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Abstract

:

Loess, a collapsible soil, is widely distributed in the Qinghai–Tibet Plateau in China. In the meantime, loess is a sustainable and green building material that is widely used in traditional residential buildings. However, previous studies have focused on the properties of loess itself, ignoring the influence of climatic conditions on loess buildings, as well as a series of engineering problems such as soil spalling caused by freezing and thawing, cold cracks in walls, and settlement deformation of foundation. This research presents a series of laboratory tests on both undisturbed and remolded loess. The tests investigated changes in the unconfined compressive strength (UCS) of both types of loess after different freeze–thaw cycles. The freeze–thaw-induced changes to the internal structures of the loess were also investigated using a scanning electron microscope (SEM) and X-ray diffraction test (XRD). The test results showed that: (1) with increasing freeze–thaw cycles, the UCS of both the undisturbed and remolded loess appeared to first increase and then decrease, and the stress–strain curves showed a stronger strain-softening tendency. (2) The compressive strength of undisturbed loess is higher than remolded loess. (3) SEM analysis showed that the large particles inside the loess sample were gradually broken down into small particles, which led to an accumulative increase in fine particles and a decrease in the porosity. With the increase in the number of freeze–thaw cycles, the particles inside the soil become denser, and the strength increases. (4) Freezing and thawing have less effect on loess minerals. (5) The conclusion can provide a reference value for the protection of loess buildings in Qinghai and the management of freeze–thaw disasters.
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1. Introduction


Qinghai Province, located in the Qinghai–Tibet Plateau of China (as shown in Figure 1), has unique climatic characteristics and geological conditions, which have a key impact on the construction and development of Qinghai Province. In Qinghai Province, the area of loess accounts for 3.9% of the area of loess in China, so loess is widely distributed in this area [1,2], and the loess has fine particles, high viscosity, high compressive strength, and shear strength. It has good integrity, stability, and moderate plasticity [3,4]. As a sustainable and green building material, loess has local materials, environmental friendliness and renewability, and a series of advantages [3], so loess has a wide range of applications in traditional green residential buildings.



For example, building loess cave hotels and museums, the unique architectural forms of residential buildings may attract many artists or tourists and, at the same time, may increase the income of residents [3]. It can also be made into a masonry kiln. The loess in the wall as filling material is an important part of its envelope to maintain its thermal performance [5]. There are also portable houses composed of loess as the main building material, which can improve the thermal performance of manufactured houses supplied after disasters [6]. More and more loess buildings are being refurbished and used to reduce the waste of resources. Loess can also be used as an alternative resource to replace cement to reduce carbon dioxide emissions [7].



At the same time, the unique local climatic characteristics make loess affected by freeze–thaw cycles and affect the stability of loess buildings. Therefore, it is of great practical significance to explore the physical and mechanical properties of undisturbed and remolded loess under freeze–thaw cycles.



The freeze–thaw cycle has an important influence on the physical and mechanical properties of soil [8,9,10,11,12]. Previous studies have found that the freeze–thaw cycle weakens the strength of the soil. Zhao et al. [13] compared the change in the shear strength of undisturbed loess before and after freeze–thaw cycles under closed conditions. They concluded that the soil moisture content decreased, the soil structure weakened, and the shear strength decreased after repeated freeze–thaw cycles. According to Ye et al. [14] and Zhou et al. [15], the cohesion and internal friction angle of remolded loess also deteriorated with an increasing number of freeze–thaw cycles. Studies have also found that after the freeze–thaw cycle, the unconfined compressive strength of the loess decreases significantly, and it has been suggested that the strength decreases with an increasing number of freeze–thaw cycles [16,17]. Zhang et al. [18] and Liu et al. [19] measured the improved soil using a uniaxial compressive test after the freeze–thaw cycle, which showed that the uniaxial compressive strength of the improved soil decreased with an increasing number of freeze–thaw cycles. Thus, the freeze–thaw cycle has a great influence on the mechanical properties of loess.



