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Abstract

:

The uniaxial compression experiments and acoustic emission (AE) monitoring are conducted to investigate the macroscopic mechanical behavior and microscopic fracture characteristics of limestone samples with varying moisture contents. The findings revealed that as the moisture content increases from 0 to 6.6%, there is a decrease in peak stress and an increase in peak strain. A clear trend towards greater complexity in fracture characteristics is observed with increasing moisture content. In addition, AE activities demonstrate a heightened frequency, accompanied by an elevation in the corresponding multifractal parameter Δα as the moisture content rises. These variations are attributed to the increase in moisture content, which promotes the proliferation of small-scale microcracks and inhibits their evolution into large-scale microcracks. Consequently, the damage and failure process of the limestone samples transitions from being predominantly controlled by a few large-scale microcracks to being collectively influenced by a multitude of small-scale microcracks as the moisture content increases. In conjunction with the Criterion of Microcrack Density, the correctness of the analysis above is substantiated through mathematical derivation. Further, a quantitative model that links the microcrack system to moisture content is established based on the multifractal parameter Δα. Following this, a characterization model that depicts the macroscopic mechanical properties of limestone affected by moisture content is developed. This model effectively encapsulates the quantitative relationship between moisture content and the macroscopic characteristics of limestone and is validated through fitting experimental data. This research contributes to understanding the macroscopic mechanical response and microscopic fracture characteristics of limestone samples with different moisture contents, providing valuable insights and guidance for ensuring safety during engineering construction processes.
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1. Introduction


Moisture plays a pivotal role in engineering construction. On the one hand, injecting water into rock effectively prevents rock burst or dust disaster. On the other hand, groundwater seepage into rock fissures can lead to various catastrophes, including collapse, water inrush, and fault slippage. With the increase in the number and scale of engineering construction sites, the risk of water-related dynamic disasters increases significantly, posing significant challenges to the safety and efficiency of engineering construction [1,2,3,4,5]. Therefore, exploring the impact of water on the physical and mechanical properties of rock masses is critical.



Rock, as a natural geological material, exhibits distinct characteristics of discontinuity, heterogeneity, and anisotropy. Factors such as groundwater presence, water injection, hydraulic fracturing, and other natural or anthropogenic influences often result in rock’s internal structure having varying water content levels. Studies have shown that changes in water content can affect the physical and mechanical properties of rock masses. Vasarhelyi and Van [6] found that the petrophysical properties of rocks decrease with increasing moisture, and this can result in an increase in mechanical compliance in some cases. Mohamad et al. [7] believed that shale with a higher moisture content exhibits a higher range of anisotropy index. Zhao et al. [8] investigated the acoustic properties of red sandstone under water erosion, and held that the P-wave velocity decreases first and then increases with the increase in moisture content. Zhou et al. [9] observed reductions in sandstone’s compressive and tensile strength in different saturation processes under static and dynamic conditions. However, the saturated samples generally regained their mechanical properties and strength in the drying process, akin to their dry state. Chen et al. [10] noted that higher moisture levels facilitated increased slippage in sandstone particles, leading to more plastic deformation and internal energy dissipation. The increase in moisture diminished the brittleness of hard rock, reducing the likelihood of rock bursts. Debanjan et al. [11] observed a general decrease in mechanical properties and fracture toughness in sedimentary rocks with increased saturation. Liu et al. [12] found that the average compressive strength of coal samples decreased by 60.89%, and the failure modes shifted from inclined plane shearing to macrocracking under tensile stress as the saturation pressure rose from 0 to 6 MPa. Liu et al. [13] stated that the variation in water content accelerates the argillization process of mudstone.



