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Abstract: Phase change materials (PCMs) can store large amounts of energy in latent heat and release it during phase changes, which could be used to improve the freeze-thaw performance of soil. The composite phase change material was prepared with paraffin as the PCM and 8% Class C fly ash (CFA) as the supporting material. Laboratory tests were conducted to reveal the influence of phase change paraffin composite Class C fly ash (CFA-PCM) on the thermal properties, volume changes and mechanical properties of expansive soil. The results show that PCM failed to establish a good improvement effect due to leakage. CFA can effectively adsorb phase change materials, and the two have good compatibility. CFA-PCM reduces the volume change and strength attenuation of the soil, and 8 wt.% PCM is the optimal content. CFA-PCM turns the phase change latent heat down of the soil and improves its thermal stability. CFA-PCM makes the impact small of freeze-thaw on soil pore structure damage and improves soil volume change and mechanical properties on a macroscopic scale. In addition, CFA-8 wt.% PCM treated expansive soil has apparent advantages in resisting repeated freeze-thaw cycles, providing a reference for actual engineering design.
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1  Introduction

Expansive soil, extensively distributed worldwide, is a highly plastic clay rich in hydrophilic solid minerals, such as montmorillonite and illite [1,2]. It has the characteristics of fissure-prone, strong attenuation and strong expansion and contraction. As a result, expansive soil is also called “expanding and shrinking soil”. It is prone to expansion and contraction deformation because of changes in external temperatures, which will cause the destruction of the soil structure and the sharp weakening of shear strength. Therefore, it is a typical “cancer soil” in the engineering field [3,4]. Many engineering practices show that expansive soil should not be directly used for cold regions and must be treated [5–7]. At present, to reduce the impact of freeze-thaw (F-T) cycles on the deterioration of expansive soils, chemical agents such as lime [8] and cement [9,10] are usually selected as curing agents. Their reaction with water and soil particles changes the structure and composition of the soil, which can reduce the water absorption and expansive properties of the expansive soil, while, the mechanical properties of the soil are improved. For a long time, lime and cement have been used as chemical stabilizers to prevent expansive soil from being damaged by freezing. However, their effectiveness gradually declines over time. For this reason, given the harsh environmental conditions in the cold region, it is urgent to find a new treatment technology that can actively and efficiently improve the freeze-thaw properties of the expansive soil in the cold region.

Phase change materials (PCMs), as an environmental protection and high-performance material, have a significant ability to store energy and improve thermal stability [11–13]. PCMs have been widely used in solar energy utilization [14], building thermal insulation [15], battery thermal management [16] and other fields of energy storage and temperature control [17–19]. Many achievements have been made in improving the low-temperature crack resistance and durability of concrete [20] and asphalt pavement [21]. Manning et al. [22] found that the cooling/heating rate of hot-mixed asphalt fused with PCM is significantly reduced. Lecompte et al. [23] studied the thermal properties of cement mixed with PCM and found that using 30% (volume ratio) phase change material reduces the depth of heat penetration by 50%. Farnam et al. [24] applied paraffin and methyl laurate as PCM to the concrete pavement structure, showing good ice and snow melting performance. The above PCMs show promising results in controlling the high and low-temperature fluctuations of engineering structures, which provide a theoretical basis to improve the F-T performance of expanded soils in cold regions.

Phase change paraffin is widely used in energy storage applications because of its high phase change latent heat, small volume change, non-toxicity, low cost and controllable phase change temperature. However, leakage problems of paraffin waxes during solid-liquid transition limit their application in construction materials such as asphalt, concrete and walls [25]. When paraffin is mixed too much in the soil, and the solid-liquid phase change occurs, the capillary pores in the soil cannot accommodate the excessive amount of paraffin, which leads to its easy seepage surface the soil. Mahedi et al. [26] incorporated liquid paraffin directly into the loess and found that the high dose of PCM had significant leakage and failed to improve the F-T properties of the soil, which suggests that it is important to find a suitable incorporation method. There is a need to develop shape-stable or shape-stable composites by inserting paraffin into porous materials as a support matrix. Adsorption is an effective method for the preparation of stable phase change composites [27]. Liu et al. [28] used n-dodecane to penetrate carbon to obtain phase change composites with high latent heat and no fading after repeated cycles. Chen et al. [29] created phase change composites by mixing activated carbon with lauric acid, charging capric acid as a phase change medium, and adding halloysite as the support material. Through laboratory experiments, Ji et al. [30] found that the organic PCM dispersed in the thin graphite foam grid has high thermal stability. In their study, the adsorption method was shown effective to inhibit the leakage of phase change paraffin.

