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Abstract

:

Silt in the Yellow River alluvial plain is widely spread, but its uniform particle size and high roundness make it unsuitable as a subgrade filling material, while titanium gypsum (TG) is an industrial solid waste in Shandong Province, not only occupying land resources but also causing water and air pollution. In order to improve the engineering performance of silt, reduce the pollution of solid waste titanium gypsum to the environment and reduce the engineering cost, considering the engineering characteristics of titanium gypsum, it was combined in specific amounts with cement and lime to create a titanium gypsum-based stabilizer (TS) in this study. The effect of curing conditions and TS content on silt improvement was studied through laboratory experiments. The mechanical properties of the stabilized silt were investigated by unconfined compression test (UCT), and the mineral composition and pore structure were analyzed by scanning electron microscopy (SEM) test, X-ray diffraction (XRD) test, and mercury injection pore (MIP) test. The test results show that TS could effectively improve the unconfined compressive strength of silt, and the strength of stabilized silt gradually increases with the curing period and TS content. In terms of the porosity, it decreases with the increase of the curing period and TS content. From the microstructure perspective, this is mainly due to the formation of ettringite and C-S-H during the stabilization of silt by TS.
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1. Introduction


Silt is widespread in the Yellow River alluvial plain; however, its engineering performance (small and uniform particles, high roundness, low plasticity index, poor cohesion, and high liquefaction susceptibility) make it unsuitable for subgrade filling [1].To improve the engineering performance of such problem soils as silt, scholars added stabilizers to enhance the bonding effect of it. In the previous research, soil stabilization was mainly achieved by adding inorganic cementitious materials such as cement and lime [2,3]. Many research results show that with the increase in cement content, the compression index, pre-consolidation pressure, and unconfined compressive strength of soil show an increasing trend, and the strength of the stabilized soil with lower water content is higher [4,5,6]. For some soils stabilized by cement in Washington State, the drying rate, workability, unconfined compressive strength, and shear strength increased significantly [7]. Adding a proper amount of lime to stabilize bad soil has been proven to be effective by many researchers, and the porosity/lime ratio can be used as an index to evaluate unconfined compressive strength [8,9,10]. However, the CO2 emission from cement and lime production and its high energy cost, lead us to reduce the usage of cement for sustainable development, while the shortcomings of lime’s low early strength limit its use in silt stabilization. Hence, scholars have attempted to improve the performance of stabilized silt by mixing cement or lime with some other additives such as chemical reagents [11], organic polymers(lignin) [12,13,14,15], and the use of enzyme-induced carbonate precipitation (EICP) [16].



In addition, considering cost savings, carbon emission reduction, and green development, adding industrial solid waste to replace part of cement to improve the performance of stable silt has been adopted. For instance, red-mud-stabilized silt can promote the formation of the hydration products such as calcium silicate aluminate hydrate (C-A-S-H), calcium silicate hydrate (C-S-H), and ettringite (Et) [1]. S.R. Lo et al. established models to represent the contribution of fly ash (FA) and cement to stabilized silt [17]. The silt stabilized by fly ash instead of a part of lime has outstanding unconfined compressive strength and water stability [18,19]. In addition, ground granulated blast furnace slag (GGBS) was combined with cement and lime to improve the durability of the silt [20]. Moreover, gypsum is not only used in modified agricultural and industrial wastes for nitrogen fixation but also often used in filling roadbeds [21]. To reduce the usage of cement, solid gypsum wastes have attracted many scholars’ attention, such as phosphogypsum (PG), desulfurization gypsum (DG), fluorgypsum (FG), and titanium gypsum (TG). It has been proposed that gypsum content has a significant influence on the physical and mechanical properties of cement-based stabilized clay [22]. It is found that there is a threshold of gypsum to clinker (G/C) ratio, which means that adding too much gypsum will eliminate the beneficial effect and fail to further improve the strength [22,23]. Suraj D. Khadka et al. [24] added lime and gypsum to geopolymer to stabilize high sulfate expansive soil—the formation of cementation products could resist the volume change—and found the optimal dosage corresponding to the minimum expansion through the expansion test [25]. X-ray diffraction (XRD), scanning electron microscopy (SEM), mercury intrusion porosimetry (MIP), and other tests showed that the formation of C-S-H and ettringite leads to the increase of compressive strength, to a certain extent [26].



At present, TG is widely distributed in Shandong Province and is formed from industrial waste in the process of generating titanium dioxide (TiO2) [27]. TG is composed of calcium sulfate, fluoride, silica, organic matter, alkali, and other impurities [28]. Owing to its high impurity content and poor mechanical properties, it is difficult to recycle and is often directly buried, discarded, and stacked near the factory, which occupies a large number of land resources and causes environmental pollution. However, among them, the existence of iron oxide makes TG effective as a soil amendment to fix As, Cd, and Cu in heavy-metal-contaminated soil [29]. Based on the solid waste coordination theory [26], some scholars have adopted titanium gypsum and another three kinds of solid wastes to produce better sulfoaluminate cementitious materials [30]. The result shows that the cementitious material prepared by mixing titanium gypsum with fly ash, and steel slag has outstanding long-term strength and has an excellent immobilization ability on Cu, As, and other hazardous elements [31]. Furthermore, the titanium gypsum is entirely converted into hemihydrate gypsum after 2.5 hours of calcination at 115 ℃. As a result, the engineering performance (similar to the unconfined compressive strength) of expansive soil stabilized by TG is greatly improved [32]. Therefore, the application of titanium gypsum to the stabilization of silt is a worthy direction for exploration in the future.