The main reason for the weakening of the soil during the freeze–thaw cycle is the change in the physical shape of the water inside the soil, which changes the soil pore structure and the cementation force between the soil particles [8,20,21]. Using an electron microscope, observed undisturbed and remolded loess in Xi’an after the freeze–thaw cycle reported that both the undisturbed and remolded loess microstructures changed significantly. Meanwhile, the strength of the soil cementation force decreased, and the soil particles were more loosely packed, increasing the porosity ratio. Ye et al. [14], Zhang et al. [22], Yang et al. [23], and Zhao et al. [24] studied the microstructure of loess using a scanning electron microscope. These investigations observed that with increasing freeze–thaw cycles, the large particles inside the soil were decomposed into several small particles, and the internal micro and small pores were continuously transformed into medium and large pores. Ning et al. [25] also used scanning electron microscopy and found that the large pores of the sample decreased, the small voids increased, and the overall porosity increased. Zhang et al. [26] examined the pore characteristics of the reshaped soil samples under different freeze–thaw cycles using mercury injection and found that with increasing freeze–thaw cycles, the porosity of the sample first increased and then decreased.



In conclusion, as a sustainable and green building material, loess is widely used in traditional residential buildings. However, previous studies have focused on the properties of loess itself, ignoring the influence of climatic conditions on loess buildings. Although research on the changes in the physical and mechanical properties of loess by freeze–thaw cycles has been relatively common, the research on the loess in Xining, Qinghai Province, mostly focuses on the microscopic and mechanical properties of the compacted loess before and after the triaxial shear test [27], as well as the microscopic properties of loess at different moisture contents, different confining pressures, different depths, and different temperatures [19,28,29]. The research on the influence law of freeze–thaw cycles in this region is insufficient. Therefore, the present study investigated the changes in the unconfined compressive strength of undisturbed loess and remolded loess under different freeze–thaw cycles. The soil microstructure was observed by SEM and XRD at different freeze–thaw cycles. The research results will provide a reference value for the protection of loess buildings in Qinghai and the management of freeze–thaw disasters, which have certain engineering significance.




2. Materials and Methods


2.1. Sample Preparation


The loess samples were prepared for testing following the Professional Standards of the People’s Republic of China, the Standard of Geotechnical Testing Methods (GB/T 50123-2019) [30]. Briefly, the undisturbed loess was cut into small aliquots of the required specifications for the test, and the cylindrical specimens that were used in the unconfined compressive strength tests were prepared from loess, with a height of 80.0 mm and diameter of 39.1 mm.



Remolded loess samples were first air-dried, then crushed through a sieve (hole diameter of 2 mm). A sample aliquot was then heated for 24 h at 108 °C in an oven. Distilled water was then used to restore the remolded loess sample to its natural water content. The remolded sample preparation method used was layered and dense and was divided into 3 layers.



During sample preparation, to minimize sample variability, each experiment was undertaken using two parallel groups. In addition, it was observed that the dry density of the undisturbed loess sample and the remolded loess sample showed little difference with the variation in the water content being <0.1%.




2.2. Experimental Design


Before testing, the prepared sample aliquots were wrapped in plastic and then placed in a sealed bag to ensure that the sample was clarified and its water content remained unchanged. The sample was then placed in the freeze–thaw cycle test box (TMS 9018-500) to start the freeze–thaw cycle test (Figure 2). To simulate the climate in Qinghai, the curve for a single freeze–thaw cycle was set as a rectangular curve, as shown in Figure 3. In the set curve, the initial temperature starts from −15 °C and lasts for 12 h. After the preset time is reached, the curve temperature is set from −15 °C to 15 °C, and the temperature also lasts for 12 h. Due to the delay in equipment conversion to the set temperature, there are fluctuations in the curve. Each freeze–thaw cycle was carried out over 24 h, including 12 h for freezing and 12 h for thawing. The number of progressive freeze–thaw cycles was 0, 2, 4, 6, 8, 10, 15, and 20.



After the sample had undergone the set number of freeze–thaw cycles, it was removed from the test box for the unconfined compressive strength test (UCS test). This test used a YYW-2 stress-controlled unconfined pressure instrument. The variation law of unconfined compressive strength of loess under different freeze–thaw cycles was discussed.



The preparation of microstructure samples is to place the samples into the oven to be dried after reaching the predetermined number of freeze–thaw cycles. The central section of the sample is used as the standard to prepare the microstructure samples. The size of the microscopic sample is length × width × height = 2 cm × 1 cm × 1 cm, and the middle position is carved with a fine groove so that the natural section of the sample can be broken as the scanning section for scanning electron microscopy (SEM) test. In this research, SEM images 500 times were selected for analysis.



At the same time, the soil samples in the test process were selected; 20~30 g soil samples were taken, the samples were dried or dried, ground, and screened, and the sample powder was taken for X-ray diffraction (XRD) test and X-ray fluorescence (XRF) test. The test list is shown in Table 1.




