

  polymers-14-00307




polymers-14-00307







Polymers 2022, 14(2), 307; doi:10.3390/polym14020307




Article



Experimental Investigation of Unconfined Compression Strength and Microstructure Characteristics of Slag and Fly Ash-Based Geopolymer Stabilized Riverside Soft Soil



Zhengdong Luo 1, Biao Luo 1,*[image: Orcid], Yufei Zhao 2,*[image: Orcid], Xinyu Li 3, Yonghua Su 4, He Huang 5 and Qian Wang 1





1



College of Civil Engineering and Mechanics, Xiangtan University, Xiangtan 411105, China






2



China Institute of Water Resources and Hydropower Research, Beijing 100041, China






3



Hunan Xihu Construction Group Co., Ltd., Changsha 410031, China






4



College of Civil Engineering, Hunan University, Changsha 410082, China






5



Yueyang City Roads and Bridge Construction Corporation, Yueyang 414002, China









*



Correspondence: 201821572208@smail.xtu.edu.cn (B.L.); zhaoyf@iwhr.com (Y.Z.)







Academic Editors: Ignazio Blanco and Victor Tcherdyntsev



Received: 11 December 2021 / Accepted: 10 January 2022 / Published: 13 January 2022



Abstract

:

To solve the issues of insufficient early strength of cement stabilized soil and high resource cost, high reduction cost, and high environmental cost induced by the application of cement, the slag and fly ash-based geopolymer was adopted as the stabilizer to treat riverside soft soil. This study mainly investigated the effects of stabilizer content, slag-to-fly ash ratio, and alkaline activator content on the strength of geopolymer stabilized soils with different curing ages. Unconfined compressive strength (UCS), scanning electron microscope (SEM), and X-ray energy spectrum analysis (EDS) tests were carried out. The results show that the stabilizer content, slag–fly ash ratio, and alkaline activator content have a decisive influence on the UCS of geopolymer-stabilized soil. The mix-proportions scheme of geopolymer stabilized riverside soft soil, with a geopolymer content of 15%, a slag–fly ash ratio of 80:20, and an alkaline activator content of 30%, is considered optimum. It is proven by SEM that the uniformly distributed gelatinous products formed in the geopolymer-stabilized soil bind the soil particles tightly. Moreover, the EDS analysis confirms that the gelatinous products are mainly composed of C-S-H gel and sodium-based aluminosilicate (N-A-S-H).






Keywords:


geopolymer; riverside soft soil; stabilizer; unconfined compression strength; microstructure characteristics












1. Introduction


The riverside soft soil in the Xiangjiang River Basin in China has the physical characteristics of high moisture content, high compressibility, and low strength, and the soil contains a certain amount of organic matter, which can easily cause instability or uneven settlement of the foundation. This poses severe challenges to the construction, operation, and maintenance of infrastructure. Soft-soil solidification technology, as a very widely used soft-soil foundation treatment method, specifically refers to a series of chemical and physical interactions between stabilizers and soft soil to form stabilized soil with sufficient strength [1,2]. At present, Portland cement is the most commonly used stabilizer in foundation treatment, and there are many studies on the mechanical properties and theoretical aspects of cement stabilized soil [3,4,5,6]. In order to significantly improve the engineering characteristics of the existing soil, the content of cement adopted often reaches 15–20% of the soil quality. However, the production process of cement consumes a lot of resources and energy, and emits more greenhouse gases and pollutants, which imposes a huge burden on environmental protection [7]. In addition, cement stabilized soil often has disadvantages such as insufficient early strength and poor durability [8], which affects the quality and construction period of the project. Therefore, it is essential to develop environmentally friendly stabilizers with excellent performance by replacing cement.



Geopolymer is a new type of cementitious material with a three-dimensional network structure prepared from natural or artificial silicon-alumina materials as raw materials through polymerization such as strong alkali action and lattice reconstruction [9,10]. In recent years, scholars from various countries have devoted themselves to the use of low-cost industrial and agricultural solid wastes in the preparation of geopolymers, which can effectively reduce cement consumption [11,12,13,14,15,16]. Moreover, its energy consumption and CO2 emissions are approximately 60% and 10–20% of Portland cement [17,18,19,20,21,22,23]. Previous studies have shown that the mechanical properties of slag geopolymers depend on the concentration and modulus of the alkaline activator solution [24,25,26]. Provis [27] pointed out that the highest strength of fly ash-based geopolymer was obtained in the range of the modulus of the alkaline activator from 1.0 to 1.5. Sultan et al. [28,29,30] investigated the influence of various factors such as slag content, alkaline activator content, and water–binder ratio on the mechanical properties of composite geopolymer paste and geopolymer concrete. Zhou [31] used molecular dynamics simulation (MD), scanning electron microscopy (SEM), and X-ray diffraction (XRD) to investigate the Young modulus, shear modulus, phase composition, and micromorphology of slag and fly ash-based geopolymers at different SiO2/Al2O3 ratios. The results showed that the hydration reaction process of geopolymers could be roughly summarized as: the ions generated by the dissolution of the raw materials formed silicon and aluminum gels in the presence of alkaline activators, and further polymerized to form network structures or zeolites.



