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Abstract

:

Aiming at the problems that it is difficult to control the expansion force of lime-sand pile in the foundation correcting and how the upper existing structural pressure affects the expansion force of lime-sand pile, this paper adopts a new type of lime-sand pile reaction tester to carry out the experimental research on the expansion force of lime-sand pile under the influences of different pre-pressure, different mixing ratios, different heights, and different granular sizes. The purpose of this paper is to explore the influence of the pre-pressure brought by the existing building structure on the expansion force of the lime-sand pile and the coupling effect of the pre-pressure and other influencing factors on the expansion force of the lime-sand pile through the multi-parameter test. The results show that with the increase in pre-pressure, the expansion force of the lime-sand pile shows the trend of increasing first and then decreasing when the pre-pressure is 0.88 KN, the effect is most obvious and its expansion force can be increased by 14.9%. Within a certain range, the larger the proportion of quicklime is, the lower the expansion reaction force is. The expansion force of the lime-sand pile with the ratio of lime/sand/soil of 5:4:1 is the most ideal, and its value reaches 10.2 KN, which is 10% and 15.3% higher than the rest of the two groups, respectively. Within a certain range, the effect of specimen height change on the expansion force of the lime-sand pile is almost negligible. The smaller particle size of quicklime makes its reaction speed faster, the reaction degree is more full, and the expansion force is greater. The expansion force of the small particle size group was 12.1% and 34.2% higher than that of the medium and large particle size groups, respectively.
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1. Introduction


A lime-sand pile is a pile made of a mixture of three materials, namely lime, sand, and soil, which have a high degree of water absorption. When the lime-sand pile absorbs water, the quicklime in it undergoes a hydration reaction and is converted into calcium hydroxide (Ca(OH)2). This process absorbs water and generates a lot of heat. Inside the lime-sand pile, the micropores and pore structure in the calcium hydroxide adsorb moisture from the soil and allow moisture to penetrate the interior of the pile. With the adsorption and penetration of water, calcium hydroxide will gradually expand and fill the gaps between the soil particles, increasing the compactness and strength of the soil. This can achieve a reinforcing effect on the foundation [1,2,3,4,5,6]. The lime-sand pile has several advantages in dealing with uneven settlement of house foundations in wet subsidence loess areas and in dealing with weak foundations to improve foundation bearing capacity: less excavation, fast construction, convenient supply of raw materials, low cost, and it can greatly improve foundation bearing capacity. The economy and reliability of lime-sand piles have been generally recognized by the engineering community and are widely used in a large number of engineering practices [7,8,9,10,11].



In recent years, many scholars and engineers have carried out a great deal of research related to lime-sand piles. In the study of improving the bearing capacity of the foundation, Hussain Shabir et al. [12,13] investigated the effect of lime piles on natural soils. The experimental results showed that the lime piles significantly increased the bearing capacity and stiffness of the soil at high shear strength. Jingshuang Li et al. [14,15] through various field tests verified the reinforcement of lime piles and further tests were carried out in the laboratory, which showed that the dry density of the soil increased by nearly 20%, and when the internal friction was the same, the main reason for the increase in shear strength was the increase in the cohesion index of 27%. The wet subsidence coefficients of different depths were examined, and it was concluded that they were significantly eliminated. Pei Chen et al. [1,14,16,17,18,19,20] indicated that lime-sand piles are mostly used for the reinforcement of soft ground and wet subsidence loess areas, and lime-sand piles are used to absorb the water in the water-infiltrated foundation to restore and improve the bearing capacity of the foundation, and the bearing capacity and stability of the foundation can be satisfied after the treatment.



In the study of expansion, Xuelang Wang et al. [21] explored the theory of lime piles for the reinforcement of wet subsidence loess, and through the expansion and compaction process of the lime piles of the circular hole expansion theory, solved the elastic–plastic problem of the compaction effect of lime compaction piles, and also determined the effective expansion radius and stress change rule between piles. Xiangjun Pei et al. [22] researched the physicochemical and index properties of the modified loess with added lime and fly ash piles, and the experimental results showed that in the range of 5 cm–20 cm (different radial distances from the lime and fly ash piles distances), the specific surface area, cation exchange capacity, water content, and liquid limit increased, while the density and plastic limit decreased with increasing radial distance, and the hardness value of the lime and fly ash pile loess showed an inverse relationship with increasing radius. Dai Hong et al. [23] summarised the optimum mixing ratio of double-lime piles and researched the action principle of fly ash + quicklime for corrective reinforcement of existing buildings, which was applied in actual projects. Haizhen Mi et al. [24,25,26] conducted indoor tests and obtained the expansion law of quicklime, that is, no matter how other influencing factors change, the volume expansion coefficient η of quicklime and the binding force p always have the following mathematical relationship: η = A ln p + B, which is obtained by the test. When it is used for foundation treatment, the expansion coefficient η depends on the lateral pressure coefficient K0, gravity γ and depth z of the foundation soil, and the relationship is: η = A ln(K0γz) + B. The formula can provide a more reliable and accurate calculation basis for foundation treatment problems related to quicklime. Xinzhong Zhang et al. [27,28,29] proved that lime piles have a high value of application in corrective reinforcement of hazardous housing foundations through engineering examples of high application values, which provides a new technical way for the reinforcement of weak foundations and the renovation of dangerous houses. Hussein Mohamed et al. [30,31,32] researched and investigated the effect of lime-sand piles on the behavior of expanding clays, and the experimental results showed that there was a significant improvement in the reduction in the expansion potential of expanding clays by lime-sand pile reinforcement. This improvement increased with the increase in substitution area ratio and lime content.