In this study, PCM was treated with Class C fly ash (CFA) as the supporting material (CFA-PCM). CFA is a kind of industrial solid waste, which can improve the strength of the soil. CFA is a porous spherical fine particle with a certain activity, which has specific adsorption properties. This is because the CFA bead wall has a porous structure with porosity as high as 50%–80%. Compared with previous adsorption methods, it is a simple operation, cheap, and suitable for engineering construction. The F-T properties of PCM and CFA-PCM were evaluated using filter paper method, volume change, unconfined compressive strength. The scanning electron microscope and differential scanning calorimetry are used to test determine structurally and energetic changes. Further recommendations are provided on PCM content, incorporation method, and chemical stability.

2  Materials and Sample Preparation

2.1 Materials

2.1.1 Expansive Soil

This study chooses the expansive soil from the water-conveyance canal at the northern Xinjiang Project site (see Fig. 1). The sampling depth of 1∼2 m, the soil is representative whose color is yellowish-brown. According to the Chinese standard for soil test method (GB/T 50123-2019, 2019) [31], the basic physical properties and mineral composition are shown in Table 1. The cumulative curve of particle size gradation is shown in Fig. 2. Among them, the uneven coefficient of the soil is 16, and the curvature coefficient is 1.56, which shows a good gradation. An X-ray diffractometer was used to measure the mineral components. It can be found that montmorillonite is the main mineral component of expansive soil, indicating that expansive soil has a high degree of expansion and contraction.
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Figure 1: Photo of the canal location and scene
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Figure 2: Gradation curve of expansive soil and class C fly ash
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2.1.2 Fly Ash

The fly ash comes from Henan Power Plant and is Class C fly ash (CFA). With 16.2% fineness (5 μm sieve residue), 4.71% ignition loss, 1.12 g/cm3 bulk density and 0.85% moisture content. As shown in Table 2, the additive has the following main chemical compositions. The cumulative curve of particle size gradation is shown in Fig. 2.
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2.1.3 Phase Change Material

A commercially available paraffin-based PCM from a manufacturer certified by a CCS (Chinese Chemical Society) was chosen (see Fig. 3). It has low price, large latent heat and appropriate thermal characteristics such as little or no supercooling, low vapor pressure, etc. Because the average annual temperature along the canal is 3.4°C, the selected PCM has a phase change temperature of 4.5–5.5°C. The PCM is colorless and odorless in appearance, and the PCM is liquid at room temperature. Its phase change enthalpy is 258.0 J/g, and its specific gravity is 0.76 kg/L. During phase changes, there is also little expansion or contraction, and its performance is stable at high and low temperatures.
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Figure 3: Phase change material

2.2 Sample Preparation

The unprocessed expansive soil was tumbled, naturally dried and crushed, and then passed through a 2 mm sieve. A moisture content of 5.18% is found in the sieved soil. First, 8% (by weight of dry soil) of CFA was added to the air-dry soil, and after mixing well, PCM was added to the air-dry soil and mixed well according to the mixing ratios (5%, 8% and 10% by weight of dry soil) of the test target. After that, evenly spray distilled water into the soil, mix well and put it into a sealed bag to smother the material for one day and night so that the moisture is evenly distributed. Use the standard sample preparation machine and automatic release mechanism to make samples. The compaction of all samples was controlled to be 95%, 18.4% moisture content, 80 mm height, and 39.1 mm diameter. The prepared samples were wrapped with cling film and grouped and numbered as shown in Table 3. For example, “IC-P8” means CFA stabilizes the sample, 8% PCM content, and so on. Before the F-T cycle test, all samples were placed in sealed bags to cure for 7 days.
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3  Methods