Researchers generally agree that changes in the macroscopic physical and mechanical properties of water-bearing rock are closely related to water’s impact on the microstructure. Hence, numerous studies have examined the microstructural changes in water-containing rock using advanced testing methods, such as 3D X-ray microanalysis [14], scanning electron microscopy (SEM) [15], nuclear magnetic resonance (NMR) [16], and computed tomography imaging [17]. These methods have been instrumental in exploring the evolving trends in mineral composition, microstructure, and meso structure of rock samples with varying moisture content, shedding light on the microscopic mechanisms of water’s influence. Concurrently, various geophysical methods, including ultrasonic technology [18], electromagnetic radiation [19], resistivity [20], and acoustic emission (AE) [21], have been used to analyze the impact of moisture content on the microscopic characteristics of rock masses.



As outlined above, extensive research has been conducted on the physical and mechanical properties, microstructure, fracture, deformation, and failure mechanisms of rock with varying moisture contents, yielding many scientific findings. However, comparative analyses of macroscopic mechanical behavior and microscopic fracture characteristics in rock with differing moisture contents have been scarce, particularly regarding their correlation. In order to bridge this gap, this study analyzes the macroscopic mechanical response of limestone samples with various moisture contents through laboratory experiments. Concurrently, the microscopic fracture characteristics of these limestone samples are investigated using AE monitoring technology. This is followed by a qualitative discussion on the correlation between macroscopic mechanical responses and microscopic fracture characteristics and a more comprehensive quantitative analysis. This research contributes to understanding the macroscopic mechanical response and microscopic fracture characteristics of limestone samples with different moisture contents, providing valuable insights and guidance for ensuring safety during engineering construction processes.




2. Materials and Methods


The limestone sample was sourced from the same piece of limestone, ensuring uniformity by drilling in the same direction to minimize the impact of anisotropy. The limestone samples were shaped into cylinders (Φ50 × 100 mm) in accordance with the standards set by the International Society for Rock Mechanics through cutting and polishing processes.



To prevent irreversible losses induced by high-temperature drying, all limestone samples were placed in a drying box set at 40 °C for 36 h until the sample weight stabilized. The drying box was then turned off to allow the samples to cool naturally to room temperature, after which their weights were recorded. Subsequently, the dried samples were immersed in deionized water, resulting in four groups of limestone samples with different moisture contents, namely 0 (Dry), 2.7%, 4.3%, and 6.6% (Saturated), whose calculation formula can be expressed as follows:


  ω =    m w  −  m d     m d    × 100 %  



(1)




where the parameter ω is the moisture content of the limestone sample; mw is the weight of the water-containing limestone sample; md is the weight of the dry limestone sample.



An electrohydraulic servo press was utilized to conduct uniaxial compression tests on the limestone samples. The loading was carried out in force control mode with a loading rate of 300 N/s. AE signals were collected synchronously throughout this loading process, with a sampling frequency of 1 MHz and a threshold value set at 40 dB. The schematic of the experimental system is depicted in Figure 1.




3. Experimental Results and Analysis


3.1. Macroscopic Mechanical Characteristics of Limestone Samples


The stress–strain curves for the limestone samples with different moisture contents are displayed in Figure 2a. Figure 2b demonstrates the trends in peak stress and peak strain as a function of moisture content. It is evident that moisture content markedly influenced the limestone samples’ macroscopic physical and mechanical characteristics. With increasing moisture content, the peak stress of the limestone samples showed a gradual decline. Compared to the dry limestone samples, the peak stress of limestone samples with moisture contents of 2.7%, 4.3%, and 6.6% diminished by 15.66%, 30.03%, and 49.94%, respectively. In contrast, peak strain incrementally increased with rising moisture content. The peak strain of the limestone samples at moisture contents of 2.7%, 4.3%, and 6.6% was 1.22, 1.26, and 1.63 times greater than that of the dry limestone sample, respectively. Meanwhile, the compaction and post-peak phases also elongated with increasing moisture content, whereas the elastic deformation phase shortened.




3.2. Fracture Characteristics of Limestone Samples


The fracture characteristics of the limestone samples signify the ultimate state of microcrack growth and aggregation, providing crucial insights into their mechanical properties and damage processes. Hence, investigating the failure characteristics of limestone samples across varying moisture contents was essential.