In this study, TG was mixed with cement and lime to prepare TS to stable silt to improve the engineering performance of silt filling roadbeds, integrate the comprehensive utilization of solid waste titanium gypsum, and alleviate the problem of environmental pollution. The engineering behavior of TS stabilized silt was investigated through the unconfined compression test (UCT) and water stability test. The morphology and microstructure of the stabilized silt were characterized by the SEM, XRD, and MIP tests. This study shows that TS can effectively stabilize silt, improve the engineering performance of silt, and widen the approach for the comprehensive utilization of titanium gypsum.




2. Materials and Methods


2.1. Materials


In this study, cement(C), lime(L), and TG were adopted to stabilize the silt, as shown in Figure 1.



2.1.1. Soil


The soil used in the present study was the representative silt of the Yellow River alluvial plain in Jinan, Shandong Province, China. Based on the compaction test and other relevant basic characteristic tests following the Test Methods of Soils for Highway Engineering (JTG 3430-2020), the basic physical characteristics of silt were summarized in Table 1.



The particle analysis results of silt obtained by the particle analysis test are shown in Table 2. It is known that the particle composition of the silt used in the test is mainly silt particles with a diameter between 0.075 mm and 0.002mm, with silt content as high as 79.38%. The particle size distribution curve shows that the curvature coefficient (Cc) and uniformity coefficient (Cu) is 0.97 mm and 2.04 mm, respectively. The graded particle size curve is drawn as shown in Figure 2.




2.1.2. Binder


In this study, ordinary Portland cement was selected from a cement factory in Shandong Province, China. The compressive strength is not less than 32.5 MPa, mainly composed of CaO, followed by SiO2, Al2O3, and Fe2O3.



The lime used in the study was quicklime with a calcium content of 70% or more from a lime factory in Jinan, Shandong Province, China, and its main component is CaO.



TG contained more impurities and appeared yellow, obtained from a titanium dioxide factory in Shandong province, China. The PH value of titanium gypsum was 7.42 by pH test following the Test Methods of Soils for Highway Engineering (JTG 3430-2020). The chemical composition of TG was determined by X-ray fluorescence (XRF) as shown in Table 3, and the content of SO3 in the gypsum sample was 36.716%. Based on the XRD pattern of titanium gypsum (Figure 3), the component of TG is mainly S and Ca, and its main mineral components are gypsum dihydrate (CaSO4·2H2O) and semi-hydrated gypsum (CaSO4·0.5H2O).





2.2. Test Methods


2.2.1. Sample Preparation and Curing


The sample preparation and curing were carried out following the Test Methods of Soils for Highway Engineering (JTG 3430-2020). The mass and water content of the samples was calculated according to the maximum dry density and the optimum water content obtained from the compaction test. The undisturbed silt was oven-dried at 40 °C, then crushed with a rubber hammer, and thereafter sifted through a 2 mm sieve to remove the coarser particles. To improve the performance of titanium gypsum to stabilize silt, the obtained TG needed to be calcined at 115 °C for 2.5 h before it could be applied to the test [32].



The mixed design is shown in Table 4. A1 with 50% cement and 50% lime was taken as the control group. TS stabilizer was prepared by mixing cement, lime, and TG with a mix ratio of 1:1:8. According to the mixing ratio design, the stabilized silt that had been infiltrated for 6–8 hours and various quantities of TS stabilizer (5%, 10%, 15%, 20%, and 25%) were mixed evenly, and then divided into the unconfined compression test steel molds. The prepared stabilized silts were compacted with the microcomputer control electron universal testing machines at a 1 mm/min displacement rate. In addition, 8 specimens were prepared for each group of tests to ensure the accuracy of the test (Figure 4).



After a while, the silt stabilized by TS was transferred into a plastic bag and kept in the constant temperature and humidity curing box with standard constant temperature ((20 ± 2) °C) and humidity (≥95%) for standard curing for 7d and 28d. Moreover, the specimens were cured by soaking in water at room temperature ((20 ± 2) °C) on the last day to create a high-humidity environment to study the water stability. For the convenience of later analysis, the curing age of the specimen of soaking is denoted as S7d and S28d.




2.2.2. Unconfined Compressive Test (UCT)


As per Test Methods of Materials Stabilized with Inorganic Binders for Highway Engineering (JTG E50-2009), a microcomputer control electronic universal testing machine (WDW-100, Jinan Zhonglu Chang Testing Machine Manufacturing Co. LTD, Jinan, China) was used to do the unconfined compressive strength test.