Recently, geopolymers have been mainly used as structural materials, insulating materials, and repair materials [32,33,34,35,36]. However, the research and application of geopolymers in stabilizing soft soils has been rather limited. In contrast, the use of geopolymers instead of cement as stabilizers for soft-soil foundations can not only effectively solve the problems of cement of “high resource cost, high reduction cost, high environmental cost”, and industrial waste disposal, but also can further enhance the early strength of stabilized soil and reduce construction costs. Abdullah [37] studied the mechanical properties of fly ash-based geopolymer stabilized clay such as shear modulus, excess pore water pressure, and strain response, and confirmed that geopolymer has good potential in treating clay. Arulrajah et al. [38,39,40,41,42,43] found that the stabilizer content, geopolymer ingredients, component quantities, and curing age significantly affected the strength formation of the treated soil. Chen [44] evaluated the compressive strength of slag–fly ash-based geopolymer stabilized soil with different stabilizer content (8–14%), moisture content (30–60%), and curing age (0–28 d). The results show that the strength reaches the maximum value of 527.09 kPa when 14% geopolymer is added. In addition, the synergistic effect of hydrated calcium silicate (C-S-H) and sodium-based aluminosilicate (N-A-S-H) contributes to form a more compact soil microstructure. Abdullah [45] used consolidated undrained triaxial compression and unconfined compressive strength (UCS) tests to study the stress–strain behavior of geopolymer stabilized clay soils in the presence of different geopolymer content (0, 10%, 20%). Meanwhile, it was pointed out that the overall performance differences of stabilized clay soils were mainly due to the heterogeneity of the soil minerals. Although the above-mentioned research is closely related to geopolymer stabilized soil, it has not proposed specific mix-proportions schemes based on the actual engineering background, especially the riverside soft soil as an example. Moreover, considering factors such as stabilizer content, slag–fly ash ratio, alkaline activator content, and curing age, there are few relevant reports on the strength and microstructure characteristics of geopolymer stabilized soils based on slag–fly ash.



In this study, slag and fly ash-based geopolymer was selected to replace cement as a stabilizer for stabilizing riverside soft soil. On the basis of the preliminary experiment, a “three-factor, three-level” orthogonal experiment was designed to investigate the influence of stabilizer content, slag–fly ash ratio, and alkaline activator content on the UCS of stabilized soil at 7 d and 28 d. Meanwhile, a group of cement stabilized soils with the same stabilizer content was set for comparison. Scanning electron microscope (SEM) and X-ray energy spectroscopy (EDS) test methods were used to observe and compare the microstructure evolution of cement/geopolymer stabilized soil.




2. Materials and Test Program


2.1. Materials


The test soil was obtained from the riverside in the Xiangjiang River Basin in China, which is a typical silty soft clay. Its basic physical characteristics are shown in Table 1. The undisturbed soil samples were dried to constant weight in an oven at 105 °C, then passed through a 5 mm screen, and stored in a sealed bucket.



In this study, the soft-soil stabilizers used included P·O 42.5 cement (Hunan Southern Cement Group Co., Ltd., Changsha, China) and slag and fly ash-based geopolymer. S95-grade slag (Gongyi Longze Water Purification Material Co., Ltd., Zhengzhou, China) and F low-calcium fly ash (Gongyi Yuanheng Water Purification Material Factory, Zhengzhou, China) were used as raw materials of geopolymer, which conform to the Chinese standard GB/T 27690-2011 [43,44]. Figure 1 shows the appearance of cement, slag, and fly ash, and their specific surface areas are 342, 505, and 935 m2/kg, respectively. Table 2 represents the composition of raw materials obtained by an X-ray fluorescence (XRF) spectroscopy instrument. The alkaline activator of geopolymer is a mixed solution of NaOH and sodium silicate. The initial modulus of the sodium silicate solution (the ratio of the mass fraction of SiO2 to Na2O) is 3.31. The composition and properties of the prepared geopolymer paste are shown in Table 3.




2.2. Mix Proportions and Sample Preparation


The purpose of this experiment was to clarify whether the stabilizing effect of slag and fly ash-based geopolymer on riverside soft soil is equal to or better than that of cement, and to obtain the optimal mix-proportions scheme. In this study, the remodeled soil with an initial moisture content of 52.0% (the ratio of moisture to dry soil mass) was prepared again. The water–binder ratio of the stabilizer was constant at 0.5. On the basis of the preliminary experiment, a “three-factor, three-level” orthogonal experiment was set up. The contents of cement and geopolymer (the ratio of stabilizer to remodeled soil mass) were 12%, 15%, and 18%, respectively. In addition, in order to study the influence of slag–fly ash ratio and alkaline activator content on the strength of geopolymer stabilized soil, three slag–fly ash ratios (90:10, 80:20, and 70:30) and three alkaline activator contents (20%, 30%, and 40%) were adopted. The specific mix proportions are shown in Table 4.