Observationally, as the dry limestone sample experienced buckling failure, it fragmented into large blocks with a loud sound, accompanied by a rapid loss of carrying capacity. As moisture content escalated, the intensity of the failure sound decreased, producing numerous fragments. The limestone samples retained some carrying capacity even after exceeding their uniaxial compressive strength.



In this experiment, accurately counting the number of fragments was challenging. Therefore, the weight of the fragments was used for analysis. All fragments were dried before analysis to negate moisture’s influence on fragment weight, following the method outlined in Section 2. The limestone sample fragments were then sifted through sieves with varying pore sizes, and the weights of differently sized fragments were measured. As shown in Figure 3, the peak values of the curves progressively shifted leftward with increasing moisture content. As moisture content increased from 0 to 6.6%, the mass proportion of fragments larger than 70 mm plummeted from 82.11% to 0. Conversely, the mass proportion of fragments in the 20–50 mm range rose steadily from 3.82% to 42.61%. This trend indicates a significant increase in smaller fragments as moisture content increases. The mass distribution of fragments evolved from being concentrated in large-scale fragments to dispersed across various fragment sizes.



In the macroscopic failure of the limestone sample originated from microcracks, the formation of microcracks was linked to smaller-scale microcracks. This self-similar behavior resulted in the fragments exhibiting self-similar characteristics. According to fractal theory and the box-counting method [22,23,24,25], the fractal characteristics of the discrete fragments were calculated using Equation (2).


  N = C  r  − D    



(2)




where N is the number of discrete fragments whose size exceeds r; C is a material constant; D is the fractal dimension of discrete fragments.



Taking the logarithm of both sides of Equation (2), Equation (3) can be obtained as follows:


  log N = log C − D log r  



(3)







The fractal dimension was represented by the slope of the fitted line in the log(r)-log(N) coordinate system, and the calculation results indicated that fractal dimension increases from 2.38 to 2.93 with rising moisture content. This suggested that an increase in moisture content results in a more intricate size distribution of fragments, transforming the fracture mode from simple to complex. By using the data fitting method, the relationship between the fractal dimension of fragments and moisture content can be expressed by a linear function with a fitting coefficient of 0.9997, as shown in Figure 4.





4. AE Characteristics of Limestone Samples


4.1. AE Energy Evolution Characteristics


In order to explore the microscopic perspective of the damage evolution process in limestone samples with varying moisture contents, AE activities generated by the cracking of limestone samples were continuously collected throughout the experiment. The evolution characteristics of AE energy are depicted in Figure 5. The AE signal became more abundant with increasing moisture content, yet the AE cumulative energy decreased. As moisture content increased from 0 to 6.6%, the maximum AE energies were 63,321, 10,622, 5744, and 2105 mv*μs, respectively, while the AE cumulative energies were 515,032, 418,094, 305,234, and 192,408 mv*μs, respectively. The maximum AE energy and AE cumulative energy of the dry limestone sample were 30.12 and 2.74 times that of the saturated limestone sample, respectively.



Figure 5 indicates that the evolution characteristics of AE energy can be divided into four stages: initial-active stage (represented by ① in Figure 5), calm stage (represented by ② in Figure 5), increasing stage (represented by ③ in Figure 5), and post-peak stage (represented by ④ in Figure 5).



	(1)

	
Initial-active stage: At this stage, preexisting microcracks gradually closed as loading commenced. The relative dislocation and mutual friction of particles led to the release of partial energy in elastic waves, initiating AE signal generation.




	(2)

	
Calm stage: As stress increased, preexisting microcracks closed completely, but new microcracks had not yet formed. AE signals primarily resulted from the dislocation of closed microcrack surfaces and grain deformation, leading to a small number of AE activities.




	(3)

	
Increasing stage: With continuing stress increase, stress concentration occurred at microcrack tips, generating new microcracks. Before the buckling failure of the limestone samples, elevated stress accelerated microcrack growth. The generation and interaction of numerous microcracks caused a rapid rise in AE activities.