In the study of frozen soil pre-thaw, Chenxi Zhang et al. [33,34,35,36,37] conducted lime pile pre-thawing treatment tests on island perennial permafrost, which resulted in a series of test parameters for the pre-thawing treatment of island perennial permafrost, and the pre-thawing treatment of lime piles was able to melt all the permafrost within a certain range between the piles and improve the density of the soil between the piles.



It can be seen from the above that researchers have carried out a lot of research on pile materials, improving foundation bearing capacity, expansion, and pre-melting of frozen soil, and have achieved many important results. However, most of the available indoor experimental studies are based on conventional consolidation apparatus, which has fewer variable parameters, is limited in the amount of specimen that can be accommodated as well as the height at which the specimen can be loaded, and is unable to directly measure the expansion force of lime-sand piles, and many of the researches have mainly focused on the effects of single factors, such as the lime-sand mixing ratio and the shape of lime-sand piles. However, due to the diversity of geological soil conditions and construction parameters, the results of single-factor research cannot fully reflect the actual engineering situation.



The former site of Baoji Shenxin Yarn Factory is located in Nanqiao Village, Chengguan Town, Meixian County, Baoji City, Shaanxi Province, China, on the Loess Plateau in the northwestern part of Baoji City. Built between 1940 and 1941, this industrial site is one of the best-preserved antiwar industrial sites in China. The former site of Baoji Shenxin Yarn Factory was the front line of industrial production in support of the war against war in the northwest of China, and one of the most important industrial bases in China during the war against war, which was famous both at home and abroad. It witnessed the great history of national entrepreneurs’ industrial salvation and played an important role in China’s industrial and economic development at that time. The main building of the Yarn Factory is a kiln workshop, with a layout of a 24-hole kiln, the architectural form of the building according to the mountain, sitting in the north and facing the south. The interior of the kiln is crisscrossed by the main kiln in the vertical direction and the branch holes in the horizontal direction, showing a unique net-like distribution [38,39,40]. However, with the passage of time and the influence of the natural environment, the loess stratum in the Baoji area has a high degree of wetness and will expand and contract when it encounters moisture. The collapsibility of loess leads to uneven settlement of the foundation, which causes more serious damage to buildings, such as (a) wall cracks, (b) arch ring dislocation cracks, (c) local collapse and (d) wall seepage in Figure 1. Therefore, the protection and restoration of the old site of Baoji Shenxin Yarn Factory have important historical, cultural and social significance. It is not only an important cultural heritage of Baoji City but also an important part of the national Anti-Japanese War sites [41].



In this regard, we propose the use of lime-sand piles to correct the deflection and reinforce the foundation of the existing building structure. However, there are still some unsolved problems in the use of lime-sand piles in actual projects, especially when the expansion of lime-sand piles is utilized for the reinforcement of existing building structures in the above projects. The contradiction between the insufficiency of the expansion force of the lime-sand piles and the difficulty of controlling it accurately, as well as how much the pressure brought by the existing building structures on the expansion force of the lime-sand piles affect the expansion force of the lime-sand piles, are all worthy of our further research and solution. Therefore, we adopt a new type of test setup and design a series of indoor tests, during which a series of lime-sand pile specimens under different pre-pressures are prepared, and the expansion force and temperature are measured and analyzed by appropriate test methods and instruments. This study aims to deeply investigate the effect of the pre-pressure brought about by the existing upper building structure on the expansion force of the lime-sand piles through multi-parameter tests, as well as the coupling effect of the pre-pressure brought about by the existing upper building structure and other influencing factors on the expansion force of the lime-sand piles. The results of this study will provide an important reference for optimizing the design and construction of lime-sand piles.