2.3. Basic Physical Properties of Loess


The loess used in the unconfined compressive strength test was taken from a site in Xining City, Qinghai Province, China. The sampling depth was approximately 2 m from the surface because the depth of the surface frozen layer in the seasonal frozen land area of Qinghai Province is about 2 m. The Atterberg limits test, grain size analysis test, and compaction test were all conducted according to the Professional Standards of the People’s Republic of China, the Standard of Geotechnical Testing Methods (GB/T 50123-2019) [30]. Table 2 details the basic physical and mechanical properties of the loess sample. The grain size distribution curve and compaction curve of Xining loess are also shown in Figure 4.



From the XRD diffraction pattern of loess (Figure 5), it was found that there were many characteristic diffraction peaks in loess, with quartz, albite, and illite as the main mineral components. The internal mineral composition of loess was complex, but the material was relatively stable. At the same time, the internal particle distribution of undisturbed loess was uneven, and there were soil particles of different particle sizes (from the microstructure of loess (Figure 6)). Due to the original structure of undisturbed loess, the internal soil particles were closely connected, and the surface-to-surface contact between soil particles and soil particles was dominant. There were few pores in the undisturbed loess, the formed soil skeleton had a certain strength, and the undisturbed loess had a certain initial strength.





3. Analysis of Micro-Test Results


3.1. SEM Test


Figure 7 presents the SEM images of the undisturbed loess at different freeze–thaw cycles at a magnification of 500 times. It is found that the original structure of the undisturbed loess sample is gradually destroyed due to the frost heave and thawing of water, and the original cracks and original pores inside the sample are gradually decomposed.



When the undisturbed loess is frozen and thawed for 0–6 (as shown in Figure 7b,c), the soil particles are gradually decomposed into small particles, and the number of fine particles increases with the number of cycles. The large pores inside the sample are gradually filled into small pores. The contact mode between them gradually changes from point-to-point contact to surface-to-surface contact. Compared with the SEM images after 8–20 freeze–thaw cycles and the SEM images, after the 0–6 freeze–thaw cycles, the pores inside the sample after 8–20 freeze–thaw cycles are mainly small pores, the number of pores is less, and the soil particles are mainly fine particles (Figure 7d,f). Therefore, under the action of water gravity, the fine particles will fill the pores inside the sample, the structure becomes relatively dense, and the compressive strength of the sample is improved. Long et al. [31] found that freezing and thawing cause the structure of loess to be broken, and the reorganization and arrangement of particles occur, which leads to the improvement of soil strength. This is similar to the analysis of the results of the freeze–thaw cycles of 0 to 6 times in this paper.



Figure 8 is a microscopic image of the remolded loess at a magnification of 500 times. Compared with the undisturbed loess, the soil particle size of the remolded loess is the same. Since the remolded loess has no obvious structure, the particles inside the unfrozen and thawed samples are clear. The internal pores are mainly large pores, which are connected, and the cementation ability between soil particles is poor. The unconfined compressive strength of the specimen is small. With the increase in the number of freeze–thaw cycles, soil particles are gradually decomposed into small particles, the particles tend to be smooth, and the large pores turn into small pores.



Due to the few freeze–thaw cycles in the early stage, the cementing ability between soil particles is poor under the action of gravity, and the external load that can be endured is small. When the number of freeze–thaw cycles is 8 to 20, the interior of the sample is dominated by small particles and small pores. The gravity and melting of water lead to the increase in the contact area between soil particles and the enhancement of cementing ability, which leads to the increase in the compactness of the sample, so the compressive strength of the sample increases gradually.



Because the undisturbed loess has an original structure, the cementing ability between the internal particles of the undisturbed loess sample is stronger than that of the remolded loess sample after the same number of freeze–thaw cycles. After the number of freeze–thaw cycles is 20, the connection between soil particles is mainly surface-to-surface contact, while the connection mode of soil particles in the remodeled loess part is point-to-point contact. At the same time, the soil particles in the original loess are decomposed into small particles, and the soil particles are smooth and regularly arranged, while there are still large soil particles in the remodeled loess samples. Fu et al. [32] researched Fuping loess (as shown in Figure 1) and found that with the increase in the number of freeze–thaw cycles, the contact mode between particles gradually evolved from surface cementation to point contact and finally returned to surface cementation, which was similar to the changing trend found in this paper, but some scholars have also found that the contact mode between particles is mainly from surface-to-surface contact to point-to-surface and point-to-point contact [33].




