does this by using the parallel bonding model to assign microscopic contact parameters, separating contact types into rock-rock contact, water-water contact, and rock-water contact. The bond strength parameters (parallel bond normal strength/shear strength) for the water-water contact and the rock-water contact are set sufficiently large to ensure that freeze-thaw damage occurs between the rock particles. The calibrated microscopic parameters are displayed in Table 1. Following freeze-thaw cycles, all water particles must be eliminated during the loading simulation of the numerical model to guarantee that the model strength is supplied by the rock particles.
[image: Figure 5]FIGURE 5 | Model building, parameter assignment and loading process.
TABLE 1 | Table of Microscopic parameters.
[image: Table 1]To validate the rationale of the microscopic parameters, the laboratory and simulation outcomes of rocks exposed to various freeze-thaw cycles are compared with the uniaxial compression test findings of sandstone. This research examines the effects of freeze-thaw damage on the mechanical properties of rocks, rather than investigating the correlation between cycle number and rocks. Consequently, in DEM, with identical mesoscopic parameter calibration, the stress-strain curve of the rock subjected to 0 freeze-thaw cycles served as a reference to identify simulation results that closely match with those of 20 and 40 freeze-thaw cycles under laboratory circumstances, as seen in Figure 6A. Due of the bonding forces formed by particles in DEM via supplementary bonding parameters, replicating natural microcracks in rocks is exceedingly challenging; hence, the crack compaction stage is excluded (Shi et al., 2023). The comparative examination of peak stress and elastic modulus in Figure 6B indicates that the peak stress levels in both tests and simulations are comparable, and the failure modes exhibit similarities. The elastic modulus of the sample with 0 freeze-thaw cycle are almost similar. An escalation in freeze-thaw cycles leads to an increase in microcracks inside the rock, less deformation resistance, and a decline in the elastic modulus. The aforementioned calibrated microscopic parameters are rational and practicable.
[image: Figure 6]FIGURE 6 | Comparison of Stress-Strain Curves and damage Modes of Samples Subjected to Different Freeze-Thaw Cycles: (A) 0 freeze-thaw cycle (B) A comparison between elastic modulus and peak strength of samples.
4 NUMERICAL SIMULATION OF CYCLIC LOADING AND UNLOADING
Figure 7A schematically depicts the cyclic loading and unloading procedure used in numerical simulation. The movement of the wall element is controlled in the paper to simulate loading and unloading. The loading plate is driven to load steadily during the model loading process at a displacement loading rate of 0.01 m/s (the values chosen are quasi-static loading rates, and the loading rate in indoor tests and numerical simulations varies due to the different damping coefficients). When the force is released to the target lower limit stress, the wall unit reloads after moving in the opposite direction during the unloading process. With a total of nine loading and unloading cycles, the study uses a graded cyclic loading and unloading approach. The target upper limit stresses are 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the peak stress observed during the monotonic loading simulation, whereas the target lower limit stress is 1 MPa. Figure 7B displays the loading and unloading routes. The external stress envelope of the cyclic loading unloading curve is almost the same as that of the monotonic loading curve, according to the findings of comparing the monotonic loading and cyclic loading unloading modes of the 0 freeze-thaw sample (Figure 7C). The reduction in peak stress and the transition of the loading-unloading curve from dense to sparse in the former case are primarily attributed to the progressive accumulation of damage during the cyclic loading-unloading process (Zhou et al., 2010).
[image: Figure 7]FIGURE 7 | Cyclic loading and unloading simulation: (A) Schematic diagram of cyclic loading and unloading principle (B) Stress path of loading and unloading (C) Comparison of loading methods.
In this study, a step-wise cyclic loading and unloading method was employed, with a total of nine loading and unloading cycles conducted. The target lower stress limit was set at 1 MPa, while the target upper stress limits were set at 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the peak stress observed in the monotonic loading simulation, respectively. The loading and unloading path is illustrated in Figure 7B.