The obtained unconfined compressive strength under standard curing is    q  u t     and the unconfined compressive strength under immersion curing is    q  u t  ’   , then the water stability coefficient    K w    is


   K w  =    q  u t  ’     q  u t     ,  



(1)




where    q  u t     is the UCS of stabilized silt under standard curing at curing time t,    q  u t  ’    is the UCS of stabilized silt under immersion curing at curing time t.




2.2.3. Microscopic Test


In this study, scanning electron microscopy (SEM, Shanghai Yinque Electronic Technology Development Co., LTD, Shanghai, China), X-ray diffraction (XRD, Beijing Guardian Lida Technology Co., LTD, Beijing, China), and mercury injection pore (MIP) measurements were used to analyze the mineralogy and microstructure of titanium gypsum stabilized silt samples. The above tests were carried out on representative samples, which were shown in Table 5.



	(1)

	
SEM







Based on the results of the unconfined compressive strength test, in this experiment, samples of B2 and B5 under different curing conditions at different ages were selected for the SEM test. Significantly, the samples were gold-plated to obtain adequate electrical conductivity. Finally, scanning was carried out to select the required SEM microscopic images.



	(2)

	
MIP







In this study, the pore size distribution characteristics of stabilized silt were studied by the MIP test. The mercury coagulation temperature was 25.32 °C, the contact angle was 130°, and the working pressure ranged from 0.68 kPa to 420.7 MPa.



	(3)

	
XRD







To characterize and identify the hydration products of stable silty soil, the samples were tested by XRD. After the UCT, the internal sample of the specimen was dried in the same way as SEM and then ground into a powder that could pass through a 0.075 mm sieve for XRD analysis. In the experiment, the scanning speed was 2° (2θ)/min, the XRD diagrams were collected in the 2θ range of 5–90°.






3. Results


3.1. Effect of TS on UCS of Stabilized Silt


3.1.1. Stress–Strain Characteristics


Figure 5 shows the stress–strain characteristic curves of TS stabilized silt under various binder dosages, curing ages, and conditions. It can be seen that the stabilized silt behaves like a ductile material, and the stress–strain curves can be roughly divided into three stages [22]. In stage I, the specimen is within the elastic zone, and the stress increases approximately linearly with the strain. For stage II, the behavior of stabilized silt is elasto-plastic, and the stress increases with strain nonlinearly to the peak stress point. Then, with the increase of strain, it enters stage III, which means after the failure strain (εf), the stress decreases sharply with the increase of strain (typical strain softening behavior).



Figure 5a shows the stress–strain curves of stabilized silt with different TS content under the same curing condition with a curing period of 7 days. The peak stress increases from 0.33 MPa to 0.65 MPa when TS content varies from 10% to 25%. It can also be observed that the failure strain keeps increasing with the increase of TS content. Figure 5b presents the effect of different TS content on εf of the stabilized specimens with 28 days curing period. The εf corresponding to 10%, 15%, 20%, and 25% TS content is 1.93%, 1.50%, 1.93%, and 1.74%, respectively, while the peak stress is 0.65 MPa, 0.79 MPa, 1.24 MPa, and 1.59 MPa, respectively.



Comparing Figure 5a,b, it can be found that the curing age changes from 7 days to 28 days, and the failure strain εf of stable silt increases with the same dosage. For instance, with 25% TS content, the stress peak rises from 0.65 MPa to 1.59 MPa, and the failure strain increases from 1.29% to 1.74%. It can be concluded that the ultimate load, softening point, and deformation resistance of samples with long curing ages all improve when the same deformation happens.



Moreover, stress–strain curves of stabilized silt with 25% TS content under different curing conditions are shown in Figure 6. It can be found that the stress peak value of standard curing is higher than that of the soaking curing at the same curing age, and the variation rule is also applicable to failure strain. It might be because water enters the specimen during immersion, weakening the adhesion between the soil particles. On the other hand, ettringite expands when it is soaked in water [33]. As a result, the specimen after soaking reached strain softening earlier than that under standard curing.




3.1.2. Unconfined Compressive Strength (UCS)


The unconfined compressive strength of A1 and B1 is shown in Figure 7. It can be seen that the addition of titanium gypsum has a significant influence on the unconfined compressive strength of the stabilized silt. Taking the curing time at 28d as an example, the UCS value of B1 is 0.3 MPa, while that of A1 is only 0.25 MPa. Moreover, the UCS values increase with the curing time. After the addition of titanium gypsum, in addition to the formation of ettringite and other products that promote the compactness of the soil, the remaining gypsum crystals also enhance the adhesion between the soil particles, increasing strength.



The influence of TS content on the UCS of stabilized silt is shown in Figure 8. The UCS values of stabilized silt with 5%, 10%, 15%, 20%, and 25% TS content are 0.20 MPa, 0.35 MPa, 0.5 MPa, 0.53 MPa, and 0.73 MPa, respectively after 7 days of curing. It can be seen that UCS gradually increases with the TS content, which indicates that adding TS can improve the strength performance of stabilized silt. In addition, silt stabilized by TS has a low early strength; however, as the mixing amount increases, the later strength of stable silt becomes higher.