3.1 Freeze-Thaw (F-T) Cycle Tests

Testing for F-T cycles is sensitive to different freezing temperatures and times [32], and a majority of the current F-T cycle tests use these methods: freeze for 12 h at −20°C; thaw for 12 h at 20°C, which is too general and not targeted. Fig. 4 shows the surface temperature distribution observed by a weather station along the main canal section of the northern Xinjiang canal from 2013 to 2014. The annual average temperature is below 0°C for about 4 months (2013/11/20∼2014/3/19); this process can be regarded as the soil has experienced a freeze. The average temperature is above 0°C for about 8 months (2014/3/19∼2014/11/11); this process can be regarded as the soil has experienced thaw. From the above canal temperature changes, it is finally determined that the laboratory simulated on-site freeze state temperature is −21.5°C, and the duration is 12 h; the simulated on-site thaw state temperature is 22.5°C, and the time is 24 h. According to the experimental conclusions of predecessors [33,34], seven F-T cycles will be performed on the sample. All processes are set in the programmable low and high-temperature test machine of the Institute of Cold and Drought Environment and Engineering, Chinese Academy of Sciences.
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Figure 4: Average temperature of the canal (2013 to 2014)

3.2 Filter Paper Method

Many studies have found that high-volume paraffin-based liquid PCMs will seep out of building materials such as cement and soil [25,26]. In this study, CFA was selected as a stabilizer. CFA had good adsorption properties and can inhibit the exudation of paraffin oil to a certain extent. We cut a 2 cm3 cube from the center of the sample and placed it on a d11 cm medium-speed filter paper to observe the seepage of paraffin oil on the filter paper. The lighter the color and the smaller the area, the less paraffin exudation and the better the resistance of the CFA to paraffin exudation.

3.3 Differential Scanning Calorimetry (DSC) Tests

Differential scanning calorimetry (DSC) was used to test the phase transformation temperature and latent heat ⋅of the samples. The test instrument is the QL-2000 Differential Scanning Calorimeter of the Institute of Cold and Drought Environment and Engineering, Chinese Academy of Sciences. The cooling and heating rate was set to 5 °C/min. Using a high-precision balance with a 10–4 g accuracy, the sample was weighed with a weight of 10 ± 2 mg. A test was performed by lowering the temperature slowly to −20°C for 2 min, and then increasing it to 20°C. A sample was kept at 20°C for 2 min before being cooled down to −20°C. The DSC curves were taken from the 2nd temperature cycle to eliminate the pre-temperature course of the sample on the DSC test results.

3.4 Volume Change Tests

Five parallel samples were set up in each group for the volume change tests. Every time the sample is frozen and thawed, measure its volume with a digital vernier caliper. Height and diameter were measured three times each in the vertical direction on each end of the cross-section. Then take the average of each to calculate the volume of the sample. An electronic balance monitors a sample quality change after each sample size measurement is complete to avoid water loss.

3.5 Unconfined Compressive Strength (UCS) Tests

An unconfined compression tester was used to perform these UCS tests, as shown in Fig. 5. The test was carried out at the Nanjing Institute of Water Conservancy Science. Testing was done on samples after 0 (initial state), 1, 3, and 7 F-T cycles. Computers automatically collect the test data in three parallel tests conducted. The shear test set the strain rate was 1%/min and stopped when the axial strain reached 20%.
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Figure 5: Flow chart of the study

3.6 Scanning Electron Microscope (SEM) Tests

The microscopic test was carried out using the SU8020 cold field emission SEM of the Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences. For the samples undergoing different F-T cycles, a soil sample with a volume of 5 mm × 5 mm × 5 mm was cut from a specific site at the center. Then spray the metal coating and put it into the SEM sample region together with the base. By adjusting the position of the sample, focus near the observation region, and select representative points to take pictures.

