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Abstract

One of the causes of damage in cold area projects is the freeze-thaw cycling action, which causes large changes

in soil strength, resulting in soil deformation and destroying its soil stability. In order to investigate the effect of

water content on the mechanical parameters of red clay soil under the action of freeze-thaw cycles, the

solidification undrained triaxial test and consolidation test were carried out with red clay soil in Changzhi area,

Shanxi Province, as the research object. The test results show that the stress-strain curve is hardening curve,

with the increase of water content, the maximum shear stress, cohesion, internal friction angle, elastic modulus,

compression modulus and shear modulus are decreasing, and Poisson ratio is gradually increasing. The

mechanical parameters of 0 freeze-thaw cycles are greater than 12 freeze-thaw cycles. With the increase in

water content, the difference in shear stress between two freeze-thaw cycles was decreasing under the same

circumferential pressure. 0 freeze-thaw cycles, the decreasing trend of cohesion increased from 4.48% to

35.88%, and the elastic modulus decreased up to 69.61%. 12 freeze-thaw cycles, the decreasing trend of

cohesion decreased from 65.38% to 5.93%, and the elastic modulus showed a linear decreasing relationship. The

decreasing trend of the internal friction angle remained consistent with the gradual increase. The Poisson ratio

was 0.21-0.29 and 0.24-0.31 for the two cycles, respectively. The shear modulus at 0 freeze-thaw cycles was

1.86-1.16 times higher than that at 12 freeze-thaw cycles, and the difference decreased gradually with the

increase in water content.The increase in water contentmade the soil more prone to shear deformation.

IntroductionOne reason for damage in cold area projects is the freeze-thaw cycle effect, which causes large changesin soil strength and deformation of the soil, and the reason for inducing this change is that the freeze-thawcycle changes the internal structure of the soil and destroys its soil stability1-3. Red clay in China is mainlydistributed in Guangxi, Yunnan and Guizhou areas, but they also distributed it in some areas of Shanxi. Themain components of red clay are kaolinite and illite, red clay with swelling characteristics contains a smallamount of montmorillonite, which belongs to the medium characteristics of swelling soil 4-9, and red clay inChangzhi area of Shanxi has certain swelling characteristics, cold season, the temperature will be to minus adozen degrees Celsius, red clay will freeze and swell, and the freezing of red clay will melt when thetemperature rises, and this repeatedly, will inevitably The red clay structure will be damaged and the mineand slope works in the area will be threatened.Moisture content is an important influencing factor in the variation of soil properties. Changes in water
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content change the state of connection and contact between particles within the soil, thus significantlyaffecting the macroscopic properties of the soil10-12. Ahmed et al. investigated the physical and mechanicalproperties of silt soils with different water contents, and from them, found the optimum water content foroptimal physical and mechanical properties13. In combination with triaxial tests, Xu et al. investigated theeffect of water content on the strength of frozen loess and showed that the water content had a significanteffect on the stress-strain curve and dominated the evolution of mechanical properties 14.As is known to all, the freeze-thaw cycles have an important effect on the mechanical parameters ofsoils. Therefore, many scholars have conducted more studies on soils under freeze-thaw cycles. The resultsfrom previous studies show that the shear strength and elastic modulus of soils decrease with the increasein the number of freeze-thaw cycles and Poisson’s ratio increases with the increase in the number offreeze-thaw cycles15-16. In addition, Shastri et al. investigated the effect of freeze-thaw cycles on the shearstrength of soils by establishing an elasticity model, and they found that this method could capture the keycharacteristics of the mechanical behavior of frozen soils17. Liu et al. studied the shear strength and thestrength change mechanism by triaxial, studied the shear strength and the mechanism of strength change bytriaxial tests and microscopic observation18. Many scholars studied the mechanical behavior of clay underthe effect of freeze-thaw cycles by triaxial compression tests, and they found that the effect on themechanical properties became more and more significant with the increase in the number of freeze-thawcycles19 .Wang et al. studied the effect of freeze-thaw cycles on the shear strength of clay by using triaxialtests and proposed the concept of correction coefficient of strength index, and the study showed that the soilThe strength and angle of internal friction and cohesion gradually decrease and stabilize with the increase offreeze-thaw cycles20.Tian et al. investigated the triaxial test of freeze-thaw cycles on powdered clay withdynamic properties and found that freeze-thaw cycles increase the elastic strain of the soil, and the soilgradually develops from plastic damage to brittle damage as the surrounding pressure increases21. Cheng etal. found that saline soils exhibit strain hardening characteristics with or without freeze-thaw cycles bytriaxial consolidation tests, and used logistics functions to predict the degradation law of shear strengthindex22.The Poisson ratio is a very important mechanical parameter of soils and can be got in various ways.Among the soil mechanics studies and tests, instrumental measurements and theoretical derivations cancalculate it23-25.In recent years, more and more scholars have in-depth studies on freeze-thaw cycle consolidation tests.Wang et al. concluded that the thawing settlement of powdered clay increased after freeze-thaw cyclesbased on the measured settlement characteristics, and the settlement rate first increased and thendecreased and eventually stabilized 26.Ozgan et al. used consolidation tests to determine the effect of freeze-thaw on consolidated soils anddetermined that the consolidated settlement increased by 23% after a certain number of freeze-thawcycles27. Another part of scholars, used the changes in the internal microscopic pore structure of soils beforeand after consolidation by freeze-thaw cycles to elucidate the mechanism of freeze-thaw consolidation ofsoils28-29.From previous studies, the mechanical properties of red clay soils after freeze-thaw cycles have beenless studied. In this paper, we take remodeled red clay soils as the research object and systematically analyzethe laws of water content on the strength, cohesion, internal friction angle, elastic modulus and compressionmodulus of red clay soils after freeze-thaw cycles through triaxial tests and consolidation test studies after 0freeze-thaw cycles and 12 freeze-thaw cycles of stabilization. The Poisson's ratio and shear modulus of thered clay are calculated with the help of the Poisson's ratio derivation theory at the complete lateral limit.This paper can provide some reference value for cold area projects where red clay soils exist.