	(4)

	
Post-peak stage: The limestone sample had experienced macroscopic failure in this stage, and its strength had significantly diminished. As the load decreased rapidly, the AE activity also declined rapidly.







The AE energy evolution process exhibited common characteristics across limestone samples with different moisture contents, yet notable differences were observed. In the initial-active stage, AE activities in water-containing limestone samples surpassed those in dry samples. However, the calm stage in water-containing limestone samples was comparatively briefer and less distinct than in dry samples. With increasing moisture content, the increasing and post-peak stages extended, accompanied by a surge in AE activities.




4.2. Multifractal Characteristics of AE Energy


To further analyze quantitatively the differences in AE energy characteristics of limestone samples with varying moisture contents, the box-counting method was used to calculate the multifractal spectrum of the AE energy series [26,27], as shown in Equations (4)–(6).


   X q   ε  ≡    ∑   P i   ε     q  ~  ε  τ  q     



(4)






  α =   d   t  q      d q   =  d  d q       lim   ε → 0     ln  X q   ε    ln ε      



(5)






  f  α  = α q − τ  q   



(6)




where α is a constant known as the singularity exponent; f(α) is the frequency of the subset represented by α in the whole subsets. The curve composed of α and f(α) represents the multifractal spectrum of the research series, reflecting the uneven distribution of the AE energy series. Defining Δα = αmax − αmin, the parameter Δα represents the uneven distribution of the AE energy, reflecting the irregularity and complexity of the microfracture scale.



The multifractal spectrums of the AE energy series of limestone samples with different moisture contents were calculated, and the changing trend in multifractal parameter Δα was analyzed, as shown in Figure 6. The multifractal spectrum was narrow when the moisture content was low, indicating that the AE energy distribution was relatively simple. The multifractal spectrum gradually widened with increased moisture content, indicating that the AE energy distribution became more irregular. Therefore, it can be inferred that the damage and failure processes of the limestone samples became more complex with increasing moisture content. Based on the analysis results, data fitting shows that the multifractal parameter Δα had a linear relationship with moisture content, with a fitting coefficient of 0.9725.





5. Discussion


5.1. Qualitative Analysis


Limestone contains numerous highly hydrophilic mineral particles. When water infiltrates limestone through microcracks, free water molecules create a film around these particles, smoothing their irregular, jagged edges. This process reduces friction among the mineral particles, facilitating the growth of microcracks. Concurrently, both physically and chemically, water interacts with the organic and inorganic matter in limestone, weakening its internal cemented structure. Primary microcracks enlarge, and primary holes expand gradually, increasing the degree of freedom for microcrack growth. This leads to the full development of microcracks at lower stress levels. Furthermore, water is thought to maintain a dynamic equilibrium within the pore structure of limestone. External loading may cause water in the pores to generate pressure, encouraging further development of the microcrack system.



Aligning with the Criterion of Microcrack Density [28,29], large-scale microcracks are formed by the interaction of small-scale microcracks. Hence, during the loading process of dry limestone samples, small-scale microcracks, A1, require external energy to grow into larger-scale microcracks, A2, culminating in the largest-scale cracks, An, before the sample’s buckling failure. When the limestone sample contains moisture, the small-scale microcracks, B1, need comparatively less energy to grow and form larger-scale microcracks, B2, due to moisture’s enhancing effect on microcrack development. Before buckling failure, the largest-scale cracks, Bm, form in the moist limestone sample.



The experimental and analytical findings suggest that the scale of microcracks, A1, can be comparable to that of microcracks, B1. However, the scales of microcracks, B2 and Bm, are smaller than those of microcracks, A2 and An. Additionally, the transformation frequency parameter m exceeds the parameter n. This observation implies that an increase in moisture content accelerates the transformation of microcracks but limits their maximum scale. Consequently, as moisture content rises, AE activities become more frequent and complex, while activities with higher energy levels decrease.