4  Results and Discussion

4.1 Exudation of Paraffin

Paraffin is a solid-liquid PCM [35]. When the amount of paraffin in the soil is too high, the capillary pores cannot hold the excess paraffin, making it easy to seep from the surface. This experiment tested the paraffin exudation of samples under different paraffin content, as shown in Figs. 6a–6c. When the paraffin content was 5%, there were no prominent oil spots on the filter paper under the sample, which means there was no paraffin exudation. When the paraffin content is 8%, there were obvious oil spots formed by paraffin exudation on the filter paper, which means there was paraffin exudation. It can be judged that the maximum content of paraffin without leakage is between 5% and 8%. Similarly, the anti-paraffin exudation properties of CFA-PCM under different paraffin content were tested, and the results are shown in Figs. 6d–6f. It can be found that the maximum content of paraffin in CFA-PCM that does not leak is between 8% and 10%. The capacity of the sample to store paraffin increased by 3%.
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Figure 6: Exudation of PCM in the samples (inside the dashed line is the exuded PCM) (a) I-P5 (b) I-P8 (c) I-P10 (d) IC-P5 (e) IC-P8 (f) IC-P10

Expansive soil is a kind of cohesive soil, which contains more hydrophilic clay minerals such as montmorillonite, and has specific adsorption properties [36]. The clay minerals (such as montmorillonite) adsorb part of the PCM when in contact with it. At the same time, the capillary pores between the soil particles can contain a small amount of paraffin, so the low content of PCM will not leak. CFA is a porous spherical fine particle with a particular activity, has a specific adsorption performance and a strong gelling effect, and can form a three-dimensional network structure with soil particles. The PCM is surrounded by the mesh and cannot flow freely in the mesh structure, thus creating a semi-solid, which is not easy to leak. When the solid-liquid phase transition occurs, the paraffin in the matrix can be stored in the network structure without exudation. Therefore, the anti-paraffin exudation property of CFA-PCM is improved, and the maximum amount of paraffin is increased.

4.2 Thermal Property

The main component of paraffin-based PCM is saturated alkanes, which have a stable chemical structure [37], and generally do not chemically react with expansive soil and CFA. The DSC of paraffin, I-0 and IC-P10 was tested in this test, and the curve is shown in Fig. 7. From Fig. 7, the phase change latent heat of the expanded soil is decreased by about 10.93% when PCM (10% content) is used. In this case, the reaction of PCM at 5.21∼2.76°C released heat into the soil, which made part of the water not freeze. With PCM adding to the soil, the “original peak” phase change temperature increased from −7.61°C to −5.97°C, indicating that both freeze and thaw warmed the soil. Similarly, the widths of peaks at the phase transitions also increased, respectively, and a moderate slowdown of the subcooling phenomenon. It shows that the PCM and mechanical blending delayed the ice lens formation at the test temperatures. Therefore, the internal temperature field of the soil is improved, which enhances the thermal stability of the soil.
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Figure 7: DSC curves (a) paraffin (b) I-0 (c) IC-P10

The DSC results indicate that the measured phase change enthalpy of CFA-PCM may not reach its theoretical value (see Figs. 7a and 7c). The difference between the measured and theoretical phase change enthalpies may be due to the inhibition of the PCM phase change process by the pore structure of the expansive soil, as shown in Fig. 8. Expansive soil is a typical porous medium composite material. There is a weak interaction between its pore structure and PCM [38], such as capillary force, surface polarity, hydrogen bond and van der Waals force. These weak interactions inhibit the movement of long-chain paraffin-based PCM molecules. For the PCM in the microporous structure and located near open-pore boundaries (see the blues legend in Fig. 8), the grain structure that can be formed under the constraint of weak intermolecular interactions is generally disordered. This will create disturbances to the crystallization process of PCM, which will lead to the low measured latent heat of solidification of PCM due to incomplete crystallization in severe cases [39]. However, the PCM in the free zone (see the red legend in Fig. 8) is less affected by the weak interaction between the molecules because it is far from the edge of the open pore. Therefore, this part of the PCM is easier to form an ordered grain structure. The latent heat of solidification phase change that can be released is not apparent compared with the theoretical latent heat.
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Figure 8: Inhibition of crystallization of PCM by the pore structure