5 TESTS RESULT AND ANALYSIS
5.1 Analysis of deformation characteristics
The elastic modulus, a physical quantity that characterises the extent of material deformation, is used to quantify the strength of a rock’s resistance to deformation. A significant and permanent plastic deformation is brought on by the constant accumulation of rock damage throughout the loading and unloading procedure. To determine the elastic modulus in each cycle, we use the approach of Zhou et al. (2010), assuming that irreversible deformation happens in each cycle and accumulates with the increasing loading and unloading durations.
When the strain is loaded to the maximum axial stress ([image: image]), it will be the total strain ([image: image]).The strain is the irreversible strain ([image: image]) when unloaded to the minimum axial stress ([image: image]). The difference between them is the elastic strain ([image: image]). Therefore, the Formula is as follows:
[image: image]
Figure 8A illustrates how the elastic modulus of freeze-thaw rocks decreases with more loading and unloading cycles. The elastic modulus decreases from 3.714GPa to 3.551 GPa in sample subjected to 40 freeze-thaw cycles, mostly as a result of fatigue damage from cyclic loading. Furthermore, the propagation and extension of interior microcracks weaken the bonding force, which in turn decreased the mechanical properties of the rock. We can determine that more freeze-thaw cycles result in a lower rock’s elastic modulus by comparing the elastic modulus of three distinct types of freeze-thaw samples. This shows that freeze-thaw damage promotes the samples’ decreased stiffness. As seen in Figure 8B, the initial irreversible strain rises as the number of freeze-thaw cycles increases. The irreversible strain keeps increasing as loading and unloading cycles increase, and more frequent freeze-thaw cycles worsen the degree of the irreversible strain development in the rock. The irreversible strain of the 0, 20, and 40 test samples increase from the initial 0.0273%, 0.0293%, and 0.0342%–0.0338%, 0.0369%, and 0.0441%, respectively, with an increase of 0.0065%, 0.0076%, and 0.0099%. This indicates that the high freeze-thaw test samples have a greater accumulation of damage, a weaker ability to withstand deformation, and a severed ability to break and cause internal damage to the rock under cyclic loading.
[image: Figure 8]FIGURE 8 | Changes of elastic modulus and irreversible strain under cyclic loading and unloading condition: (A) Change in elastic modulus (B) Irreversible strain change.
5.2 Analysis of microscopic breaking evolution characteristics
Freeze-thaw cycles promote damage in the rock, thereby influencing its fracture properties under strain. Freeze-thaw sandstone’s asymptotic cracking process under load is examined using samples from 0 to 40 freeze-thaw cycles as an example. The paper chooses the pre peak stage (roughly 50% of the peak stress), peak stage, post peak stage, and the stress field, velocity field, and block fragmentation characteristics of the fully destroyed sample for combined analysis during the unidirectional loading damage process after nine loading and unloading cycles. For the stress field and velocity field, negative values indicate the same direction as the external loading, meaning that the colder the colour, the higher the internal stress or velocity of the particle. Otherwise, the reverse is true.
Figure 9 displays the outcomes of the simulation. After achieving the maximal strength of the 0 freeze-thaw sample, the particle strain at the bottom of the sample is around 0 MPa from the strain field’s viewpoint, indicating the weak bonding between the particles there; The particle bonding force at the sample’s lower and higher right ends reduces as the strain drops to 14.42 MPa, indicating damage has occurred; A much reduced rock bearing capability during freeze-thaw cycles is shown by the 40 sample that are severely damaged in the pre-peak stage, as opposed to the former, with many particles dispersed throughout and broken bonding bonds; Particle peeling happened at the sample’s opposite end after it reached its peak intensity; Analysis of the fragmentation features of the blocks post-failure reveals the formation of an internal shear failure zone. When [image: image] = 7.02MPa, the sample’s upper left end is still damaged, and macroscopic cracks have formed at the bottom end. The bottom block of the 40 freeze-thaw cycle sample is more fragmented and the particles are looser than the breaking state following the instability and damage of the 0 freeze-thaw cycle sample, indicating that freeze-thaw damage makes the rock more prone to deformation.