Limestone is conceptualized, by employing the effective medium theory, as a complex system comprising the matrix and microcrack systems, which significantly influence its macroscopic mechanical properties together. The matrix system mainly consists of various mineral particles, whereas the microcrack system represents the voids created by microfractures. Generally, the matrix system remains relatively stable under external loads, and changes in the microcrack system primarily drive alterations in limestone’s macroscopic mechanical properties. Continuous development of the microcrack system enhances its impact on limestone samples, manifesting properties associated with the microcrack system. Conversely, the gradual reduction of the microcrack system diminishes its influence, leading to more pronounced characteristics of the matrix system [30]. Building on this analysis, it is clear that higher moisture content increases the complexity of microcracks, causing limestone samples to exhibit more distinct features of the microcrack system. As a result, the peak stress decreases, peak strain increases, and the failure characteristics of the limestone samples become more complex with increased moisture content.




5.2. Quantitative Analysis


The previous analysis shows damage and failure progression in the limestone sample as a sequential transformation from small-scale to larger-scale microcracks, and this transformation adheres to the function described by Equation (7).


  K =  R L   



(7)




where L is the scale of microcracks; R is the distance between these microcracks; K is the crack aggregation density criterion, illustrating the microcracks’ interaction capability.



Equation (7) indicates that a higher value of parameter K signifies a reduced interaction capability among microcracks. Reaching the critical stress threshold leads to the formation of high-energy and large-scale microcracks. Thus, parameter K indirectly reflects the energy released and the scale of the microfractures. A higher value of K corresponds to greater released energy and a larger microfracture scale.



Further, Zhurkov et al. [31,32] introduced a novel function to illustrate this process, as shown in Equation (8).


   P m  ∝      e K     m   



(8)




where Pm is the probability of interaction occurrence among m microcracks; e is the base of the natural logarithm.



Based on the above analysis, Equation (9) can be derived by generalizing Equation (8),


  N  K  ∝      E K     M   



(9)




where N(K) is the number of different-scale microcracks; M is the complexity degree of the microcrack system; E correlates with the physical and mechanical characteristics of limestone samples, where more complete limestone samples correspond to higher values of parameter E.



Based on Equation (9), it is evident that parameter M governs the shape of the function curve, while parameter E influences its position. As moisture promotes microcrack development, increasing moisture content leads to a reduction in parameter E and an elevation in parameter M. As depicted in Figure 7, a marked decrease in the corresponding microcrack number is observable with the escalation of the microcrack scale in limestone samples with varying moisture contents. This phenomenon intensifies with higher moisture content. The points where curves of dry limestone samples intersect with those at moisture levels of 2.7%, 4.3%, and 6.6% are designated as A, B, and C, respectively. These intersection points progressively shift upward and leftward from A to C. This suggests that escalating moisture content encourages the proliferation of small-scale microcracks while restraining the transition to large-scale microcracks, corroborating the earlier analysis in Section 5.1 from a theoretical perspective.



In this study, the multifractal parameter Δα of AE energy functions as an indicator of microcrack complexity, reflecting the physical and mechanical properties of the limestone samples. Hence, Equation (9) can be modified to Equation (10).


  N  K  ∝      T K      Δ α    



(10)




where parameter T is related to parameters E and Δα.



The volume V of the microcrack system can be expressed as,


   V c  =  K  Δ α   N  K  ∼  T  Δ α    



(11)







Incorporating effective medium theory and the quantitative relationship between moisture content ω, and multifractal parameter Δα, the limestone samples’ peak strength and peak strain are described by Equation (12).


    σ = −  η 1   V c  +  φ 1  = −  η 1   T    0.08 ω + 0.43     +  φ 1      ε =  η 2   V c  +  φ 2  =  η 2   T    0.08 ω + 0.43     +  φ 2     



(12)




where, the parameters σ and ε represent the peak stress and peak strain, respectively. The parameters η and φ are the correlation coefficient, which can be obtained by data fitting.



Figure 8 demonstrates that Equation (12) effectively captures the evolution process of peak strength and peak strain in limestone samples with diverse moisture contents. The high fitting coefficient underscores the model’s robustness in depicting this relationship.