4.3 Volume Changes

Fig. 9 shows the changes in sample volumes caused by different content after F-T cycles. “F” in the abscissa indicates the completion of freezing, while “T” indicates the completion of thawing completion. In the F-T cycle, there was a “freeze-contraction and thaw-expansion” of the sample. As shown in Fig. 9, we observed a reduction in the volume of the I-P5 sample by about 7%. When the addition amount was increased, I-P8 and I-P10 samples reduced the volume change by approximately 21% and 28%, respectively. However, there was only a tiny improvement in volume change after multiple F-T cycles due to PCM leakage when the F-T cycles increased. This phenomenon was similar to observed in the study carried out by Mahedi et al. [26], who investigated PCM and improved the F-T performance of loess. The volume change of IC-P samples was moderately affected by the F-T cycle and showed a clear “freeze-contraction and thaw-expansion”. The volume change rate is positive when freezing, whereas it is negative when thawing. The absolute value of the volume change rate of the IC-P5 sample was kept at about 2%. The total value of the volume change rate of the IC-P8 sample was observed to be reduced by about 1%. The greater PCM content in the IC-P sample, the more minor volume change is achieved, whereas the lower the maximum freeze swelling rate, the maximum thawing shrinkage rate. As the PCM content was increased to 10%, a decrease in volume change rate was no longer apparent. The comprehensive economic and construction process considerations indicate the existence of optimal content.
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Figure 9: Volume changes of samples during F-T cycles

Under negative temperature conditions, the water phase turns into ice, and the volume increases by about 9%. The expansion soil particles shrink during this process due to the water loss from freezing, whereas thawing was precisely the reverse process. The increase in water volume during freezing was greater than the shrinkage of soil particles, while we observed the opposite is the phenomenon during thawing. This is because the initial water content of the sample is significant. The volume expansion of the liquid water phase into solid ice when it freezes is more significant than the shrinkage of the expanded clay particles when they lose water, and the opposite is true when they melt. Therefore, the macroscopic performance is “frost heaving and thaw collapsing”. During the whole F-T cycle test, pure PCM failed to exhibit optimum performance in reducing the volume change. This is because PCM belongs to organic hydrocarbons, and it is insoluble in water and does not immerse into the soil. During the thawing process, PCM in the sample changed from a solid phase to a liquid phase. Affected by the difference in gravity, some portion of the PCM migrated from the upper part of the sample to the lower part, precipitating out from the neighboring area, causing leakage. For the CFA-PCM sample, the hydration of fly ash produced a hardened hydrated calcium silicate gel, which inhibited the deformation of the soil [40]. In addition, due to the porous adsorption performance of CFA, the overall leakage of PCM after phase change and melting was reduced by more than 84%, which improved the stability of PCM. Therefore, during the phase change process, CFA-PCM stores or releases heat as latent heat. It can reduce the volume change and make the soil more stable by controlling the temperature field inside the expansive soil sample.

4.4 Mechanical Properties

4.4.1 Stress-Strain Behavior

Fig. 10 shows the stress-strain curve of the samples (limited to space, only the stress-strain curve of 0%, 8% PCM content is listed), where FT indicates the number of freeze-thaw cycles. The stress-strain curves of this test all showed a strain-softening type. According to Fig. 10a, the F-T cycle significantly affected the stress-strain curve for the expansive soil sample, with the 1st cycle having the most significant effect. In the initial state, the plastic deformation duration of the expansive soil samples is longer. After the F-T cycles, the plastic deformation duration was significantly reduced. As the number of F-T cycles increases to three, expansive soil’s mechanical properties gradually stabilize. From Fig. 10b, it can be found that the stress-strain curve of PCM modified expansive soil samples had increased plasticity over time, which indicated that PCM could improve the toughness of the soil to a certain extent. The main reason is that PCM is not immersed in the soil, and the pores between soil particles are changed from air to PCM. The performance of PCM is similar to that of cementitious material, and it can be hardened in air and water, thus delaying the stress softening of the soil [37]. The CFA and the expansive soil have undergone ion exchange and aggregation, which reduced the thickness of the water film adsorbed by the soil particles and reduced the plasticity of the soil (see Fig. 10c).