3.2. XRD and XRF Test


From the SEM image of the soil, it is found that there are many fine particles in the sample attached to the surface of the soil particles or filling the internal pores. Therefore, the XRD test was performed on the sample powder after the test, and the internal mineral composition was analyzed.



Figure 9 shows the internal mineral composition of loess when it undergoes different freeze–thaw cycles. It was found that with the increase in the number of freeze–thaw cycles, the characteristic diffraction peaks inside the loess did not change significantly. After different freeze–thaw cycles, the interior of loess is mainly composed of minerals such as quartz, albite, potassium feldspar, and illite, and there is no obvious change in mineral composition. Thus, it is found that the effect of freeze–thaw cycles on the internal mineral composition of loess is weak.



The principal elements of loess under different freeze–thaw cycles are analyzed. It can be seen from Table 3 that with the increase in the number of freeze–thaw cycles, the contents of Si, Al, Ca, Mg, and other major elements in the loess are the same, and no new elements are found. Combined with the XRD test results, it can be found that the freeze–thaw cycle has little effect on the mineral composition of loess. Li [34] studied the mineral composition of Jingyang loess (as shown in Figure 1) and found that the content of quartz minerals in undisturbed loess and remodeled loess is relatively stable, and carbonate minerals are easily affected by the environment. Therefore, it is found that the freeze–thaw cycle has little effect on the mineral composition of loess.





4. Analysis of Mechanical Test Results


4.1. Unconfined Compressive Strength


Figure 10 shows the relationship between the compressive strength of undisturbed loess and remolded loess and the number of freeze–thaw cycles. It is found that there are differences in the strength law of undisturbed loess and remolded loess. With the increase in the number of freeze–thaw cycles, the external force generated by the freeze–thaw cycle will destroy the original structure of the soil during the transformation of the free water form, which makes the compressive strength of the undisturbed loess increase with the number of freeze–thaw cycles, then the compressive strength gradually decreases. For remolded loess, there is no original structure in the soil, so the initial strength of remolded loess is low. After two freeze–thaw cycles, the free water in the soil migrated under the action of freeze–thaw cycles. The arrangement of soil particles in the remolded loess changed, and the small soil particles gradually filled the large pores in the remolded loess. The strength of the sample is about 16% higher than that of the unfreeze–thawed sample. With the increase in the number of freeze–thaw cycles, the external force generated during the freeze–thaw cycle caused secondary damage to the soil structure, and the compressive strength of the remolded loess gradually decreased. The change law in this stage is similar to the change law of strength of undisturbed loess after the freeze–thaw cycle.



When the freeze–thaw cycles were 0–6, the compressive strength of undisturbed loess and remolded loess gradually decreased. When the number of freeze–thaw cycles is 8–20, the compressive strength of loess is relatively improved (Figure 10). The reason is that in the early freeze–thaw cycle when the internal structure of the soil is destroyed, the large pores increase. However, with the increase in the number of cycles, the large pores transform into small pores, and the water fills the fine soil particles into the large pores under the action of its weight. This increases the compactness of the sample, and its compressive strength also shows a secondary increase compared to the previous period.




4.2. Stress–Strain Curve


The undisturbed loess sample has strong structural properties, and the stress–strain curves of undisturbed loess after different freeze–thaw cycles show strain-softening characteristics (Figure 11a). The main reason is that when the undisturbed loess is subjected to vertical loads, the external loads cause damage to the original structure, the original cracks are continuously compacted, and the arrangement of soil particles inside the soil body is continuously denser. In the initial stage of loading, the external load is not enough to destroy the original structure of the sample, the arrangement of soil particles is relatively stable, the stress–strain curve belongs to the linear stage, and the original structure is not destroyed at this stage. With the continuous increase in the load, when the original structure cannot resist the external load, the original structure of the soil is damaged, and part of the deformation can be recovered. The arrangement between primary cracks and soil particles reaches the densest state, cracks begin to appear on the surface of the sample, and the compressive strength of the sample reaches the maximum, which belongs to the elastic–plastic stage. When the peak strength is reached, the cracks on the surface of the sample continue to develop, and the sample’s compressive strength begins to decrease. When the soil structure cannot resist the external load, cracks penetrate the surface of the sample, dislocation occurs between soil particles, and the sample is fractured.