3.1.3. Secant Modulus E50


For the stress–strain curve obtained through an unconfined compressive strength test, half of the ratio of stress–strain is defined as secant modulus (E50) [34]. The E50 [35] of stabilized silt, is plotted in Figure 9 for samples with various curing conditions for a certain TS content. It can be seen that, roughly, the E50 increases with the TS content, and the longer curing time shows a more obvious increment trend. The formula for the fitting curve of Secant Modulus E50 and content (x) of the sample under 28-day standard curing is:


E50 = 1.97x − 5.63,



(2)




where the Pearson correlation coefficient is 0.98, R2 = 0.88, it has a certain correlation between UCS and the content, which can be used to predict the UCS under different content for 28-day standard curing.



Moreover, it has been speculated that there is a certain linear relationship between E50 and UCS. Figure 10 is obtained by linear fitting of E50 and UCS [6]. As shown in it, E50 and UCS are strongly correlated when the curing age is 7d, S7d, and 28d, and the relationship of the fitted line is obtained as shown in Equations (3)–(5), where the correlation coefficient R2 is 0.95, 0.91, and 0.95, respectively. However, the relationship for S28d samples is not obvious.


qu-s7d = 20.57 E50 + 11.07,



(3)






qu-7d = 43.20 E50 − 3.33,



(4)






qu-28d= 30.18 E50 − 3.25,



(5)









3.2. Effect of TS on Water Stability of Stabilized Silt


The samples before and after water curing with a curing time of 7d are presented in Figure 11. After water curing, it can be seen that the specimens of A1 were damaged whereas B1 with titanium gypsum was nearly intact. This indicates that titanium gypsum is beneficial in enhancing silt’s water stability.



Figure 12 shows the relationship between the TS content and water stability coefficient (Kw). With the increase of TS content, the Kw of stabilized silt with 7d curing increases when TS content varies from 5% to 10%. However, it will drop when TS content varies from 10% to 25%. Obviously, it can be seen that 10% TS contributes more to the water stability of the slit in this paper. Moreover, it can be inferred that there is a critical value for water stability in the range of 5%–15%.




3.3. Mineralogical and Microstructural Analysis


3.3.1. X-ray Diffraction


The change in silt engineering characteristics can be mainly attributed to the changes in the mineral after the addition of TS. Figure 13 shows the XRD patterns of the natural silt and stabilized silt with 28 d curing. As can be seen, the main minerals of the untreated silt are quartz, anorthite, and kaolinite, of which quartz takes the peak intensity.



Moreover, identification revealed that some new peaks of different strengths appear in the silt stabilized by TS, representing the new agglomerating minerals. The gypsum that did not fully participate in the reaction had a promoting effect on improving the loose structure of the specimen. New minerals such as C-S-H hydrates formed within the stabilized silt minerals contributed to the early strength of stabilized silt which is complementary to the UCS results and consistent with the result of previous studies [36,37]. In addition, ettringite (Et) was also observed in the stabilized silt, a calcium aluminum-hydrated calcium sulfate-type mineral, which is expansive, so the expansion of ettringite will be researched in the future. However, the proper amount of ettringite is beneficial to compact mixture’s structure [21].




3.3.2. Scanning Electron Microscope (SEM) Observation


Figure 14 shows the SEM images of stabilized silt with different TS contents and curing periods. As can be seen, hydrate is attached to the surface of most silt particles regardless of the TS content and curing conditions, and flocculent and honeycomb-gelled structures (most of which may be C-S-H) can be observed [38]. In addition, it can also be seen that there are needle-like crystals and rod-needle crystals connected between the silt particles, which might be considered as ettringite or gypsum, improving the bonding between silt particles.



Comparing a and b, it is obvious that stabilized silt particles with more TS content produce more cementation products. It is mainly because TS stimulates the activity of Ca2+ and SiO44−, accelerates the physical and chemical reaction between TS and silt minerals, and promotes the generation of hydrate. This is much clearer when the magnification is 5000c. Compared with 28 days of curing (d) and 7 days of curing (e), the flocculent structure was enhanced and the needle-rod hydrate structure was significantly stronger. After the water curing (b), there were fewer cementation products and Et compared to the sample under standard curing (c), which confirms the results of Figure 8. This may be owing to the pores inside the sample being filled with water after immersion, diluting the alkaline environment and easing the hydration reaction, thus inhibiting further production of cementation.




3.3.3. Mercury Intrusion Porosimetry (MIP) Analysis


The pore structure is an important factor affecting the mechanical properties of materials. The cumulative porosity curve and log differential invasion curve of the stabilized silt after 28 d curing are shown in Figure 15a, and Figure 15b, respectively. Figure 15a shows the pore distribution of stabilized silt with different dosages of TS (i.e. 10%, 25%). It can be seen that the porosity of stabilized soil with 10% and 25% TS content is 0.30 and 0.27, respectively. This indicates that with the increase of TS content and the increase of the number of medium and coarse particles, the gradation proportion of silt particles effectively decreases, the porosity of stable silt decreases, and the solid bulk density increases. This results in a more compressed structure with greater strength when the TS content is higher, mostly because of the uniform particle dispersion.