[image: images]

Figure 10: Stress-strain relationship curve for samples under different F-T cycle (a) I-0 (b) I-P8 (c) IC-P8

4.4.2 Strain at Failure

The strain at failure is an important parameter to measure soil deformation. On the “softening type” stress-strain curve, the strain at failure is the axial strain corresponding to the peak point of the axial stress [41]. Fig. 12 shows the variation of the strain at failure of samples with the number of F-T cycles. The first F-T cycle has the most significant impact on the strain at failure three times tends to be steady. The PCM and the pure soil sample showed similar laws, and the strain at failure with the F-T cycles showed a good exponential relationship (negative correlation). However, the PCM strain at failure is more significant under the same F-T cycles than in the pure soil sample. This shows that PCM has a certain positive significance for the strain at failure of expansive soil. For the PCM modified expansive soil, the strain at failure has a good linear relationship (positive correlation) with the number of F-T cycles. This is different from the first two and is an interesting phenomenon. The above phenomenon can be explained as the incorporation of CFA in the initial state aggravates the brittleness of the soil. As the number of F-T cycles increases, the soil expansion and contraction, the degree of compaction becomes lower, and the strain at failure increases.

4.4.3 UCS

A soil with general strain-softening, the unconfined compressive strength (UCS) is usually expressed by the peak value of the stress-strain curve [42]. The UCS of the samples in the initial state (FT = 0) varied considerably with different PCM content levels (see Fig. 11). Initial, while PCM content was increasing, soil UCS increased and then decreased. When the PCM content is low, the soil particles become cemented, resulting in a highly strong mixture. As the content increased to 10%, the PCM may have a relatively concentrated distribution, gradually creating a soft liquid surface inside the sample, thereby reducing the strength of the soil. The CFA-PCM sample shows a similar change curve. Still, CFA can effectively improve the agglomeration and compatibility of the soil, reduce the “moisture content”, so the strength of the soil is significantly increased. The soil strength of 5% content does not change significantly for PCM, and 10% increases the strength significantly. Therefore, 8% content shows better superiority in improving the strength of expansive soil.
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Figure 11: Curves of strain at failure vs. number of F-T cycles
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Figure 12: Effect of different PCM admixture on soil strength in the initial state

To intuitive compare F-T cycle effects on degradation of UCS, the UCS was normalized at each PCM and CFA-PCM content (see Fig. 8). As follows, the normalized UCS (
q¯u
) is defined as [43]:


q¯ui=qui/qu0,i=1,3,7
(1)

where i is the number of F-T cycles, 
qui
the UCS after i F-T cycle and 
qu0
the UCS after in the initial state (0 cycles). Fig. 13 shows the influence curve of F-T cycles on the strength of different PCM samples. In the first F-T cycle, the strength of soil was significantly attenuated. This result is caused by the complex ice-water change and the volume change of the expansive soil, which significantly alters the pore distribution and damages the soil structure. After three cycles, the strength decay of the samples slowed down and stabilized. There is a big difference between PCM and CFA-PCM in improving soil strength attenuation. The specific manifestations were as follows: As shown in Fig. 13a, the strength attenuation coefficients of the 5% and 10% PCM samples were lower than those of the pure soil samples, and only a slight improvement in the strength attenuation of the soil was observed at 8% content. While CFA-PCM had a positive effect on soil strength attenuation, the greater the PCM admixture, the more obvious it was, but there was optimal content. As the number of F-T cycles increased (see Figs. 13b and 13c), the inability of PCM to improve soil strength decay became more pronounced. For CFA-PCM samples, CFA undergoes ion exchange and flocculation with swelling soil particles to produce a high-strength gelling substance. In addition, the hydration of CFA and other effects reduced the leakage of PCM, and PCM performs its role stably. Therefore, the UCS of the CFA-PCM samples in the initial state was significantly higher than that of the PCM samples. The 
q¯u
of the CFA-PCM samples was significantly higher after 7 F-T cycles.
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Figure 13: Changes of UCS with the number of F-T cycles (a) 1 cycle (b) 3 cycles (c) 7 cycles

4.5 Microscopic Analysis

4.5.1 SEM

The CFA-PCM samples were selected for microscopic tests because they exhibited a more stable performance. Fig. 14 shows an image scanned at 100x magnification by an electron microscope. Initial, the soil particles were glued together to form a whole, and the soil sample showed good integrity. The pores of the sample began to develop after one F-T cycle. After seven cycles, obvious cracks were formed inside the soil, which eventually resulted in damage to the soil structure, resulting in deterioration of macro-mechanical properties. CFA has the function of filling the soil’s pores so that the large pores of the soil are filled, resulting in a significant decrease in the porosity of the improved expansive soil. At the same time, CFA can effectively improve the cementing performance of the bulk structure, reduce the connectivity of the pores, and form an obstacle to the flow of water, thereby expanding soil expand and contract are no longer obvious.