For the remolded loess sample (Figure 11b), the sample does not have the original structure and other characteristics of the undisturbed loess, but the stress–strain curve of the remolded loess also exhibits strain-softening characteristics. Due to the recombination and arrangement of the soil particles of the remolded loess, the fluctuation of the compressive strength is small, and the compressive strength of the remolded loess is lower than that of the undisturbed loess. The ability of the remolded loess to resist external loads is weak. However, the failure mechanism of remolded loess is similar to that of undisturbed loess, both of which are the continuous development of vertical cracks in the sample, resulting in the loss of soil strength.




4.3. Elastic Modulus


The elastic modulus is one of the engineering parameters related to strength. Therefore, according to the interpretation of the initial elastic modulus by Chen et al. [35] and Xie et al. [36], the initial elastic modulus of the soil is obtained based on the curve in the initial deformation stage in the stress–strain curve showing a linear change stage.



Figure 12 shows the relationship between the initial elastic modulus of undisturbed loess and remolded loess and the number of freeze–thaw cycles. The elastic modulus of the undisturbed loess is higher, because the original structure of the undisturbed loess makes the soil stiffness larger, while the remolded loess has no structure, so the initial elastic modulus is smaller. Therefore, the elastic modulus of the loess without freezing and thawing is not included in the analysis. Through the fitting relationship, it is found that there is an exponential relationship between the elastic modulus of loess and the number of freeze–thaw cycles. The fitting degree of undisturbed loess is relatively high (R2 = 0.80172), which indicates that the elastic modulus of undisturbed loess shows an exponentially decreasing trend with the increase in freeze–thaw cycles. With the void increases, the compressive strength of the undisturbed loess decreases, and its strength tends to be stable with the increase in freeze–thaw cycles. For the remolded loess, with the increase in the number of freeze–thaw cycles, its elastic modulus changes gradually, and the fitting degree between the values is low. This may be due to the low strength of the remolded loess itself and the high compressibility between soil particles. The effects of freeze–thaw cycles on soil elastic modulus are roughly the same, so the fitting curve is relatively smooth, and the fitting degree is poor.





5. Conclusions


In this paper, taking loess as the test material, the mechanical properties and microscopic mechanism of soil under the freeze–thaw cycle were analyzed by unconfined compressive strength test and microscopic test, and the change law of original loess and remolded loess was compared. The main conclusions are as follows:



	
With an increasing number of freeze–thaw cycles, the unconfined compressive strength of undisturbed loess and remolded loess first increases and then decreases as the strain increases, and the stress–strain curve exhibits strain-softening characteristics. During the freeze–thaw cycle, through the mutual conversion of free water to ice water inside the sample, the structure of the loess is destroyed. At the same time, due to the influence of the primary structure, the unconfined compressive strength of the undisturbed loess is higher than remolded loess.



	
The unconfined compressive strength of undisturbed loess and remolded loess decreases after 6 freeze–thaw cycles, and the strength increases after 8 to 20 freeze–thaw cycles.



	
It can be seen from the SEM images that with increasing freeze–thaw cycles, the large particles inside the sample gradually decompose into small particles, increasing the fine particles inside the sample. At the same time, the larger pores inside the sample gradually reduce in size. With the increase in the number of freeze–thaw cycles, the particles inside the soil become denser, and the strength increases.



	
The mineral composition of loess after freeze–thaw cycles are studied, and it is found that the internal composition of loess did not change significantly, and the mineral content is stable. Therefore, the effect of freeze–thaw cycles on the mineral composition of loess can be ignored in engineering.






The soil used in the whole experiment came from the seasonal frozen soil area in Qinghai, China. Due to the regional nature of the loess, more detailed research and analysis need to be carried out over a longer period. Based on this study, it was found that undisturbed loess had better mechanical properties when used as a building material, but the freeze–thaw effect had a great influence on the structure of undisturbed loess. To ensure the safety of the loess building structure, the loess can go through two to four freeze–thaw cycles during the project. At the same time, the research results present a reference value for loess construction projects.