Materials andmethods

Samples preparation. It took the red clay used in this study from Changzhi area of Shanxi Province,China. The soil samples were drilled at the site and transported back to the laboratory. After air drying, thesoil samples were crushed and passed through a 2 mm fine sieve, and sufficient soil samples for test weretaken and put into an oven for drying. Because the moisture content of undisturbed soil in this area isbetween 17.0% and 23.7%, the soil samples of 15%, 18%, 21% and 24% are prepared according to therange of 3% moisture content difference. I put the allocated soil samples into the maintenance box for 24hours. After the maintenance, the triaxial test soil samples with the size of 39.1 mm × 80 mm and 20 mm ×61.8 mm were made, respectively. Each moisture content of 18 soil samples in the triaxial test was 72, andeach moisture content of 24 soil samples in the consolidation compression test was 96.
Experimental design. This experiment studies the effect of different water contents on the mechanicalparameters of remolded red clay under the action of freeze-thaw cycle. It described the test process asfollows. First, the prepared remolded red clay samples were divided into two groups. One group was notsubjected to freeze-thaw cycle test, and it subjected the other group to freezing at − 10 °C for 12 h, and thenthawing at 20 °C for 12 h. After each freeze-thaw process, the height of the sample was measured andrepeated until the measured height did not change and the freeze-thaw was stable. Second, consolidatedundrained triaxial shear tests with a shear rate of 0.008%/mm/min and confining pressures of 100 kPa, 200kPa and 300 kPa, respectively. Merged compression tests were conducted on soil samples with verticalpressures of 50 kPa, 100 kPa, 200 kPa and 400 kPa, respectively. It showed basic physical parameters of redclay in table 1.
Dry density ��/(g.cm-3) Proportion �� Liquid limit �� /% Plastic limit ��/% Free expansion rate/%