Based on the digital image processing technology Image-J performs a series of pre-processing on the collected images (such as grayscale correction, denoising, brightness and contrast adjustment, etc.), and then sets appropriate thresholds [44] to convert the collected images into binary images. Through calculation and analysis of binary images, quantitative information such as surface porosity and pore orientation are obtained. Fig. 15 shows the surface porosity (the proportion of pores on a certain plane) of the sample after undergoing different numbers of F-T cycles. The sample surface porosity gradually increased after each F-T cycle, and the increase rate gradually slowed down after three cycles. After seven cycles, the surface porosity of the samples with the 4 PCM contents (0%, 5%, 8% and 10%) increased by 15.4%, 11.89%, 8.65% and 7.27%, respectively. Macroscopically, CFA-PCM reduces the effect of F-T cycles on the soil mechanical properties. The change rule of surface porosity is roughly negatively correlated with the change of sample strength. Also, it was discovered that the higher the PCM content was in the early stage of testing, the slower the soil porosity increased. This is because when PCM content is low, it cannot produce enough heat to prevent the waters from changing into ice crystals, causing damage to the soil particles around it. As a result, soil microstructure changes more radically after the F-T cycle test.
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Figure 14: SEM photos of pure soil and CFA-8% PCM samples at 100x (a) I-0, FT = 0 (b) I-0, FT = 1 (c) I-0, FT = 7 (d) IC-P8, FT = 0 (e) IC-P8, FT = 1 (f) IC-P8, FT = 7

Probabilistic entropy is a structural parameter that describes how the particles are arranged and can analyze the soil particle arrangement after F-T cycles. As F-T cycles increase, the probability entropy of the four samples gradually decreases (see Fig. 16). According to the definition of probability entropy, under freezing and thawing, the particle arrangement develops from a chaotic state to an orderly condition, and the directionality of the particle arrangement is getting better and better. This is because pore water undergoes phase change during the F-T cycle resulting in a certain volume of ice crystal structure. When an ice crystal wedges the adjacent soil particles, the particles are squeezed each other and undergo relative displacement. During the freezing process at low temperature, due to the freezing front, the moisture inside the soil tends to migrate towards the freezing front, which provides conditions for the displacement of soil particles. In addition, it can be found that the probability entropy of the 8% PCM modified soil is smaller than that of the other three samples. The arrangement of soil particles in the 8% PCM modified soil becomes more orderly after undergoing the freeze-thaw cycle, and the degradation effect of freeze-thaw resistance is more pronounced.
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Figure 15: The porosity of the CFA-PCM sample surface porosity with the number of F-T cycles

4.5.2 Analysis of PCM Improvement Mechanism

Based on the above test results and analyses, the evolution process by which CFA-PCM improve the structural damage to expansive soil during F-T cycles is summarized in Fig. 17. When the soil is frozen (see Fig. 17b), on the one hand, CFA reduces the porosity of the soil and forms a three-dimensional mesh structure with soil particles, which adsorbs a certain amount of PCM and inhibits it from leaking. On the other hand, the heat released and stored by the PCM phase change counteracts external temperature changes, delaying the formation of ice lenses. This hinders the freeze of free water and weakens the forces of frost heaves with solid water. Therefore, the water-induced loss of clay minerals in the soil particles is reduced, the shrinkage of the soil particles is reduced, and the pores between the soil particles decrease in size. After the soil body melts (see Fig. 17c), the soil particles lose less water during the freeze. The clay minerals in the soil particles reduce water absorption, the expansion rate of the soil particles also decreases, which further weakens the soil pores. Therefore, the PCM stores heat as latent heat and can reduce positive and negative temperature fluctuations induced by the ambient environment. As a result, soil particles expand and contract less, and the repeated freezing and thawing of pore water can be reduced. To a large extent, fatigue damage to the soil microstructure (pore coarsening, loose structure, etc.) is alleviated.
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Figure 16: The porosity of the CFA-PCM sample porosity entropy with the number of F-T cycles