Author Contributions


Conceptualization, B.X. and W.Z.; methodology, W.Z.; validation, B.X. and L.L.; formal analysis, B.X.; investigation, L.L. and Y.H.; resources, X.S.; data curation, X.S., L.L. and Y.H.; writing—original draft preparation, B.X.; writing—review and editing, W.Z. and X.S.; visualization, X.S.; supervision, W.Z.; project administration, B.X., W.Z. and Y.H.; funding acquisition, W.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was sponsored by the National Natural Science Foundation of China (Grant Number: 52168054), Hunan University Project (Project Name: Technology and engineering application of improving the bearing capacity of sunken pipe pile with expanded bottom in collapsible loess area, 2021 (0097)), and Qinghai Province Science and Technology Project (Grant Number: 2020-ZJ-738).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cui, J.; Xie, B.L.; Ji, G.; Ji, X.; Zhang, W. Experimental Study on the Permeability of Fly Ash Soil-cement. Sci. Technol. Eng. 2019, 19, 323–329. [Google Scholar]

	



Wang, L.; Yuan, Z.X.; Wang, G. Study on method for preliminary and detailed evaluation on liquefaction of loess sites. China Earthq. Eng. J. 2013, 35, 1–8. [Google Scholar]

	



Tian, H. Culture-Oriented Research of Residential Building Material and Construction Design Method in the Loess Area. Master’s Thesis, Xi’an University of Architecture and Technology, Xi’an, China, 2013. [Google Scholar]

	



Lee, J.; Kim, S.; Hwang, G. Changes in physical properties and its metal removal efficiency for the yellow soils by calcination process. J. Korea Acad. Ind. Coop. Soc. 2017, 18, 584–591. [Google Scholar]

	



Wang, T. Study on the Green Experience of Traditional Residential Buildings in the Loess Plateau. Master’s Thesis, Beijing University of Civil Engineering and Architecture, Beijing, China, 2018. [Google Scholar]

	



Yang, S.; Wi, S.; Cho, H.; Park, J.; Yun, B.; Kim, S. Developing energy-efficient temporary houses for sustainable urban regeneration: Manufacturing homes with loess, pearlite, and vermiculite. Sustain. Cities Soc. 2020, 6, 102287. [Google Scholar] [CrossRef]

	



Hwang, H.; Lee, J.; Yang, J.; Cheng, L. An experimental study for basic properties of hwangto binder. J. Archit. Inst. Korea 2008, 24, 79–86. [Google Scholar]

	



Zheng, X.; Ma, W.; Bing, H. Impact of Freezing and Thawing Cycles on the Structures of Soil and a Quantitative Approach. J. Glaciol. Geocryol. 2017, 37, 132–137. [Google Scholar]

	



Tang, L.; Tian, S.; Ling, X.; Li, G.; Zhou, G. Effect of Freeze-Thaw Cycles on the Strength of Base Course Materials Used under China’s High-Speed Railway Line. J. Cold Reg. Eng. 2017, 31, 06017003. [Google Scholar] [CrossRef]

	



Zhou, Z.; Ma, W.; Zhang, S.; Li, G. Effect of freeze-thaw cycles in mechanical behaviors of frozen loess. Cold Reg. Sci. Technol. 2018, 146, 9–18. [Google Scholar] [CrossRef]

	



Zhou, Z.; Ma, W.; Zhang, S.; Cai, C. Damage evolution and recrystallization enhancement of frozen loess. Int. J. Damage Mech. 2018, 27, 1135–1155. [Google Scholar] [CrossRef]

	



Zhang, W.; Guo, A.; Cheng, L. Effects of Cyclic Freeze and Thaw on Engineering Properties of Compacted Loess and Lime-Stabilized Loess. Mater. Civ. Eng. 2019, 31, 04019205. [Google Scholar] [CrossRef]

	



Zhao, J.; Ju, Y. Test Research on Influence of Freezing and Thawing Cycle on Undisturbed Loess in Yonghe. Sci. Technol. Eng. 2016, 16, 269–272. [Google Scholar]

	



Ye, W.; Li, C.; Dong, X.; Liu, Z.; Peng, R.; Wang, Y.; Wu, Y.; Sun, R.; Wei, W. Study on Damage Identification of Loess Microstructure and Macromechanical Response under Freezing and Thawing Conditions. J. Glaciol. Geocryol. 2018, 40, 546–555. [Google Scholar]

	



Zhou, Y.; Wu, X.; Dong, X.; Liu, H. Experimental Study on Strength Deterioration of Remolded Loess Under Freeze-Thaw Cycles. Railw. Eng. 2018, 58, 78–80. [Google Scholar]

	



Li, G.; Wang, F.; Ma, W.; Fortier, R.; Mu, Y.; Hou, X. Variations in Strength and Deformation of Compacted Loess Exposed to Wetting-drying and Freeze-thaw Cycles. Cold Reg. Sci. Technol. 2018, 151, 159–167. [Google Scholar] [CrossRef]

	