2. Experimental Design, Materials, and Methods


2.1. Experimental Design


The water absorption and expansion of lime-sand piles are affected by many factors, the most important ones being pile material ratio, grain size, pre-pressure, etc. [42]. To analyze the influence degree of each main factor, the test design is for different pre-pressure, as well as under a certain amount of pre-pressure to select different grain sizes, different ratios (quicklime, sand, and soil), and the height of the lime-sand pile for group testing. At the same time, the expansion force and temperature changes with time, the physical condition after expansion, and the final water absorption of the lime-sand pile were observed and recorded.




2.2. Experimental Materials


According to the test program, the materials such as soil samples, sand, and lime powder used in the test were selected and are described below.



(1) The soil samples used in the test were taken from the old site of Baoji Shenxin Yarn Factory, with a sampling depth of about 3.0 m below the ground, and the soil samples taken were light-yellow pulverized clay, whose physical and mechanical properties are shown in Table 1.



(2) Lime is made from commercially available block quicklime, which is chemically composed of calcareous lime powder, which is ground and processed into quicklime powder, the parameters of quicklime are shown in Table 2.



(3) The sand used is medium-coarse sand sourced from the local sand and gravel quarry in Baoji, and the parameters of the sand are shown in Table 3.




2.3. Experimental Methods


(1) Test grouping table: according to the kiln workshop at the old site of the Baoji Shenxin Yarn Factory, the project example calculated on the upper part of the existing building structure to bring the pre-pressure for 96.83 kN/m2 with a specimen diameter of 10.5 cm, the calculation of the corresponding role in the specimen on the upper part of the pre-pressure for 0.88 kN will be divided into the pre-pressure 0 kN, 0.44 kN, 0.88 kN, 1.32 kN, 1.76 kN, and the specimens will be divided into 11 groups; see Table 4.



(2) Test conditions: The test used a new type of lime-sand pile reaction tester developed by the project team; see Figure 2. Most of the existing indoor experimental studies use the traditional consolidation tester. Compared with the traditional testing instruments, the new lime-sand pile reaction tester is not limited by the number of specimens that can be accommodated and the height of specimen loading, and it can directly measure the expansion force and the change in the temperature of the lime-sand pile.



(3) The test process: The fresh block lime was crushed and passed through the sieves with 0.5 mm, 1 mm and 2 mm apertures, respectively, to obtain fresh lime powder with three particle sizes (small, medium and large). According to the mixing ratio of different samples and the height of the sample, the mass of lime, sand and soil required in each sample was calculated according to the volume ratio. Lime, sand and soil were weighed on an electronic scale according to the quality requirement and mixed and stirred well after weighing. An absorbent cotton rope was threaded through the water inlet hole in the wall of the sample cylinder as shown in Figure 3a. The mixed sample was loaded into the sample cylinder as shown in Figure 3b. With the cover on, the sample cartridge was placed on the bearing platform and the bearing height adjustment wheel was rotated to raise the bearing platform. Once the force ring readings reached the required pre-pressure for each set of tests, we stopped rotating the table height adjustment wheel and returned the force ring readings to zero. The pre-measured water was added from the gauge cylinder to the fill cylinder as shown in Figure 3c. At the same time, we immediately inserted the temperature sensor probe into the water and began the test as shown in Figure 3d. At this point, the temperature was the initial water temperature and the gauge ring read zero. As the absorbent cotton rope continued to absorb water, the quicklime in the specimen cylinder absorbed water and expanded, the expansion force caused the sample to squeeze the cover plate, which caused the force ring readings to change, as shown in Figure 3e. During this process, the force ring readings and temperature data were continuously recorded. When the force ring value reached its maximum value and did not increase any further, the reaction was over, i.e., the test was complete, as shown in Figure 3f. After recording the final data, the test cylinder was removed and the remaining water in the water filler cylinder was poured into the measuring cylinder and the amount of water remaining was recorded.





3. Analysis of Test Results


3.1. Analysis of Different Pre-Stress Test Results


The selected five groups of specimens (Sample 1, Sample 8, Sample 9, Sample 10, Sample 11) were subjected to different levels of pre-pressure, the mixing ratio of the five groups of specimens, i.e., lime/sand/soil was 5:4:1, the height of the specimens was 5 cm, the particle sizes of the quicklime were all small particle sizes (0.5 mm), and we collected data of different pre-pressure tests for the five groups of expansion force and temperature test data under different pre-pressures; see Table 5.