4.6 Prospect

Earthworks in cold regions are often huge. From an economic point of view, it is impossible to add CFA-PCM to the entire frozen soil layer. So, once the optimal amount of incorporation is determined from laboratory tests, the optimal depth of incorporation needs to be determined. It is carried out through large-scale physical model tests or field tests, our follow-up work. Fig. 18 is the schematic diagram of the CFA-PCM treatment mechanism of the foundation soil of the canal in the cold region. When the outside temperature drops to 5°C, the PCM undergoes a phase change to generate heat and release energy. In this way, the temperature gradient of the whole soil layer of the canal becomes gentle, and the internal temperature of the entire foundation soil rises. The optimal mixing depth is reached to meet the actual engineering construction needs.

[image: images]

Figure 17: Schematic diagram of CFA-PCM used to treat thermal and mechanical properties of expansive soil in cold regions. (a) initial state (b) freezing frame (c) thawing frame
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Figure 18: Schematic diagram of the CFA-PCM treatment mechanism of the foundation soil of the expansive soil canal in the cold region

5  Conclusions

This study investigated the effects of fly ash/paraffin composite phase change material on improving the characteristics of expansive soil samples subjected to F-T cycles. Here are the main findings of this experimental study:

1)   CFA has strong adsorption of phase change paraffin, which reduces PCM leakage in the soil by more than 84% and improves PCM stability.

2)   The heat released and stored by the CFA-PCM phase change resists the external temperature, delays the formation of ice lenses, and reduces the phase change latent heat in the soil. The phase change latent heat of the expanded soil is decreased by about 10.93% when PCM (10% content) is used. Consequently, the freezing time of the soil increases, the supercooling phenomenon also slowed down, and the thermal stability is improved.

3)   During the F-T cycle, CFA-PCM significantly reduced the volume change of the soil, but with the increase of the content, the improvement effect gradually slowed down. CFA-8% PCM is the optimal content so that the absolute value of the soil volume change rate is maintained at about 1%.

4)   PCM can improve the toughness of the soil to a certain extent, while CFA aggravates the brittleness of the soil. CFA-8% PCM shows good superiority in restraining the strength attenuation of expansive soil.

5)   After seven cycles, the surface porosity of the samples with the 4 PCM contents (0%, 5%, 8% and 10%) increased by 15.4%, 11.89%, 8.65% and 7.27%, respectively. The microstructure shows that CFA-PCM reduces the porosity increase rate of expansive soil, thereby inhibiting the volume changes and attenuating the strength of expansive soil.

6)   The PCM in the soil cannot release and absorb 100% of the energy during the phase change. In addition, in actual earthwork, the PCM with the suitable phase change latent heat should be selected according to the actual climatic conditions and the target temperature of the project.
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Table 3: Experimental setup of the study

Treatment type Mix 1D 0%CFA Mix 1D 8%CFA
Expansive soil-CFA 1-0 0
PCM (%) I-P5 5 IC-P5 5

I-P8 8 IC-P8 8

I-P10 10 IC-P10 10
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Table 1: Explosive soil physical properties and mineral compositions

Property Index Value
Physical properties Specific gravity (Gs) 2.67
Potential expansion (der) 71

Compaction study
Optimum moisture content (wop, %)  18.4
Maximum dry density (pgmax, g/cm®) 1.71
Consistency limit

Liquid limit (W, %) 51.9
Plastic limit (Wp, %) 18.6
Plasticity index (Ip, %) 34.2
Mineral compositions Montmorillonite (%) 61.4
Quartz (%) 309
Feldspar (%) 7.1

Albite and Calcite (%) 0.6
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Table 2: Chemical compositions of CFA

Oxide/constituent SiO, Al,O5 Fe,0; CaO MgO SO, TiO,

Mass (%) 4912 2423 8.79 8.65 5.94 2.18 1.09
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