Zhou, H.; Zhang, Z.; Feng, W.J.; Ming, J.; Zhang, Z. Determination of long-term strength of frozen loess after numerous freeze-thaw cycles. Sci. Cold Arid. Reg. 2014, 6, 494–498. [Google Scholar]

	



Zhang, S.; Ni, J.; Ma, L.; Li, X.; Li, X. Experimental Study on Mechanical Properties of Cement Soils and Fly Ash Soils after Freeze-thaw Cycling. J. Water Resour. Water Eng. 2018, 29, 196–201. [Google Scholar]

	



Liu, C.; Lv, Y.; Wu, X. Effects of Freeze-thaw Cycles on the Unconfined Compressive Strength of Straw Fiber-reinforced Soil. J. Geotext. Geomembr. 2020, 48, 581–590. [Google Scholar] [CrossRef]

	



Xu, J.; Wang, Z.; Ren, J.; Yuan, J. Comparative Experimental Study on Permeability of Undisturbed and Remolded Loess under Freezing-thawing condition. J. Eng. Geol. 2017, 25, 292–299. [Google Scholar]

	



Wei, Y.; Yang, G.; Ye, W.; Wang, L. Factorial Experiment on Unconfined Compression Strength of Freeze-thawing Loess. J. Xi’an Univ. Sci. Technol. 2019, 39, 103–111. [Google Scholar]

	



Zhang, Z.; Zhou, H.; Qin, Q.; Bing, H.; Wu, J.; Zhou, P. Experimental Study on Porosity Characteristics of Loess under Freezing-thawing Cycle. J. Jilin Univ. 2017, 47, 839–847. [Google Scholar]

	



Yang, G.; You, Z.; Wu, D.; Zhao, L. Experimental Study on the Relation of Undisturbed Loess’Pore Size Distribution and Mechanical Property under Freezing-thawing Environment. Coal Eng. 2019, 51, 107–112. [Google Scholar]

	



Zhao, L.; Yang, G.; Wu, D. Micro Structure and Fractal Characteristics Loess under Freeze-thaw Cycles. Chin. J. Undergr. Space Eng. 2019, 15, 1680–1690. [Google Scholar]

	



Ning, J.; Wang, Y.; Zhang, C. Influence of Initial Water Content and Freeze-thaw Cycles on Microstructure of Loess. Sci. Technol. Eng. 2018, 18, 285–290. [Google Scholar]

	



Zhang, Y.; Bing, H. Experimental Study of the Effect of Freezing-thawing Cycles on Porosity Characters of Silty Clay by Using Mercury Intrusion Porosimetry. J. Glaciol. Geocryol. 2015, 37, 169–174. [Google Scholar]

	



Chen, W.; Zhang, W.; Ma, Y.; Chang, L.; Wang, M. Mechanism of Changes in Microstructure of Compacted Loess Based on Triaxial Test. J. China Earthq. Eng. 2014, 36, 753–758. [Google Scholar]

	



Wu, W.; Zhang, W.; Ma, Y.; Liu, L.; Sui, Y. Experimental study on microstructure change of intact loess based on GDS dynamic triaxial test. J. Qinghai Univ. 2018, 36, 54–60. [Google Scholar]

	



Gao, Y.; Ma, Y.; Zhang, W.; Guo, J. Analysis of humidifying deformation characteristics and microstructure of loess in Xining Area. J. Eng. Geol. 2019, 27, 803–810. [Google Scholar]

	



GB/T50123-2019; China Planning Press, Standard for Soil Test Method. The Professional Standards Compilation Group of People’s Republic of China: Beijing, China, 2019.

	



Long, J.; Zhang, L.; Xing, X.; Guo, X. Study on the strength and microstructure of loess under freeze thaw based on temperature path. J. Coal Geol. Explor. 2021, 49, 242–249. [Google Scholar]

	



Fu, X.; Zhang, Z.; Yang, C.; Yun, Q.; Min, J. Study on geometric type changes of Fuping loess microstructure under freeze-thaw cycles. J. Glaciol. Geocryol. 2021, 43, 484–496. [Google Scholar]

	



Zhang, L. Study on Shear Strength and Microstructure of Loess under Freeze-thaw Cycles. Master’s Thesis, Taiyuan University of Technology, Taiyuan, China, 2021. [Google Scholar]

	



Li, W. Comparative Study on Pure Shear Creep Mechanical Properties of Jingyang Q2 Original and Remolded Loess. Master’s Thesis, Xi’an University of Science and Technology, Xi’an, China, 2017. [Google Scholar]