The relationship between cumulative invasion volume and log of pore size of stabilized silt under different curing conditions and different TS content is shown in Figure 15b. The average pore size of a 28 d curing sample with 10% TS content is 9.6 μm, and the peak pore volume under standard curing is 1.09 mL/g while that underwater curing is 0.85 mL/g. Similarly, when the TS content is 25%, the pore volume peaks of standard curing and water curing show 1.13 mL/g and 1.06 mL/g, respectively.



In addition, the average pore size at 25% content is 0.9 μm, which is smaller than that at 10% content. After adding TS, the pore size distribution curve of stable silt is shifted to the left, which indicates the pore shrinkage. The theory can be used to explain that the alkalinity of titanium gypsum in TS and the hydration reaction of cement promote the formation of cementitious hydrate, thus compacting the pore structure and enhancing UCS [39]. More Et and other certified products will be produced on stabilized soils with increased TS content. It has been proved that under the appropriate pore ratio and TS content, the Et generated by the reaction can be used as a bridge of a solid skeleton matrix to tighten the soil particles and improve the mechanical properties of the stabilized soil [22].






4. Discussion


The hydrolysis of anorthite and kaolinite inside the silt yielded soluble active ions such as Ca2+, SiO44−, and Al[OH]4−. Due to the dicalcium silicate (C2S), tricalcium silicate (C3S), tricalcium aluminate (C3A), dihydrate gypsum (CaSO4·2H2O), and other substances inside TS, create an alkaline environment and improve the activity of cations in the stabilized silt. A series of reactions such as hydration and pozzolanic reaction occurs in the stabilized silt to form calcium silicate hydrate (C-S-H), and the by-products calcium hydroxide (CH) and ettringite (Et) [39], which could fill the pores between silt particles [33]. Therefore, the TS stabilized silt reduces the porosity of the mixture and improves the engineering performance of the stabilized silt. The hydration reaction and pozzolanic reaction are as follows:



Hydration reaction:


C3S/C2S + H2O→C-S-H + CH



(6)






C3A + H2O→C-A-H



(7)







Pozzolanic reaction:


  CH +  SiO 2  → C - S - H  



(8)







In addition, as TG is contained in TS, hemihydrate gypsum (CaSO4·0.5H2O) reacts with cement hydration product CAH to generate high-sulfur calcium sulfoaluminate hydrate (Et) as shown in Equation (9), which can also be expressed by Equation (10). After the TG reaction, a part of Et was transformed into calcium aluminate monosulfate hydrate (AFm). Et and AFm are acicular crystals, which precipitate between the voids of the sample. With an appropriate pore ratio and TS content, the growing ettringite acts as a bridging link of the solid skeleton matrix, which has a positive effect on strength development.


  C - A - H +  CaSO 4  · 0.5  H 2  O → Et  



(9)






   C 3  A +  CaSO 4  · 0.5  H 2  O + CH +  H 2  O → Et  



(10)







Furthermore, it was noteworthy that ion exchange is also beneficial to increase of strength. The TG in TS hydrolyzes to release Ca2+ ions and SO42− ions, leading to an increase in the concentration of ions in the soil electrolyte. Due to the substitution order of Na+ < K+ < Mg2+ < Ca2+ < Al3+ [33], Na+ and K+ in the soil are replaced with Ca2+, electron charge changes, and the repulsive force between ions is reduced. As a result, a compressed double cations layer is generated, silt to further internal flocculation and reunion [40], thus contributing to the strength performance. Overall, TS can improve the engineering performance of silt, which means improving the unconfined compressive strength and reducing the porosity of silt effectively.




5. Conclusions


This paper, through the above laboratory research on the use of TS to improve the performance of silt, shows that the physical and mechanical properties of the stabilized silt have been changed significantly. The influence of TS content and curing age on the mechanical properties, microstructure, and pore characteristics of stabilized silt is comprehensively analyzed. The main conclusions of the study are as follows:




	
The addition of TS improves the performance of silt. TS significantly improved the mechanical properties of silt, which was represented by the increase of unconfined compression strength crossing;



	
The content and curing age of TS have an obvious influence on the strength characteristics of stabilized silt. With the increase of TS content, the unconfined compressive strength of stable silt increases. The strength of stabilized silt after curing for 28 days is around 1.4~2 times compared with that after curing for 7 days. Because ettringite absorbs water and expands, the strength of the specimen under water immersion curing is lower than that under standard curing;



	
The fitting relationship between E50 obtained from the stress–strain curve and UCS was linear. E50 increased with the increase of UCS, and the growth rate was different under different curing conditions;



	
The water stability coefficient has an obvious relationship with TS content. When TS is added to the silt, the water resistance coefficient of the stabilized soil is up to 94%, which is better than that of the silt without TS, while the water resistance is optimum when the content of TS is 10%;



	
The microscopic test results show that the hydration reaction, pozzolanic reaction, and ion exchange occur in the TS stabilized silt, and the reaction products mainly include C-S-H, CH, and Et. When the mixing amount of TS is high, the gels, needle-like crystals, and rod-needle crystals are rich, and the pore structure is denser. At the same time, the remaining gypsum crystals from the TS internal reaction filled the inside of the stable silt, densifying the soil pore structure;



	
TS can effectively stabilize silt with excellent mechanical properties. TS stabilized silt can solve the problem of lack of subgrade fill, effectively reduce engineering costs, promote the comprehensive utilization of solid waste, and contribute to the sustainable development of the road industry.