1.72 2.74 37.09 19.97 60

Table 1. Basic physical parameters of red clay
Measuring index

Triaxial compression test. The maximum shear stress, shear strength index, elastic modulus and shearmodulus of remolded red clay under different water content were got by merged undrained triaxialcompression test. Therefore, the effect of freeze-thaw cycles on the mechanical properties of remolded redclay can be analyzed by triaxial tests.
Consolidation compression test. The settlement displacement under different water content andpressure conditions was got through consolidation compression test, and the compression modulus of soilwas got through relevant calculation. Therefore, the effect of freeze-thaw cycle on the compressionperformance of remolded red clay can be analyzed by consolidation compression test.
Analysis of mechanical properties of red clay

Stress-strain cures. Solidified undrained triaxial compression tests were performed on triaxialspecimens of remodeled red clay with different number of freeze-thaw cycles (0, 12). The stress-straincurves of the remodeled red clay soil at different water contents are shown in Figure 1. Both after 0freeze-thaw cycles and after stabilization of freeze-thaw cycles (12 cycles), the soil samples at differentwater contents showed obvious strain hardening phenomenon. The reason for this phenomenon is that thesoil undergoes very obvious brittle damage after shear reaches the maximum shear stress.From Fig. 1, it can be seen that the maximum shear stress will accumulate with the increase of the



surrounding pressure when the water content is the same; when the surrounding pressure is certain, themaximum shear stress is gradually decreasing with the increase of the water content. Analysis that theenclosing pressure plays a very important role in the shear process, although the height of the specimen isreduced in the vertical direction, but its lateral will also produce a certain deformation, the particles in thevertical direction will be concentrated extrusion to the lateral region, and the enclosing pressure restrictsthe lateral deformation of the soil, but also bound the lateral movement of soil particles, so the larger theenclosing pressure, the stronger the restriction, the maximum shear stress will also increase with the strainand increases. As the shear deformation of soil is formed by the interaction movement between soil particles,with the increase in water content, the pour water inside the soil gradually increases, the interactionbetween soil particles weakens, and the maximum shear stress gradually decreases. 0 freeze-thaw cycles ofthe maximum shear stress are greater than 12 times after shear stabilization. With the increase in watercontent, the difference between them gradually decreases under the same surrounding pressure.The indexes of shear strength after 0 and 12 freeze-thaw cycles: internal friction angle and cohesionwere derived from the quasi-side of the molculon, as shown in Table 2. It can be seen from the table thatwith the increase of water content, the cohesion and internal friction angle of the remodeled red clay aredecreasing, and the analysis suggests that with the increase of water content, the weakly bound water insidethe soil gradually increases and free water gradually arises, and the contribution of structural suction to thecohesion is weakened, so that the cohesion gradually decreases. The decreasing trend of cohesion graduallyincreases from 4.48% to 35.88% at 0 freeze-thaw cycles. The decreasing trend of cohesive force is graduallydecreasing from 65.38% to 5.93%. the decreasing trend of internal friction angle is the same for 0freeze-thaw cycles and 12 freeze-thaw cycles, and it gradually increases with the increase of moisturecontent.

Figure 1.Stress-strain curves (a) Moisture content 15 %.(b) Moisture content 18 %.(c) Moisture content



21%.(d) Moisture content 24 %.
Moisture

content/%

0 freeze-thaw cycle 12 freeze-thaw cycles

Cohesion/(kPa) Internal friction

angle/(。)

Cohesion/(kPa) Internal friction

angle/(。)