[image: Figure 9]FIGURE 9 | Stress field, velocity field, and fragmentation characteristics of Samples Under 0 and 40 freeze-thaw cycles: (A) zero freeze-thaw cycle (B) forty freeze-thaw cycles.
Particles move more after the peak stage when seen from the standpoint of the velocity field. The bottom and upper right ends of the velocity field, where breaking occurred, showed significant differences in the post-peak stage of the 0 freeze-thaw cycle sample. Some blocks are broken, and frictional movement under external force caused particle bonding strength to be weakened or even lost. With opposite particle velocities at both ends, the 40 freeze-thaw cycle sample in the post-peak stage demonstrated the formation of a separation zone from upper left to lower right. This shear fragmentation zone is further formed by the detachment tendency between the blocks and the friction and sliding between the particles at both ends of the separation zone.
5.3 Analysis of fabric distribution
Rock is a natural granular cohesive material. The bonding relationship is harmed in DEM because the external pressures are stronger than the bonding strength between the particles, which leads to fewer contacts and a lower contacting force. The fabric tensor is a crucial parameter for characterising fabric anisotropy. The rock fabric diagram enables a statistical analysis of the geographic distribution of contact numbers inside the three-dimensional model, therefore illustrating the anisotropic properties of the rock. Thornton’s (2000) fabric tensor calculation technique is used in this paper:
[image: image]
Where, [image: image] is the fabric tensor, [image: image] is the total contacts of particle, [image: image] is the kth component of the unit direction vector along the i direction, and [image: image] is the kth component of the unit direction vector along the j direction.
Figure 10 depicts the distribution of force chains and fabric in rocks subsequent to freeze-thaw cycles. The warmer colour tone of the power chain results in an increase in contact force. Based on their surface area, the fabric’s spheres are separated into triangular cylinders. Higher cylinders indicate more connections in that direction; The warmer the colour tone, the higher the cylinders. With the escalation of freeze-thaw cycles, the hue of the force chain progressively intensifies, and the quantity of contacts evenly rises in all directions, exhibiting no significant anisotropy. This phenomena results from the heightened cycles that cause water particles to perpetually expand and compress adjacent rock particles, disturbing the equilibrium state between particles and resulting in a constant rise in particle overlap. This effectively simulates the compressive impact of ice expansion on rock mineral particles during the freeze-thaw cycle (Zhou et al., 2013). Figure 11 illustrates the fabric distribution of the freeze-thaw specimen under stress. As freeze-thaw cycles grow, the quantity of horizontal contacts continues to rise. Conversely, the quantity of contacts in the vertical direction has a declining trend under monotonic loading, whereas it shows an ascending trend under cyclic loading. This suggests that the interplay of freeze-thaw cycles and various loading techniques modifies the spatial distribution of microcracks, leading to substantial alterations in rock anisotropy. The augmentation of horizontal contacts may, to a degree, modify the trajectory of force transmission, possibly resulting in the gradual failure of the sample and improving its ductility properties.
[image: Figure 10]FIGURE 10 | Distribution of force chains and fabric in samples after freezing and thawing cycles: (A) Distribution of force chain (B) Distribution of fabric.
[image: Figure 11]FIGURE 11 | Fabric distribution in samples after loading: (A) Monotonic loading condition (B) Cyclic loading and unloading condition.