The time–expansion force relationship curves for each group of tests under different levels of pre-pressure were plotted as shown in Figure 4. As can be seen in Figure 4, the growth of the expansion force of lime-sand piles without pre-pressure over time can be roughly divided into three stages: Stage I (0~80 min), the rapid growth stage, in which the water in the water-filled cylinder enters into the specimen cylinder through the water-absorbent cotton rope to react with the lime in the specimen of the lime-sand piles rapidly, and the expansion force of the lime-sand piles grows sharply. The expansion force of the lime-sand pile grows rapidly. Stage II (80~240 min), the slow growth stage. Because the sample around the absorbent cotton rope in the sample cylinder in Stage I of the hydration reaction occurs in the presence of water, the sample around the cotton rope produces cementation to form a more dense structure, resulting in stage II of the water infiltration rate slowing down, so stage II of the lime-sand pile expansion force grows more slowly. This process is a very good simulation of the actual project. This process is a good simulation of the actual engineering of lime-sand piles in contact with the soil on the outside of the mixture of the consolidation process that will lead to changes in the physical properties of the soil around the pile, the formation of a certain degree of soil cementation, and hydration reaction products. These cementation and reaction products can fill the pores in the pile body and slow down the penetration of water, resulting in relatively slow water entry into the pile heart. Stage III (after 240 min), the stabilization stage, in which the lime has reacted in the lime-sand pile specimen, and the expansion force is gradually stabilized. As can be seen in Figure 4, for the four groups of tests under the action of pre-pressure, the growth process of the expansion force of lime-sand pile over time can be roughly divided into the same three phases mentioned above, but due to the action of different pre-pressure, resulting in different degrees of compactness of the internal structure of the lime-sand pile specimen, the porosity between the particles is different, and the rate of the hydration reaction is different, which leads to the different pre-pressure under the growth process of the expansion force of the lime-sand pile in the three stages of different pre-pressure. The starting and termination times are different. Comparing the five sets of test data, it can be seen that the expansion of the lime-sand pile with 0.44 kN and 0.88 kN pre-pressure increased by 6.6% and 14.9%, respectively, compared with that without pre-pressure; however, as the pre-pressure continued to increase, the expansion force of the lime-sand pile specimens under the pre-pressure of 1.32 kN and 1.76 kN gradually decreased compared with that without pre-pressure. Therefore, it can be inferred that all other influencing factors being equal, applying appropriate pre-pressure to the lime-sand piles can increase their expansion force by about 15% maximum, and if too much pre-pressure is applied, it will lead to the structure being too tight, which will limit the penetration of water into the lime-sand piles. This would result in some reduction in the expansion force of the lime-sand piles.



The time–temperature relationship curves for each group of tests under different levels of pre-pressure are plotted as shown in Figure 5. Combined with Figure 4 and Figure 5, it can be seen that the time-dependent temperature change process of the expanded specimens of lime-sand piles under different pre-pressures of five groups can be roughly classified into three phases corresponding to the process of the growth of the expansion force: Stage I of the sharp increase in temperature stage, which refers to the initial stage of the reaction of the lime-sand with the water, and the hydration reaction releasing the heat, leading to a rapid increase in pile temperature. In this stage, the temperature change is more rapid, and a large temperature difference usually occurs. Stage II of the slow temperature rise stage, where as the hydration reaction continues, the temperature inside the lime-sand pile will continue to rise. In this stage, the rate of temperature change may gradually slow down, but there is still a continuous warming trend. Stage III, the warming stop stage. When the hydration reaction inside the lime-sand pile gradually tends to end, the temperature change will gradually stabilize; in this stage, the temperature change in the pile body is small, and it can be approximated as temperature stability. It can be seen that the greater the pre-pressure applied to the lime-sand pile specimen will result in a slower temperature rise, and the greater the pre-pressure, the shorter the duration of the sharp rise in temperature in Stage I, and the longer the duration of the slow warming stage in Stage II, and the lowering of the peak temperature at the same time.




3.2. Analysis of Test Results of Different Mixing Ratios


For the selected three groups of specimens (Sample 1, Sample 2, Sample 3), the three groups of specimens, i.e., the mixing ratio of lime/sand/soil is 5:4:1, 6:3:1, 7:2:1, respectively, and the pre-pressure of the three groups of lime-sand pile specimens is 0.88 kN, the heights of the specimens are all 5 cm, the grain size of the raw stone is small (0.5 mm), and we collected the data of the three groups of mixing ratios, which are shown in Table 6. For the expansion force and temperature test data of the tests, see Table 6.