15 137.91 22.65 137.61 16.31

18 132 16.6 83.21 17.43

21 112.13 8.59 70.75 12.54

24 82.52 3.84 66.79 5.33

Table 2. Shear strength index of remolded red clay under different moisture content.
Elastic modulus. Elastic modulus is defined as the material in the elastic deformation stage where thestress and strain become proportional to each other, i.e., it satisfies Hooke’s law. In the solidificationundrained triaxial test, the remodeled red clay undergoes elastic deformation when the strain is tiny, so itcan take the ratio of stress to strain as the elastic modulus of the remodeled red clay at that stage. From Fig.1, it can be seen that when the number of freezing and thawing is certain, in the elastic stage, the curves areapproximately parallel and the elastic modulus is approximately equal under different surroundingpressures at the same water content, so the average value of the elastic modulus under three surroundingpressures is taken at the same water content, and the calculation results are shown in Fig. 2.Whether it is not freeze-thaw cycle or freeze-thaw cycle after 12 times of stability, the elastic modulusdecreases with the increase of moisture content. The elastic modulus without freeze-thaw cycles were40.30,23.76,17.34 and 7.42 MPa, respectively. The maximum difference of elastic modulus was that themoisture content decreased by 69.61% from 15% to 18%. After 12 freeze-thaw cycles, the elastic modulusshowed a linear decrease. Under the same moisture content, the elastic modulus of 0 freeze-thaw cycles wasgreater than that of 12 freeze-thaw cycles after stabilization, but the degree of decrease was graduallyreduced, and the decrease was reduced from 82.06% to 14.33 %.

Figure 2. Elastic modulus of red clay with different moisture content
Poisson ratio. In the consolidation compression test, �z is the vertical pressure. Due to the lateralcomplete lateral limit, so : �x = �y = 0 (1)�x = �y (2)Where: �x is the strain in x-direction; �y is the strain in y-direction; �x is the stress in x-direction; �y is



the stress in y-direction.Using the generalized Hooke ' s law under three-dimensional stress state, according to formula ( 1 ) :�x = �x�0 − � �y�0 + �z�0 = 0 (3)Where: �0is the elastic modulus; � is the poisson ratio.Replace formula ( 2 ) with formula ( 3 ) by :�x = �1−��z (4)Consider �z : �z = �z�0 − � �x�0 + �y�0 = �z�0 (1 − 2�21−� ) (5)By substituting the lateral compression condition �z = �z�s ,then :�z�s = �z�0 (1 − 2�21−� ) (6)

�0 = �s(1 − 2�21−� ) (7)Therefore, Poisson ratio of soil can be determined by elastic modulus and compression modulus. It canbe seen from the known literature that the compression state corresponding to the pressure interval of 100kPa to 200 kPa is generally used to evaluate the compressibility of soil, the ratio of the vertical stressincrement ∆� (from�1to�2) and the corresponding strain increment ∆� under the condition of completelateral confinement, also known as the compression modulus, as shown in Formula (8 ):�s = ∆�∆� = ∆�∆� �1 (8)where: �1 indicates the height of the soil from a pressure at 100 kPa.Through the consolidation compression test, the corresponding compression amount under eachpressure is obtained, and the compression curve is plotted, as shown in Fig. 3 and Fig. 4. The compressionmodulus of each state is calculated by formula (8), and the corresponding Poisson ratio is calculatedaccording to formula (7), such as table 3. After 0 freeze-thaw cycles, the final heights corresponding to 15%,18%, 21% and 24% moisture contents were 19.84 mm, 19.645 mm, 19.572 mm and 19.172 mm,respectively. The final heights after 12 freeze-thaw cycles were 19.62 mm, 19.596 mm, 19.263 mm and18.881 mm. It can be seen from the figure that the settlement rate increases with the increase of watercontent, and increases with the increase of overlying load. The settlement of 0 freeze-thaw cycles is less thanthat of 12 freeze-thaw cycles. With the increase of overlying load, the settlement trend is almost linearlydecreased. The analysis shows that with the increase of water content and pressure, the pore water insidethe soil increases and the pore becomes larger. After the influence of pressure, the pore water discharges,and the effect on the internal pores of the soil, is more significant. The degree of compaction of the soilincreases, and the final settlement increases. Because of the repeated freeze-thaw effect, the internalstructure of soil changes, and it is more vulnerable to pressure, so the effect of settlement is more obvious.