Accordingly, increasing moisture content promotes the proliferation of small-scale microcracks and impedes their growth into large-scale microcracks. Moisture alters the macroscopic characteristics of limestone samples by affecting the microcrack system, revealing a pronounced nonlinear interrelation.





6. Conclusions


This study presents uniaxial compression experiments to analyze the macroscopic mechanical properties of limestone samples with varied moisture contents. It also utilizes AE monitoring technology to investigate the corresponding microscopic damage evolution characteristics. The study meticulously examines the influence of moisture content on both the macroscopic and microscopic mechanical traits of limestone samples, elucidating their quantitative relationship. The primary research findings include:




	(1)

	
With moisture content rising from 0 to 6.6%, a gradual decrease in peak stress and an increase in peak strain in the limestone samples are noted. The compaction and post-peak phases extend while the elastic deformation phase shortens. Concurrently, a decrease in failure loudness and an increase in the number of fragments occur. The fractal dimension of fragment distribution increases from 2.38 to 2.93, signifying a shift in macroscopic fracture mode from simple to complex with rising moisture content.




	(2)

	
Enhanced moisture content leads to more prevalent AE activities, while cumulative AE energy decreases. Compared to dry limestone samples, those containing water exhibit shorter, less distinct calm stages but more pronounced increasing and post-peak stages. Additionally, the multifractal spectra of the AE energy series show narrower profiles at lower moisture contents, indicating a simpler AE energy distribution. In contrast, higher moisture content widens the multifractal spectrum, suggesting an irregular distribution of AE energy. It can be inferred that a higher moisture content facilitates and complicates the development of the microcrack system.




	(3)

	
An increase in moisture content encourages the proliferation of small-scale microcracks while inhibiting their enlargement into larger-scale microcracks. This change manifests as a transformation in the damage and failure process of limestone samples, transitioning from domination by a few large-scale microcracks to collective influence by numerous small-scale microcracks as the moisture content rises. Consequently, increasing moisture content makes AE activities more abundant and intricate, but higher-energy-level activities diminish. From a macroscopic perspective, an increase in moisture content results in expressing more properties of the microcrack system, presenting decrease in peak stress and increase in peak strain.




	(4)

	
The assertion that increasing moisture content promotes the proliferation of small-scale microcracks while hindering their transition to large-scale microcracks is substantiated through mathematical derivation. A characterization model is developed to describe the macroscopic mechanical properties of the limestone sample influenced by moisture content. This model effectively captures the quantitative relationship between moisture content and the macroscopic characteristics of limestone, corroborated by experimental data fitting.









This research contributes to understanding the macroscopic mechanical response and microscopic fracture characteristics of limestone samples with different moisture contents, providing valuable insights and guidance for ensuring safety during engineering construction processes.
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Figure 1. Schematic diagram of experimental system. 
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Figure 2. The change in stress and strain with moisture content. (a) The stress–strain curves for the limestone samples with different moisture contents, (b) The trends in peak stress and peak strain with moisture content. 






Figure 2. The change in stress and strain with moisture content. (a) The stress–strain curves for the limestone samples with different moisture contents, (b) The trends in peak stress and peak strain with moisture content.



[image: Buildings 14 00469 g002]







[image: Buildings 14 00469 g003] 





Figure 3. Fragment size distribution characteristics of limestone samples with different moisture contents. 
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Figure 4. Fractal dimension and fitting line of fragment size distribution of limestone samples with different moisture contents. 
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Figure 5. AE energy evolution characteristics of limestone samples with different moisture contents. 
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Figure 6. Multifractal characteristics of AE energy of limestone samples with different moisture contents. (a) Multifractal spectrum; (b) Change in multifractal parameter Δα and corresponding fitting line. 
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Figure 7. Schematic diagram of correlation between microcrack scale and microcrack number of limestone samples with different moisture contents. 
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Figure 8. Experimental data and fitting relationship of macroscopic mechanical characteristics of limestone samples with different moisture contents. 
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