The time–expansion force relationship curves for each group of tests were plotted as shown in Figure 6, from which it can be seen that the growth of expansion force over time for lime-sand piles with a mixing ratio of 5:4:1 and a mixing ratio of 6:3:1 under the action of the 0.88 kN pre-pressure can be roughly divided into three phases: phase I (0~120 min), the rapid growth phase; phase II (120~420 min), the slow growth phase; and phase III (after 420 min), the stabilization stage. The reasons for the distribution of these three stages are the same as those of the different pre-pressure test sections, and will not be repeated here. For a specimen with a ratio of 7:2:1, the growth of expansion force over time is different from the above two groups of specimens, and can be roughly divided into four stages: Stage I (0–120 min), the initial growth stage; Stage II (120–260 min), the medium-term rapid growth stage; Stage III (260–450 min), the late slow growth stage; Stage IV (450 min later), the stabilization stage. The final expansion force of the specimens with mixing ratios of 5:4:1, 6:3:1, and 7:2:1 is 10.51 kN, 9.3 kN, and 8.85 kN in order, through which it can be seen that under the application of pre-pressure, the expansion force of the specimens of the lime-sand piles will be even lower when the percentage of quicklime is too big, which may be caused by the following two reasons: Firstly, under the action of the pre-pressure, the particles of the lime-sand in the lime-sand piles will be compacted and the gap ratio and permeability are reduced, which limits the migration ability of water and gas, leading to the slowing down of hydration reaction and bubble diffusion, thus reducing the expansion capacity of the lime-sand pile. Secondly, because of the encapsulation and dispersion of quicklime particles, a larger proportion of quicklime particles may form agglomerates in the lime-sand or aggregate with other particles, in which case, the dispersion and cross-linking of the quicklime particles are reduced, limiting the hydration reaction ability of the limestone particles and the generation of calcium compounds, which leads to a reduction in the expansion capacity of the pile.



The time–temperature relationship curves for each group of tests with different mixing ratios were plotted as shown in Figure 7. Combined with Figure 6 and Figure 7, it can be seen that the temperature change process for the specimens with mixing ratios of 5:4:1 and 6:3:1 can be roughly divided into three phases, which are the same as the three phases of the pre-compression ratio test temperature change described in Figure 7, and the only difference lies in the slower change of each phase for the specimens with mixing ratio of 6:3:1 compared with those with mixing ratio of 5:4:1, which can be roughly divided into four phases corresponding to its expansion force change process. The only difference is that the change of each stage is slower in the specimen with a 6:3:1 ratio compared to the specimen with a 5:4:1 ratio, and the temperature change process of the specimen with a 7:2:1 ratio can be roughly categorized into four stages corresponding to the change process of its expansion force. There are three comprehensive temperature change curves. With a certain amount of pre-pressure in the lime-sand pile specimens, the larger the proportion of lime, the slower the reaction of the specimen is, relatively speaking. Theoretically, the more heat generated in the reaction of the lime, the higher the temperature, but with the pre-pressure and with a higher proportion of lime, the specimen reacts is slower, and at the same time, there is an impact of the ambient temperature. The three kinds of specimens of peak temperatures do not vary greatly in the order of 11.3%, and the peak temperature is the same. At the same time, affected by the ambient temperature, the peak temperatures of the three specimens are not much different, which are 11.3 °C, 11.7 °C, and 12.2 °C, and the peak temperatures appear relatively later, which are 150 min, 220 min, and 300 min.




3.3. Analysis of Test Results at Different Heights


For the selected three groups of specimens (Sample 1, Sample 4, Sample 5), the heights of these three groups of specimens are 5 cm, 10 cm, and 15 cm, respectively, and the mixing ratio, i.e., lime/sand/soil is 5:4:1, the pre-pressures applied to the three groups of lime-sand pile specimens are all 0.88 kN, the particle sizes of the raw stone are all small (0.5 mm), and we collected the data of the three groups of mixing ratio tests. The expansion force and temperature test data of the three groups of fit tests are shown in Table 7.



The time–expansion force relationship curves for each group of tests were plotted as shown in Figure 8, from which it can be seen that, for three different heights of lime-sand pile specimens, the growth of expansion force can be roughly divided into three phases: rapid growth phase; slow growth phase; and stabilization phase. The specimen with a height of 5 cm enters the stable stage in 420 min, and the final expansion force is 10.2 kN; the specimen with a height of 10 cm enters the stable stage in 330 min, and the final expansion force is 10.5 kN; the specimen with a height of 15 cm enters the stable stage in 250 min, and the final expansion force is 10.7 kN. It can be seen that as the height of the specimen increases, the reaction speed is faster, the expansion force increases sharply, and the expansion force enters the stabilization stage earlier. This may be because when the height of the lime-sand pile specimen is higher, the hydration reaction inside the specimen will be more fully developed. This is because an increase in the height of the specimen will increase the total volume of reactants (e.g., quicklime) within the specimen, resulting in a larger contact area between the reactants. This will facilitate the reaction of more lime particles with water, releasing more hydroxide and calcium ions and accelerating the reaction. In addition, the lime-sand pile specimen is higher and the diffusion of the corresponding reactants (e.g., quicklime) within the specimen may be accelerated. Reactants within the specimen need to enter the interior of the specimen by diffusion from the specimen boundaries, and higher specimen heights may provide more paths to accelerate the diffusion of lime particles, which contributes to an increase in the reaction rate. However, the difference in the final swelling force between the three groups of different heights is not significant, implying that within a certain height range and with other influencing factors being the same, the change in height produces almost the same swelling force for the different heights of the lime-sand pile specimens inflated by the lime-sand piles, probably because the lime-sand particles and the reactants in the hydration reaction can be uniformly distributed inside the specimens and reach a similar degree of reaction. The effect of the expansion force is almost negligible.