Figure 3. Consolidation displacement during 0 freeze-thaw cycles

Figure 4. Consolidation displacement during 12 freeze-thaw cycles
Moisture content (%) Cycle number(times) �0(MPa) �s(MPa) �

15 0 40.30 45.36 0.21

12 22.18 26.51 0.24

18 0 23.76 27.65 0.23

12 16.60 19.85 0.25

21 0 17.34 20.49 0.24

12 11.11 15.10 0.30

24 0 7.42 9.79 0.29

12 6.49 8.85 0.31

Table 3. Values of elastic modulus, compressive modulus and Poisson ratio of red clay
It can be seen from the table that with the increase in water content, the elastic modulus andcompression modulus decrease without and after 12 freeze-thaw cycles. Without freeze-thaw cycles, themaximum difference of elastic modulus is 16.54 MPa, and the minimum difference is 6.42 MPa. Themaximum difference of compression modulus is 17.71 MPa, and the minimum difference is 7.16 MPa. Themaximum difference of elastic modulus was 5.5 MPa and the minimum difference was 4.62 MPa in 12freeze-thaw cycles. The maximum difference of compression modulus is 6.66 MPa, and the minimum



difference is 4.75 MPa. At the same moisture content, the elastic modulus and compression modulus withoutfreeze-thaw cycles are greater than 12 freeze-thaw cycles. The Poisson ratio increases with the increase inmoisture content, and the Poisson ratio is less than 12 freeze-thaw cycles without freeze-thaw cycles. In themoisture content range of 15% -24%, the Poisson ratio of 0 freeze-thaw cycles is 0.21-0.29, and the Poissonratio of 12 freeze-thaw cycles is 0.24-0.31.
Shear modulus. Known elastic modulus and Poisson ratio can calculate the shear modulus. For formula( 9 ) : � = �02(1+�) (9)where: � indicates the shear modulus.The shear modulus of 0 freeze-thaw cycles were 16. 65,9. 66,6. 99 and 2. 88 MPa, respectively. Theshear modulus after 12 freeze-thaw cycles were 8.94, 6.64, 4.27 and 2.48 MPa, respectively. Combined withthe Fig. 5, it can be seen that the shear modulus of 0 freeze-thaw cycles is greater than that of 12 freeze-thawcycles at the same moisture content. The larger the shear modulus is, the more difficult the sheardeformation of the soil is to occur, showing that the increase in the number of freeze-thaw cycles makes thesoil more prone to shear deformation. When the moisture content is 15%, 0 times is 1.86 times of 12 times,and when the moisture content is 24%, 0 times is only 1.16 times of 12 times. It shows that, with theincrease in moisture content, the influence of freeze-thaw cycles on shear modulus is getting smaller andsmaller. With the increase in water content, the shear modulus decreases linearly, showing that the increasein water content makes the shear deformation of soil increase, and the more prone to shear failure.

Figure 5. Shear modulus of red clay
ConclusionIn this study, the freeze-thaw cycle test of remolded red clay in Changzhi area of Shanxi Province was carriedout. Through mechanical test and theoretical derivation, the mechanical parameters of remolded red clayunder different moisture content are got, and some rules are found out. The results can be summarized :1. Under the action of freeze-thaw cycles, the soil shows the trend of strain hardening, and the maximumshear stress increases with the increase of the surrounding pressure when the water content is certain;when the surrounding pressure is certain, the maximum shear stress gradually decreases with theincrease of the water content.2. The shear strength indexes of the soils change in the same trend under 0 and 12 freeze-thaw cycles, and



the cohesion and internal friction angle decrease gradually with the increase of water content. Thedecreasing trend of the internal friction angle remained the same, and accumulated with the increase inwater content.3. The elastic modulus, compressive modulus, Poisson’s ratio and shear modulus of the soil were derivedusing triaxial and consolidation tests and combined with theoretical derivation. With the increase inwater content, the elastic modulus, compressive modulus and shear modulus decreased and Poisson’sratio increased, and the mechanical parameters at 0 freeze-thaw cycles were greater than those at 12freeze-thaw cycles. The elastic modulus decreased by 69.61% at most at 0 freeze-thaw cycles andlinearly at 12 freeze-thaw cycles. The Poisson ratio was 0.21~0.29 at 0 freeze-thaw cycles and0.24~0.31 at 12 freeze-thaw cycles. The shear modulus at 0 freeze-thaw cycles was 1.86~1.16 timeshigher than that at 12 freeze-thaw cycles, and the increase in water content made the soil more proneto shear deformation.
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