Author Contributions


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




Funding


This research was funded by Shandong Excellent Young Scientists Fund Program (Overseas) (2022HWYQ-016), Shandong Provincial Natural Science Foundation (ZR2021QE254) and Natural Science Foundation of Jiangsu Province (BK20220273).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ma, Q.; Duan, W.; Liu, X.; Fang, P.; Chen, R.; Wang, T.; Hao, Z. Engineering Performance Evaluation of Recycled Red Mud Stabilized Loessial Silt as a Sustainable Subgrade Material. Materials 2022, 15, 3391. [Google Scholar] [CrossRef] [PubMed]

	



Cai, G.; Zhang, T.; Liu, S.; Li, J.; Jie, D. Stabilization Mechanism and Effect Evaluation of Stabilized Silt with Lignin Based on Laboratory Data. Mar. Georesour.Geotechnol. 2014, 34, 331–340. [Google Scholar] [CrossRef]

	



Azadi, H.; Sidek, N.; Noor, M. Effect of pozzolanic process on the strength of stabilized lime clay. Electron. J. Geotech. Eng. 2008, 13, 1–19. [Google Scholar]

	



Pakbaz, M.; Alipour, R. Influence of cement addition on the geotechnical properties of an Iranian clay. Appl. Clay Sci. 2012, 67–68, 1–4. [Google Scholar] [CrossRef]

	



Horpibulsuk, S.; Rachan, R.; Chinkulkijniwat, A.; Raksachon, Y.; Suddeepong, A. Analysis of strength development in cement-stabilized silty clay from microstructural considerations. Constr. Build. Mater. 2010, 24, 2011–2021. [Google Scholar] [CrossRef]

	



Kang, G.; Tsuchida, T.; Kim, Y. Strength and stiffness of cement-treated marine dredged clay at various curing stages. Constr. Build. Mater. 2017, 132, 71–84. [Google Scholar] [CrossRef]

	



Suksiripattanapong, C.; Horpibulsuk, S.; Chanprasert, P.; Sukmak, P.; Arulrajah, A. Compressive strength development in fly ash geopolymer masonry units manufactured from water treatment sludge. Constr. Build. Mater. 2015, 82, 20–30. [Google Scholar] [CrossRef]

	



Consoli, N.; Prietto, P.; da Silva Lopes, L.; Winter, D. Control factors for the long term compressive strength of lime treated sandy clay soil. Transp. Geotech. 2014, 1, 129–136. [Google Scholar] [CrossRef]

	



Sharma, L.; Sirdesai, N.; Sharma, K.; Singh, T. Experimental study to examine the independent roles of lime and cement on the stabilization of a mountain soil: A comparative study. Appl. Clay Sci. 2018, 152, 183–195. [Google Scholar] [CrossRef]

	



Dhar, S.; Hussain, M. The strength and microstructural behavior of lime stabilized subgrade soil in road construction. Int. J. Geotech. Eng. 2019, 15, 471–483. [Google Scholar] [CrossRef]

	



Chang, J.; Jiang, J.-Q.; Lei, M.; Luo, S.-L.; He, G.-F.; Lin, J.-Y. Road performance and microscopic action mechanism of low liquid limit silt solidified by AT curing agent. Arab. J. Geosci. 2022, 15, 664. [Google Scholar] [CrossRef]

	



Zhang, T.; Cai, G.; Liu, S.; Puppala, A. Engineering properties and microstructural characteristics of foundation silt stabilized by lignin-based industrial by-product. KSCE J. Civ. Eng. 2016, 20, 2725–2736. [Google Scholar] [CrossRef]

	



Yanmei, Z.; Jincheng, L.; Xiaofeng, Z.; Feifei, C. Study on unsaturated mechanical properties of lignin-lime improved silt. Jpn. Geotech. Soc. Spec. Publ. 2019, 7, 125–132. [Google Scholar] [CrossRef]

	



Kong, X.; Song, S.; Wang, M.; Zhao, Q. Experimental Research of Low Liquid Limit Silt Stabilized by Lignin in the Flooding Area of Yellow River. Geotech. Geol. Eng. 2019, 37, 5211–5217. [Google Scholar] [CrossRef]

	



Cui, K.; Fan, S. Indoor direct shear and uniaxial compression testing of polymer-modified silt. Clust. Comput. 2017, 22 (Suppl. 3), 5447–5455. [Google Scholar] [CrossRef]

	



Yuan, H.; Ren, G.; Liu, K.; Zheng, W.; Zhao, Z. Experimental Study of EICP Combined with Organic Materials for Silt Improvement in the Yellow River Flood Area. Appl. Sci. 2020, 10, 7678. [Google Scholar] [CrossRef]