The time–temperature relationship curves for the tests of each group with different mixing ratios are plotted as shown in Figure 9. Combined with Figure 8 and Figure 9, it can be seen that the temperature change process with time for the three groups of lime-sand pile specimens with different heights shows the same law, which can be roughly divided into three phases: Stage I of the rapid temperature increase phase, Stage II of the slow temperature increase phase, and Stage III of the temperature increase and stopping phase. It can be seen that as the height of the specimen increases, the temperature rises faster in the early stage. The three groups of specimens with different heights all reached peak temperatures at about 120 min, which were 11.25 °C, 16.9 °C, and 22.7 °C, respectively, and the peak temperatures increased by 5.5–6 °C for every 5 cm increase in specimen height.




3.4. Analysis of Test Results for Different Particle Sizes


For the selected three groups of specimens (Sample 1, Sample 6, Sample 7), the particle sizes of quicklime in the three groups of lime-sand pile specimens are small particle size (0.5 mm), medium particle size (2 mm), large particle size (4 mm), the heights of the specimens are all 5 cm, the mixing ratio, i.e., lime/sand/soil are all 5:4:1, and the pre-pressure exerted to the three groups of lime-sand pile specimens are all 0.88 kN. We collected the expansion force and temperature test data of the three sets of mixing ratio tests, which are shown in Table 8.



The time–expansion force relationship curves for each group of tests were plotted as shown in Figure 10, from which it can be seen that the expansion force of lime-sand piles with three-grain sizes showed a similar growth pattern, and it can be seen from the first and middle stages that the smaller the grain size, the faster the response, and the faster the growth of the expansion force in the early stage. From the middle to late stage, it can be seen that the larger the particle size, the smaller the final expansion force. The final expansion force of the three lime particle sizes of lime-sand pile specimens were 10.2 kN, 9.1 kN, and 7.6 kN, respectively, indicating that the larger the particle size, the less adequate the reaction. The larger the particle size of quicklime, the smaller the expansion force of the lime-sand pile, which is usually due to the following reasons: a reaction rate, quicklime and water hydration reaction, in which the reactants need to achieve the reaction through diffusion, and a larger particle size will make the diffusion rate slower. Therefore, if a larger particle size of quicklime in the reaction at the beginning of the dissolution rate is lower, the reaction of the start time may be delayed, which in turn affects the rate of the entire reaction process. In contrast, quicklime with smaller particle size can react with water more quickly, and the reaction rate is faster. The second reaction degree, quicklime, and hydration reaction mainly form limestone and are accompanied by a hydration reaction to produce calcium hydroxide. Particle size larger quicklime surface area is relatively small, surface and water contact area is limited, so the reactants and water contact area is less, the reaction degree is relatively low. In contrast, the surface area of quicklime with smaller particle size is larger, which can provide more contact surface for reaction with water, thus increasing the degree of reaction and able to produce greater expansion force. Thirdly, in the particle packing situation, specimens with larger particle sizes of quicklime usually have a tighter particle packing situation with smaller gaps between particles. This may limit the diffusion of water and carbon dioxide and the dispersion of the reactants, further limiting the reaction and resulting in a smaller expansion force.



The time–temperature relationship curves for different particle size ratios were plotted as shown in Figure 11. Combined with Figure 10 and Figure 11, it can be seen that the process of temperature change with time for three groups of lime-sand pile specimens with different lime particle sizes shows the same pattern, which can be roughly divided into three phases: from the first to the middle stage, it can be seen that the smaller the lime size is, the faster the reaction of the lime-sand pile specimens is in the first to the middle stage, and the temperature rises rapidly. The peak temperature of the small-size lime-sand pile specimen reaches 11.2 °C at 100 min, the peak temperature of the medium-size lime-sand pile specimen reaches 10.1 °C at 130 min, and the peak temperature of the large-size lime-sand pile specimen reaches 9.0 °C at 155 min. It can be seen from the later stage that the larger the lime particle size, the longer the reaction lasts. Larger particle size lime particles may reduce the contact area between the particles, which reduces the rate and efficiency of the reaction. A smaller surface area may limit the reaction between the moisture and the lime, resulting in an inadequate reaction, which in turn will not release the required heat. This would result in a slower rise in the temperature of the specimen or the temperature would not reach the desired level.





4. Conclusions


The following conclusions were drawn from the experimental studies on lime-sand pile specimens subjected to different pre-pressures as well as different mixing ratios, heights, and grain sizes under fixed pre-pressures.