5.4 Acoustic emission moment tensor
Under the action of load, cracks within the rock propagate and extend until fracture occurs. This process is accompanied by the release of strain energy in the form of elastic waves to the outside, which is known as acoustic emission or microseismicity. This technique is commonly used in underground rock engineering for studying rock fracture mechanisms and monitoring and early warning purposes (Ishida et al., 2017). The moment tensor theory is used in DEM to analyse the mechanical properties of fracture development in acoustic emission events to ascertain the location, magnitude, and damage mechanism of cracks. Source particles are those that first made touch with both ends of the microcrack. The source particles move when contact breaking creates microcracks, and the altered particle overlap results in a modified contact force. If rapid fracture of the rock occurs within a short period of time, a large number of micro-cracks will be generated, and there will be significant changes in the forces and moments between particles in this area. These spatially and temporally close micro-cracks will cluster together to form a high-magnitude acoustic emission signal (Wang, 2021). The spatial location of an acoustic emission event is the geometric center of all microcracks, as seen in Figure 12.
[image: Figure 12]FIGURE 12 | Simulation of acoustic emission moment tensor.
The force change at the contact site is multiplied by the distance between the microcrack location and the contact point to get the moment tensor matrix component Mij (Zeng et al., 1995). The formula is as follows:
[image: image]
Where, ΔFi is the ith component of the changed contact force, and Rj is the jth component of the distance between the contact point and the center of the microcrack.
Calculating the scalar torque M0 by the moment tensor matrix, with the Formula as follows:
[image: image]
Where, mj is the jth eigenvalue of the moment tensor matrix.
Calculating the breaking strength (magnitude) M of the acoustic emission event by calculating the maximum value of scalar torque, with the Formula as follows:
[image: image]
There is physical relevance to the value b of acoustic emission, which is a characteristic parameter of acoustic emission occurrences. Seismological patterns of seismic activity are specifically described by the value b. The size and distribution of microcracks inside rocks may be better understood by analysing value b in rock mechanics study. According to Yao et al. (2024), a big value for b indicates that the sample has a large number of tiny and medium-sized cracks, whereas a small value for b indicates that the sample contains more large-scale fractures.
The value of b may be determined using the following formula, which accounts for the correlation between the frequency of acoustic emission events and the intensity of acoustic emission breaking:
[image: image]
Where, N is the frequency of acoustic emission events, and a and b are constants.
Figure 13 compares the acoustic emission events frequency with the breaking strength of freeze-thaw samples under various loading conditions. When looking at the scatter plot of acoustic emission buildup and breaking intensity in logarithmic coordinates, the nearly straight line’s absolute slope is represented by b value (rupture intensity −6.9 to −6.4).
[image: Figure 13]FIGURE 13 | The relationship between the frequency of acoustic emission events and breaking strength of the sample: (A) Monotonic loading condition (B) Cyclic loading and unloading condition.
Figure 13 shows that the acoustic emission breaking intensity and the frequency of freeze-thaw red sandstone basically follow a normal distribution, with the breaking strength mainly ranging from −7.1 to −6.5. The maximum frequency of the 0 freeze-thaw sample at the breaking strength of −6.85 can reach 1,823 under monotonic loading conditions, with a value of 3.371, indicating a large number of small and medium-sized cracks; the sample’s b value after 20 freeze-thaw cycles is 3.356, indicating a greater proportion of medium to large-sized cracks. There are more large-scale cracks, as evidenced by the sample’s value b of 3.177 after 40 freeze-thaw cycles; Under cyclic unloading and loading, the maximum frequency of 0 freeze-thaw cycle sample can reach 1,705, with a value b of 3.213; The sample’s value b after 20 freeze-thaw cycles is 3.402, and the sample’s value b after 40 freeze-thaw cycles dropped to 2.995. Overall, the intensification of freeze-thaw damage promotes the formation of large-scale cracks in rocks. This is because the freeze-thaw action reduces the cohesive force between rock mineral particles, leading to the emergence of numerous micro-fractures. Under load, micro-cracks in a certain area are more likely to converge and form macroscopic cracks within a short period of time, releasing high-magnitude signals and resulting in large-scale cracks. The fatigue damage caused by cyclic loading facilitates the propagation and extension of micro-fractures as well as the frictional slip between crack surfaces, making the sample more prone to large-scale failure.