	



Chen, T.; Bi, G.; Chen, G.; Yang, H.; Niu, F.; Mu, Y.; Luo, J. Laboratory Study on Effect of Cyclic Freeze-Thaw on the Uniaxial Compressive Properties of Clayey Coarse-Grained Soils. J. Glaciol. Geocryol. 2019, 41, 587–594. [Google Scholar]

	



Xie, B.; Zhang, W.; Sun, X.; Liu, L.; Liu, C. Study on the influence of lime-improved loess strength based on different temperature control curves. J. Glaciol. Geocryol. 2021, 44, 263–274. [Google Scholar]








[image: Buildings 12 00795 g001 550] 





Figure 1. Topography map of China. 
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Figure 2. Sample preparation flow chart. (a) Wrapped in plastic; (b) marked sample; (c) sealed sample; (d) freeze–thaw cycle test box. 
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Figure 3. Temperature curve. (a) Winter temperature change curve in Xining (in recent years); (b) sine curve set during the test. 
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Figure 4. Physical property curve of Xining loess. (a) Grain size distribution of Xining loess; (b) compaction curve of Xining loess. 
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Figure 5. XRD diffraction pattern of loess. 
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Figure 6. Microscopic image of loess. 
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Figure 7. SEM images of undisturbed loess at different freeze–thaw cycles (500 times). (a) The number of freeze–thaw cycles is 0. (b) The number of freeze–thaw cycles is 2. (c) The number of freeze–thaw cycles is 6. (d) The number of freeze–thaw cycles is 10. (e) The number of freeze–thaw cycles is 15. (f) The number of freeze–thaw cycles is 20. 
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Figure 8. SEM images of remolded loess at different freeze–thaw cycles (500 times). (a) The number of freeze–thaw cycles is 0. (b) The number of freeze–thaw cycles is 2. (c) The number of freeze–thaw cycles is 6. (d) The number of freeze–thaw cycles is 10. (e) The number of freeze–thaw cycles is 15. (f) The number of freeze–thaw cycles is 20. 
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Figure 9. XRD patterns of loess under different freeze–thaw cycles. (a) The number of freeze–thaw cycles is 0. (b) The number of freeze–thaw cycles is 2. (c) The number of freeze–thaw cycles is 6. (d) The number of freeze–thaw cycles is 20. 
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Figure 10. Relationship between the compressive strength of loess and the number of freeze–thaw cycles at different freeze–thaw cycles. 
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Figure 11. Stress–strain curves of loess with different freeze–thaw cycles. (a) Undisturbed loess. (b) Remolded loess. 
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Figure 12. Relationship between the initial elastic modulus of loess and the number of freeze–thaw cycles. 
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Table 1. Test list.
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Type of Soil

	
Freeze–Thaw Cycle Test

	
UCS Test

	
SEM Test

	
XRD and XRF Test






	
Undisturbed loess

	
(1) Freeze–thaw cycles were

0, 2, 4, 6, 8, 10, 15, 20

	
Each group has 3 samples, a totalof 48 samples

	
Each group has 2 samples, a totalof 32 samples

	
Each group has 2 samples, a totalof 32 samples




	
Remolded

loess

	
(2) The freezing and thawing temperature was set as ±15 °C




	
(3) 12 h for freezing and 12 h for thawing as a cycle
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Table 2. Basic physical and mechanical properties of loess.
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	Specific Gravity of Soil Solids

(Gs)
	Natural Water Content (%)
	Dry Density

(g/cm3)
	Liquid Limit

(%)
	Plastic Limit

(%)





	2.71
	13.40
	1.72
	25.30
	13.95
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Table 3. Total elemental analysis of loess.
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	Chemical Constituent (Mass%)

Freeze–Thaw Cycles
	SiO2
	Al2O3
	CaCO3
	MgO
	K2O
	Na2O
	Fe2O3
	Others





	0 times
	48.0
	13.5
	25.9
	3.15
	2.74
	1.26
	4.17
	1.28



	2 times
	48.8
	14.0
	24.4
	3.25
	2.84
	1.32
	4.28
	1.11



	6 times
	49.4
	13.7
	24.1
	3.27
	2.82
	1.35
	4.28
	1.08



	10 times
	49.1
	13.5
	24.8
	3.13
	2.70
	1.30
	4.28
	1.19



	20 times
	48.8
	13.5
	24.4
	3.06
	2.85
	1.29
	4.80
	1.30
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