	



Lo, S.; Wardani, S. Strength and dilatancy of a silt stabilized by a cement and fly ash mixture. Can. Geotech. J. 2002, 39, 77–89. [Google Scholar] [CrossRef]

	



Dungca, J. Fly-Ash-Based Geopolymer as Stabilizer for Silty Sand Embankment Materials. Int. J. GEOMATE 2018, 14, 143–149. [Google Scholar] [CrossRef]

	



Zhu, Z.; Pu, S.; Zhang, J.; Wan, Y.; Song, W.; Wang, H. Water resistance and compressibility of silt solidified with lime and fly-ash mixtures. Environ. Earth Sci. 2021, 80, 103. [Google Scholar] [CrossRef]

	



Du, Y.-J.; Jiang, N.-J.; Liu, S.-Y.; Horpibulsuk, S.; Arulrajah, A. Field evaluation of soft highway subgrade soil stabilized with calcium carbide residue. Soils Found. 2016, 56, 301–314. [Google Scholar] [CrossRef]

	



Aldaood, A.; Bouasker, M.; Al-Mukhtar, M. Geotechnical properties of lime-treated gypseous soils. Appl. Clay Sci. 2014, 88–89, 39–48. [Google Scholar] [CrossRef]

	



Wu, J.; Liu, L.; Deng, Y.; Zhang, G.; Zhou, A.; Xiao, H. Use of recycled gypsum in the cement-based stabilization of very soft clays and its micro-mechanism. J. Rock Mech. Geotech. Eng. 2022, 14, 909–921. [Google Scholar] [CrossRef]

	



Suárez, S.; Roca, X.; Gasso, S. Product-specific life cycle assessment of recycled gypsum as a replacement for natural gypsum in ordinary Portland cement: Application to the Spanish context. J. Clean. Prod. 2016, 117, 150–159. [Google Scholar] [CrossRef]

	



Khadka, S.; Jayawickrama, P.; Senadheera, S.; Segvic, B. Stabilization of highly expansive soils containing sulfate using metakaolin and fly ash based geopolymer modified with lime and gypsum. Transp. Geotech. 2020, 23, 100327. [Google Scholar] [CrossRef]

	



Andavan, S.; Pagadala, V. Experimental study on addition of lime and fly ash for the soil stabilization. Mater. Today Proc. 2020, 22, 1065–1069. [Google Scholar] [CrossRef]

	



Li, Z.; Zhang, J.; Li, S.; Gao, Y.; Liu, C.; Qi, Y. Effect of different gypsums on the workability and mechanical properties of red mud-slag based grouting materials. J. Clean. Prod. 2020, 245, 118759. [Google Scholar] [CrossRef]

	



Pace, M.; Telesca, A.; Marroccoli, M.; Valenti, G. Use of industrial byproducts as alumina sources for the synthesis of calcium sulfoaluminate cements. Environ. Sci. Technol. 2011, 45, 6124–6128. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, F.; Huang, H.; Guo, Y.; Li, B.; Liu, Y.; Chu, P. Gypsum blocks produced from TiO2 production by-products. Environ. Technol. 2016, 37, 1094–1100. [Google Scholar] [CrossRef]

	



Zhai, W.; Dai, Y.; Zhao, W.; Yuan, H.; Qiu, D.; Chen, J.; Gustave, W.; Maguffin, S.; Chen, Z.; Liu, X.; et al. Simultaneous immobilization of the cadmium, lead and arsenic in paddy soils amended with titanium gypsum. Environ. Pollut. 2020, 258, 113790. [Google Scholar] [CrossRef]

	



Li, J.; Wang, W.; Xu, D.; Wang, X.; Mao, Y. Preparation of sulfoaluminate cementitious material using harmful titanium gypsum: Material properties and heavy metal immobilization characteristics. Waste Dispos. Sustain. Energy 2020, 2, 127–137. [Google Scholar] [CrossRef]

	



Chen, S.; Yuan, H. Characterization and optimization of eco-friendly cementitious materials based on titanium gypsum, fly ash, and calcium carbide residue. Constr. Build. Mater. 2022, 349, 128635. [Google Scholar] [CrossRef]

	



Zha, F.; Qiao, B.; Kang, B.; Xu, L.; Chu, C.; Yang, C. Engineering properties of expansive soil stabilized by physically amended titanium gypsum. Constr. Build. Mater. 2021, 303, 124456. [Google Scholar] [CrossRef]

	



Ebailila, M.; Kinuthia, J.; Oti, J. Role of Gypsum Content on the Long-Term Performance of Lime-Stabilised Soil. Materials 2022, 15, 5099. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.-J.; Jiang, N.-J.; Liu, S.-Y.; Jin, F.; Singh, D.; Puppala, A. Engineering properties and microstructural characteristics of cement-stabilized zinc-contaminated kaolin. Can. Geotech. J. 2014, 51, 289–302. [Google Scholar] [CrossRef]

	