	(1)

	
Under the condition of other influencing parameters remaining unchanged, with the increase in pre-pressure, the trend of the expansion force of lime-sand pile appears to increase first and then decrease, which indicates that within a certain range, the increase in pre-pressure will improve the expansion force of lime-sand pile, but the continuous increase in pre-pressure will reduce the gap between the pile materials and limit the water into the pile body, resulting in the decrease in expansion force of lime-sand pile. When the upper pre-pressure is 0.88 kN, the effect is the most obvious and the maximum expansion force can be increased by 14.9%.




	(2)

	
Under the condition that other influencing parameters remain unchanged when a certain pre-pressure is applied to the upper part of the lime-sand pile, the lime-sand particles in the lime-sand pile will be compacted, the gap ratio and permeability will be reduced, and a larger proportion of quicklime particles will form lumps in the lime-sand or gather with other particles, which will limit the hydration reaction ability of the quicklime particles and result in the reduction in the expansion force of the pile body. It is shown that within a certain range, the larger the proportion of quicklime in the mixing ratio, the smaller the expansion force of the lime-sand pile, and the expansion force of the lime-sand pile with a mixing ratio of 5:4:1 lime/sand/soil is the most desirable one, with a value of 10.2 kN, which is 10% and 15.3% higher than that of the other two groups, respectively. Undoubtedly, the higher the proportion of quicklime, the more heat is released by its reaction, but the larger the proportion of quicklime, the slower the reaction is in different ratio tests, and at the same time, it is affected by the external ambient temperature, which leads to a small difference in the peak temperatures of the three groups of lime-sand pile specimens with different ratios.




	(3)

	
A higher specimen height can provide more paths to accelerate the diffusion of lime particles, which promotes an increase in the reaction rate, while other influencing parameters remain constant. However, regardless of the specimen height, the lime-sand inside the specimen and the reactants in the hydration reaction were able to be uniformly distributed and reacted to a similar extent. Within a certain range, the final expansion force of lime-sand pile specimens of different heights did not differ by more than 3%. This indicates that the effect of height change on the expansion force of lime-sand piles is almost negligible. For every 5 cm increase in the height of the lime-sand pile specimens, the peak temperature increased by approximately 50%.




	(4)

	
Under the condition that other influencing parameters remain unchanged, within a certain range, the smaller the particle size of quicklime in the specimen of the lime-sand pile, the faster the reaction speed, the fuller the degree of reaction, and the greater the final expansion force. The final expansion force of the lime-sand pile samples in the small particle size group was 12.1% and 34.2% higher than that in the medium particle size group and the large particle size group, respectively. Meanwhile, the peak temperatures of the lime-sand pile samples in the small-size group were 10.9% and 24.4% higher than those in the other two groups.
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Figure 1. Project site drawing. 
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Figure 2. Lime-sand pile expansion force tester. 
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Figure 3. Experimental procedure. 
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Figure 4. Expansion force–time curve of the lime-sand pile under different pre-pressures. 
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Figure 5. Temperature time curve of lime-sand pile under different pre-pressures. 
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Figure 6. Expansion force–time curve of the lime-sand pile under different mixing ratios. 
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Figure 7. Temperature time curve of the lime-sand pile under different mixing ratios. 
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Figure 8. Expansion force–time curve of lime-sand piles at different heights. 
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Figure 9. Temperature time curve of lime-sand piles at different heights. 
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Figure 10. Expansion force–time curve of the lime-sand pile under different particle sizes. 
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Figure 11. Temperature time curve of the lime-sand pile under different particle sizes. 
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Table 1. Physical and mechanical properties of silty clay.






Table 1. Physical and mechanical properties of silty clay.





	
Type of Soil

	
Natural Water Content W (%)

	
Natural Density (g/cm3)

	
Plasticity Index

	
Compression Modulus (Mpa)

	
Liquidity Factor

	
Shearing Strength




	
C/Kpa

	
Φ






	
Loess

	
18.8

	
1.75

	
12.8

	
13.46

	
<0

	
30

	
23











 





Table 2. Parameters of lime.






Table 2. Parameters of lime.





	Lime Type
	Density (g/cm3)
	Activity Index
	Cao+Mgo
	MgO
	CO2
	SO3





	Siliceous lime
	1.35
	260
	≥87
	≤5
	≤4
	≤2










 





Table 3. Parameters of Sand.






Table 3. Parameters of Sand.