Figure 14 illustrates the microcracks, acoustic emission moment tensors, and magnitude distribution of red sandstone during 40 freeze-thaw cycles under cyclic stress. The graphic illustrates that the sample’s base has significant fragmentation, with a shear failure zone developed centrally, extending through the rock. The concentrated regions of the moment tensor and significant rupture events are mostly situated in the top left and lower right extremities of the rock. These findings suggest that, due to freeze-thaw damage, fractures at both ends of the laden rock propagate and nucleate, resulting in macroscopic damage that expands and converges towards the centre. The spatial distribution of acoustic emission events is more concentrated, exhibiting a greater frequency of large-scale ruptures, which eventually leads to instability and failure of the sample. This aligns with the findings derived from the acoustic emission b-value, indicating that the moment tensor theory is appropriate for examining the loading characteristics of freeze-thaw rocks.
[image: Figure 14]FIGURE 14 | Distribution of microbreakings, moment tensors, and magnitudes in the sample: (A) Microbreakings (B) Moment tensor (C) Magnitude.
5.5 Analysis of energy evolution law
The deformation and damage process of loaded rocks exhibits the absorption and release of energy. The boundary energy U that the wall’s work inputs is transformed into strain energy Ue, which is then stored in the contact keys, and dissipative energy Ud, which is utilised for particle motion, assuming that there is no heat exchange in the DEM. From a microscopic standpoint, dissipated energy is made up of kinetic energy Ed, dashpot energy Eβ, and slip energy Eµ, while strain energy is made up of elastic strain energy Ek and bond strain energy [image: image] (Cheng et al., 2023). The elastic strain energy and the bond strain energy represent the deformation energy stored in the linear contact and the parallel bonded contact within the model, respectively. The slip energy is the energy consumed by friction between particles. The dashpot energy is the dissipative energy resulting from damping between particles, which is related to the setting of the damping coefficient. The kinetic energy is the energy consumed by the motion of particles. The following is the calculating formula:
[image: image]
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where, [image: image] and [image: image] represent the normal and tangential linear contact forces; [image: image] and [image: image] represent the normal and tangential stiffness in the linear model; [image: image] and [image: image] represent the normal and tangential stiffness in the parallel bond model; [image: image] and [image: image] represent the normal and tangential parallel bond forces; [image: image] and [image: image] represent the bending moment and torque in the parallel bond model; [image: image]、 [image: image] and [image: image] represent the cross-sectional area, moment of inertia, and polar moment of inertia in the parallel bond model, respectively; [image: image] and [image: image] represent the slip energy at time steps t+1 and t; [image: image] represents the tangential relative displacement between contacts; [image: image] and [image: image] represent the dashpot energy at time steps t+1 and t; [image: image] represent the translational velocity of the contact; [image: image] represents the timestep; [image: image] and [image: image] represent the mass and velocity of the particle, respectively.
The energy conversion connection between rock deformation and breaking may be characterised by applying the ratio of accumulated dissipative energy to input energy at every strain level. The following is the formula used to calculate the dissipative energy conversion rate:
[image: image]
To explore the energy evolution patterns of freeze-thaw sandstone under cyclic loading and analyze the microscopic energy changes in red sandstone subjected to different freeze-thaw cycles, refer to Figure 15.
[image: Figure 15]FIGURE 15 | Energy evolution law at the mesoscale of sandstone under different freeze-thaw cycles: (A) 0 freeze-thaw cycle (B) 20 freeze-thaw cycles (C) 40 freeze-thaw cycles.