Lee, F.-H.; Lee, Y.; Chew, S.-H.; Yong, K.-Y. Strength and Modulus of Marine Clay-Cement Mixes. J. Geotech. Geoenviron. Eng. 2005, 131, 178–186. [Google Scholar] [CrossRef]

	



Lemaire, K.; Deneele, D.; Bonnet, S.; Legret, M. Effects of lime and cement treatment on the physicochemical, microstructural and mechanical characteristics of a plastic silt. Eng. Geol. 2013, 166, 255–261. [Google Scholar] [CrossRef]

	



Cho, B.; Choi, H. Physical and chemical properties of concrete using GGBFS-KR slag-gypsum binder. Constr. Build. Mater. 2016, 123, 436–443. [Google Scholar] [CrossRef]

	



Abdila, S.; Abdullah, M.; Ahmad, R.; Rahim, S.; Rychta, M.; Wnuk, I.; Nabialek, M.; Muskalski, K.; Tahir, M.; Syafwandi; et al. Evaluation on the Mechanical Properties of Ground Granulated Blast Slag (GGBS) and Fly Ash Stabilized Soil via Geopolymer Process. Materials 2021, 14, 2833. [Google Scholar] [CrossRef]

	



Jiang, N.; Wang, C.; Wang, Z.; Li, B.; Liu, Y. Strength Characteristics and Microstructure of Cement Stabilized Soft Soil Admixed with Silica Fume. Materials 2021, 14, 1929. [Google Scholar] [CrossRef]

	



Adeleke, B.; Kinuthia, J.; Oti, J. Impacts of MgO waste:GGBS formulations on the performance of a stabilised natural high sulphate bearing soil. Constr. Build. Mater. 2022, 315, 125745. [Google Scholar] [CrossRef]








[image: Materials 16 00271 g001 550] 





Figure 1. Materials: (a) silt, (b) cement, (c) lime, (d) titanium gypsum. 
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Figure 2. Particle size distribution curve of silt. 
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Figure 3. XRD pattern of titanium gypsum. 
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Figure 4. Samples preparation, (a) samples before demolding, (b) samples after demolding. 
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Figure 5. Stress–strain curves of stabilized silt with various TS dosages (a) 7 days of curing, (b) 28 days of curing. 
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Figure 6. Stress–strain curves of stabilized silt with different curing conditions for 25% TS content. 
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Figure 7. Effect of TG on UCS of stabilized silt. 
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Figure 8. Effect of TS content on UCS of stabilized silt. 
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Figure 9. Effect of TS content on E50 of stabilized silt. 
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Figure 10. The relationship between UCS and E50. 
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Figure 11. The samples before and after water curing (a) before water curing, (b) after water curing. 
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Figure 12. Effect of TS on water stability coefficient of stabilized silt. 
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Figure 13. XRD pattern of natural silt and stabilized silt with 28d curing. 
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Figure 14. SEM images of stabilized silt, (a) B2(10%)-7d, (b) B2(10%)-28d, (c) B2(10%)-S28d, (d) B5(25%)-7d, (e) B5(25%)-28d, (f) B5(25%)-S28d. 
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Figure 15. MIP results for stabilized silt (a) Cumulative porosity curve, (b) Log differential invasion curve. 
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Table 1. Basic physical characteristics of silt.
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	Optimum Moisture

Content (%)
	Maximum Dry

Density (g/cm3)
	Liquid Limit (%)
	Plastic Limit (%)
	Plasticity

Index
	Specific Gravity





	14.4
	1.6
	29.8
	20.1
	9.7
	2.7
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Table 2. The particle size analysis results.
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	Particle Size

(mm)
	>0.25
	0.25–0.075
	0.075–0.05
	0.05–0.005
	0.005–0.002
	<0.002



	Content (%)
	0.3
	20.3
	23.2
	56.2
	0
	0
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Table 3. Main chemical composition of titanium gypsum.
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	Oxides
	SO3
	CaO
	Fe2O3
	TiO2
	SiO2
	Al2O3
	MgO





	Value (%)
	36.7
	33.9
	13.0
	8.5
	4.1
	1.2
	0.9










[image: Table] 





Table 4. Schematic design.
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Sample ID

	
C

	
L

	
TG

	
Mixing Amount

	
Curing Time (Days)

	
Test Items






	
A1

	
1

	
1

	
-

	
5%

	
7d 1,

S7d 1,

28d 1,

S28d 1

	
UCT, ERT, XRD, SEM, MIP




	
B1

	
1

	
1

	
8

	
5%




	
B2

	
1

	
1

	
8

	
10%




	
B3

	
1

	
1

	
8

	
15%




	
B4

	
1

	
1

	
8

	
20%




	
B5

	
1

	
1

	
8

	
25%








1 7d, 28d-Standard curing 7d, 28d; S7d, S28d-Soaking curing 7d, 28d.
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Table 5. Microscopic characterization.
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	Sample ID
	Mixing Amount
	7d
	S28d
	28d





	B2
	10%
	SEM
	SEM, MIP
	SEM, MIP



	B5
	25%
	SEM
	SEM, MIP
	SEM, MIP, XRD
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