	Sand Type
	Fineness Modulus
	Particle Size (mm)
	Density (g/cm3)





	Medium coarse sand
	2.3–3.0
	2.0–5.0
	1.4–1.7










 





Table 4. Detailed parameters of the specimen.
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Specimens

	
Mix Proportion

	
Height

	
Lime Particle Size

	
Preload

	
Number




	
(Lime:Sand:Soil)

	
(mm)

	
(mm)

	
(kN)






	
Sample 1

	
5:4:1

	
50

	
0.5

	
0.88

	
3




	
Sample 2

	
6:3:1

	
50

	
0.5

	
0.88

	
3




	
Sample 3

	
7:2:1

	
50

	
0.5

	
0.88

	
3




	
Sample 4

	
5:4:1

	
100

	
0.5

	
0.88

	
3




	
Sample 5

	
5:4:1

	
150

	
0.5

	
0.88

	
3




	
Sample 6

	
5:41

	
50

	
1

	
0.88

	
3




	
Sample 7

	
5:4:1

	
50

	
2

	
0.88

	
3




	
Sample 8

	
5:4:1

	
50

	
0.5

	
0

	
3




	
Sample 9

	
5:4:1

	
50

	
0.5

	
0.44

	
3




	
Sample 10

	
5:4:1

	
50

	
0.5

	
1.32

	
3




	
Sample 11

	
5:4:1

	
50

	
0.5

	
1.76

	
3











 





Table 5. Pre-compression ratio test results.
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	Specimens
	Peak Temperature/°C
	Expansion Force/kN
	Average Peak Temperature/°C
	Average Peak Expansion Force/kN
	Water Absorption (mL)





	Sample 8-1
	16.5
	9.19
	
	
	



	Sample 8-2
	16.2
	9.17
	16.7
	9.15
	250



	Sample 8-3
	17.4
	9.09
	
	
	



	Sample 9-1
	13.4
	9.60
	
	
	



	Sample 9-2
	13.1
	9.65
	13.0
	9.64
	250



	Sample 9-3
	12.5
	9.67
	
	
	



	Sample 1-1
	11.0
	10.55
	
	
	



	Sample 1-2
	11.5
	10.59
	11.2
	10.51
	250



	Sample 1-3
	11.1
	10.39
	
	
	



	Sample 10-1
	9.3
	8.40
	
	
	



	Sample 10-2
	9.7
	8.50
	9.7
	8.41
	230



	Sample 10-3
	10.1
	8.33
	
	
	



	Sample 11-1
	8.0
	6.65
	
	
	



	Sample 11-2
	8.6
	6.69
	8.3
	6.71
	200



	Sample 11-3
	8.4
	6.79
	
	
	










 





Table 6. Test results of different mix proportions.
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	Specimens
	Peak Temperature/°C
	Expansion Force/kN
	Average Peak Temperature/°C
	Average Peak Expansion Force/kN
	Water Absorption/mL





	Sample 1-1
	11.0
	10.55
	
	
	



	Sample 1-2
	11.5
	10.59
	11.2
	10.51
	250



	Sample 1-3
	11.1
	10.39
	
	
	



	Sample 2-1
	11.6
	9.0
	
	
	



	Sample 2-2
	11.9
	8.95
	11.7
	9.3
	275



	Sample 2-3
	11.6
	9.95
	
	
	



	Sample 3-1
	12.1
	8.1
	
	
	



	Sample 3-2
	12.5
	8.78
	12.2
	8.85
	350



	Sample 3-3
	12.0
	9.67
	
	
	










 





Table 7. Test results for different height ratios.
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	Specimens
	Peak Temperature/°C
	Expansion Force/kN
	Average Peak Temperature/°C
	Average Peak Expansion Force/kN
	Water Absorption/mL





	Sample 1-1
	11.0
	10.55
	
	
	



	Sample 1-2
	11.5
	10.59
	11.2
	10.51
	250



	Sample 1-3
	11.1
	10.39
	
	
	



	Sample 4-1
	16.5
	10.56
	
	
	



	Sample 4-2
	16.8
	10.31
	16.9
	10.6
	400



	Sample 4-3
	17.4
	10.93
	
	
	



	Sample 5-1
	21.6
	10.48
	
	
	



	Sample 5-2
	23.7
	10.01
	22.7
	10.77
	500



	Sample 5-3
	22.8
	11.82
	
	
	










 





Table 8. Test results for different lime particle sizes.
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	Specimens
	Peak Temperature/°C
	Expansion Force/kN
	Average Peak Temperature/°C
	Average Peak Expansion Force/kN
	Water Absorption/mL





	Sample 1-1
	11.0
	10.55
	
	
	



	Sample 1-2
	11.5
	10.59
	11.2
	10.51
	250



	Sample 1-3
	11.1
	10.39
	
	
	



	Sample 6-1
	10.4
	9.27
	
	
	



	Sample 6-2
	10.2
	9.00
	10.0
	9.13
	220



	Sample 6-3
	9.4
	9.12
	
	
	



	Sample 7-1
	9.2
	8.01
	
	
	



	Sample 7-2
	8.8
	7.55
	9.0
	7.60
	175



	Sample 7-3
	9.0
	7.24
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