Figure 15 illustrates that the deformation and collapse of rock is a process characterised by energy intake, buildup, dissipation, and release. The energy development process of red sandstone exposed to various freeze-thaw cycles is delineated as follows: During the first stage (I), the boundary energy imparted by the external force (wall work) is mostly transformed into strain energy, with the elastic strain energy stored exceeding the bond strain energy. In the accumulation stage (II), the boundary energy is mostly converted into strain energy and slip energy. As the stress intensifies, the rate of accumulation of bond strain energy surpasses that of elastic strain energy, while slip energy also progressively builds. During the release phase (III), the elastic strain energy and bond strain energy attain their maximum storage capacities and thereafter dissipate or release as slip energy, dashpot energy, and a little quantity of kinetic energy. This dissipative energy is mostly used for the creation and advancement of macroscopic fractures, together with the frictional movement between crack surfaces, resulting in heightened rock damage and eventually unstable collapse. The ascending curve of energy alterations seen in stages I and II correlates with the fluctuations in stress and strain during the loading and unloading phases, demonstrating notable “memory” characteristics.
Figure 16A illustrates the development laws of the elastic strain energy and bond strain energy of red sandstone during various freeze-thaw cycles. As the degree of degradation from freeze-thaw damage increases, the sample’s energy storage limit significantly drops, and the bond strain energy and elastic strain energy fall to varying degrees. The sample from the 0 freeze-thaw cycle has elastic strain energy of 7.53J and bond strain energy of 18.2J. 40 freeze-thaw cycles sample has elastic strain energy of 4.28J and bond strain energy of 7.53J, respectively. These values are 43.2% and 58.5% lower than those from prior study, revealing that freeze-thaw cycles negatively impact the energy storage capacity of rocks, suggesting that the energy conversion process of the rocks becomes more unstable and susceptible to failure.
[image: Figure 16]FIGURE 16 | Laws of strain and dissipative energy evolution: (A) Laws of elastic and bond strain energy evolution (B) Dissipative energy conversion rate.
Figure 16B displays the red sandstone’s dissipative energy conversion rate with various freeze-thaw cycles. The data of each loading peak point is used to choose the energy dissipation rate of the cyclic load section in order to simplify the depiction. As seen in the picture, the energy dissipation rate can be separated into three stages with the increasing strain: fluctuation, steady growth, and rapid growth. Specifically, during the fluctuation stage, the sample’s initial energy dissipation rate increases with the number of freeze-thaw cycles. This is because the rock has been damaged under freeze-thaw pressure, and many particles experience frictional sliding between them after loading, resulting in energy dissipation; In the stable growth stage, the frequent freeze-thaw samples internal damage is more severe, and more energy is used for crack initiation and propagation, speeding up the degree of damage to rock energy storage structures and lowering the energy storage limit; In the accelerated growth stage, the maximum energy dissipation rates of the 0, 20, and 40 freeze-thaw cycles samples are 52.8%, 56.1%, and 59.2%, respectively. More severe energy dissipation in rocks is caused by the frictional sliding of fracture surfaces and the extensive expansion of many crack zones.
6 DISCUSSION
In tunnel engineering, the effects of freeze-thaw cycles and cyclic loading cannot be ignored. After the tunnel is constructed, the original geothermal equilibrium of the strata is disrupted, and a new heat exchange system forms (Wang et al., 2024). As a result, the surrounding rock of the tunnel undergoes periodic freezing and thawing processes. During these processes, the freezing and thawing of water in the pores of the rock exacerbate rock weathering, damage its internal structure, and subsequently reduce the stability of the surrounding rock. Simultaneously, the frost heave force generated by freeze-thaw cycles imposes cyclic loading on the tunnel lining structure. This loading fluctuates periodically with seasonal changes, causing repeated loading and unloading on the lining structure, which can easily lead to fatigue effects in the lining materials and subsequently trigger local irreversible deformations (Ge et al., 2003). The combined effects of freeze-thaw cycles and cyclic loading exacerbate tunnel damage, shorten its service life, and directly threaten tunnel operational safety. The emergence of phenomena such as cracks, spalling, and collapses not only affects tunnel traffic capacity but also poses potential serious safety hazards. Furthermore, freeze-thaw action can also result in water accumulation and ice formation within the tunnel (Figure 17A) (Chen, 2023). In summary, these factors not only complicate the elastic-plastic damage evolution of the surrounding rock but also inevitably lead to increased maintenance and repair costs for the lining structure, posing significant economic pressures on the long-term operation of the tunnel. Similarly, many large open-pit coal mines in western China feature numerous high and steep slopes. Due to the unique climatic conditions in cold regions, slopes undergoing long-term freeze-thaw cycles often experience surface collapses as a primary form of failure (Figure 17B). Coupled with the vibrational loads from blasting, excavation, and traffic during mining operations, this not only affects slope stability but also poses a risk of more severe landslides and debris flows, threatening the safety of mining operations.
[image: Figure 17]FIGURE 17 | Freeze-thaw disasters in tunnel and slope engineering (Qiao, 2019): (A) Ice formation on tunnel lining (B) Unstable rock on slope.
In the present study, the freeze-thaw cycle process is simulated through water particle expansion in DEM numerical simulations, and an in-depth analysis is conducted on the micromechanical response characteristics of freeze-thawed rock under cyclic loading conditions, enriching the research field of freeze-thaw rock mechanics. For future tunnel excavation in cold regions, slope stability assessments, and the design of remediation schemes, by incorporating DEM numerical simulations, we can further consider developing more realistic three-dimensional models of tunnels and slopes with accurate geometric shapes and boundary conditions, providing a firmer scientific foundation for engineering projects in complex geological settings.
7 CONCLUSION
Using the results of indoor test parameter calibration and the numerical simulation of the DEM to create a 3D particle model of freeze-thaw rocks, this paper analyses the deformation characteristics, microscopic fracture evolution features, fabric distribution, acoustic emission moment tensor, and energy evolution laws of freeze-thaw red sandstones under cyclic loading. The following conclusions are drawn:
(1) Both augmented freeze-thaw cycles and loading-unloading cycles result in a reduction of the elastic modulus and an elevation of irreversible strain in the rock. The rock experiences cumulative plastic deformation under cyclic stress as a consequence of freeze-thaw damage, which also decreases the rock’s stiffness and anti-deformation ability. Analysis and comparison of the stress and velocity fields of samples from 0 to 40 freeze-thaw cycles show that the cycle significantly reduces the mechanical properties of the rock, resulting in looser particles, a greater degree of block breakage, and a decreased bearing capacity.
(2) An effective simulation of the compressive impact of ice expansion on mineral particles is provided by the freeze-thaw cycle. Rock anisotropy will vary significantly as a consequence of different loading techniques that alter the spatial arrangement of microcracks in the freeze-thaw samples. The freeze-thaw red sandstones have a normal distribution in both the frequency and intensity of acoustic emission breakdown. Microcracks may more easily spread and accumulate due to the intensification of freeze-thaw damage, while large-scale fractures are encouraged to grow by cyclic loads. The rock is pierced by shear breaking zones in sample after 40 freeze-thaw cycles, which also shows increased large-scale breaking and a concentrated spatial distribution of acoustic emission events.
(3) The energy development of red sandstone is categorised into three phases: initial phase, accumulation phase, and release phase. Freeze-thaw damage diminishes the energy storage capacity of the rock, resulting in a substantial reduction in both elastic strain energy and bond strain energy. The energy conversion process destabilises, and the dissipative energy conversion rate escalates with the frequency of freeze-thaw cycles. The extent of damage to the energy storage structure escalates in samples exposed to several freeze-thaw cycles, leading to increased energy dissipation in the rock.
(4) This work investigates the microscopic damage properties of freeze-thaw red sandstone subjected to cyclic stress, therefore improving our comprehension of the degradation processes of rocks in intricate freeze-thaw and engineering contexts. It offers substantial insights for rock engineering building and catastrophe mitigation in frigid locations. The DEM numerical simulation of freeze-thaw cycles used in this work simplifies the particle structure and neglects temperature inhomogeneity and variations in porosity. Future study will concentrate on resolving these challenges to more accurately depict the impact of freeze-thaw degradation in rocks.
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