2.3. Sample Preparation


The sodium silicate solution and a certain amount of NaOH flakes were uniformly mixed by magnetic stirring to prepare a sodium silicate solution with a modulus of 1.20 as an alkaline activator. Taking into account the rapid heat release of NaOH in contact with water, the alkaline activator was prepared 1–2 h in advance, and then mixed into the uniformly mixed slag–fly ash dry powder to produce geopolymer pastes.



In order to obtain a uniform soil structure, cement/geopolymer stabilized-soil samples were prepared according to the following procedure: (1) The stabilizer (cement and geopolymer) was prepared according to the above-mentioned mix proportion; (2) The stabilizer paste was continuously and uniformly mixed into the remodeled soil, and stirred until the mixture reached a uniform state; (3) According to the Chinese standard JGJ/T 233-2011 [46], the soil mixture was filled to a cube mold with a size of 70.7 mm × 70.7 mm × 70.7 mm, and vibrated for 1–3 min to eliminate air bubbles in the sample; (4) The surface of the soil sample was covered with plastic wrap to prevent loss of water, and then placed in a curing box with a temperature of 20 ± 2 °C and a humidity range of 95 ± 1% for 1 d; (5) After curing for 1 d, the soil samples were demolded and continued to be sealed with plastic wrap, and then put into the curing box until the test time.




2.4. Test Methods


As shown in Figure 2, according to the Chinese standard JGJ/T 233-2011, the unconfined compressive strength (UCS) of the sample was measured by the CMT5105 electromechanical universal testing machine (MTS Systems (China) Co., Ltd., Shanghai, China) with a maximum force of 100 kN, and the loading rate was set to 1 mm/min. The average value of the strength of the six samples was taken as the representative strength.



The TESCAN MIRA4 type scanning electron microscope (SEM, TESCAN, Ltd., Brno, Czech Republic) and Xplore type X-ray energy spectrometer (EDS, Oxford Instruments (Shanghai) Co., Ltd., Shanghai, China) were used to observe the microstructure and product phases of stabilized-soil samples, revealing the stabilization mechanism that changes with the curing age in the presence of different stabilizers. The accelerating voltage of the SEM used was 0.2–30.0 keV, and the resolution was 2–20 μm. The energy resolution of the EDS was 129 eV@100,000 cps. The tested sample was taken from the inside of the sample damaged in the UCS test. Before the microstructure analysis, the sample should be gold-plated on the section to be observed to prevent the surface from being discharged due to the accumulation of electric charges, so as to avoid affecting the image quality.





3. Results and Discussion


3.1. Effect of the Type and Content of Stabilizer on the UCS of Stabilized Soil


Figure 3 shows the effect of different stabilizer content on the strength of cement/geopolymer stabilized soil. On the whole, increasing the stabilizer content and prolonging the curing period can increase the UCS of stabilized soil. Figure 3a shows that, when the stabilizer content is 12%, 15%, and 18%, the 7 d UCS of cement soil are 0.71, 0.81, and 0.92 MPa, respectively, and the 28 d UCS are 1.05, 1.21, and 1.33 MPa, respectively. It can be seen that the UCS of cement soil almost increases linearly with the increase in stabilizer content. This shows that the optimal cement content is above 18%. Meanwhile, it is found that the 7 d to 28 d strength ratio (ω) of cement soil ranges from 66.9% to 69.2%.



It can be seen from Figure 3b–f that, for the geopolymer stabilized-soil samples, their UCS increases with the increase in the stabilizer content, but the growth rate gradually decreases. For instance, in the case where the slag:fly ash ratio is 90:10 and the alkaline activator content is 40%, when the stabilizer content is increased from 12% to 18% (I-1, II-1, and III-1), the 28 d UCS of geopolymer stabilized soils are 1.30, 1.65, and 1.72 MPa, respectively. It can be seen that the 28 d UCS of III-1 is 32.3% higher than that of I-1, but only 4.2% higher than that of II-1. This may be due to the presence of some unreacted slag and fly ash particles in the stabilized soil, which leads to the deterioration of the internal microstructure of the sample [38,39,40,41,45,47]. This hinders further improvement in strength. Therefore, from the perspective of strength test results and economy, 15% is the optimal stabilizer content.



Compared with the cement soil, the geopolymer soil has a higher ω value in the case of the same stabilizer [48]. Different from the incomplete hydration of cement in the early stage, the geopolymer reacts rapidly under the action of alkaline activator. Meanwhile, it is found that the strength of the geopolymer soil is always higher than the cement soil at the same cured age. When the stabilizer content is 15%, the 28 d UCS of cement soil (C-2) and geopolymer stabilized soil (II-1) are 1.21 and 1.65 MPa, respectively, which are 40.3 times and 55.0 times that of the undisturbed soil (0.03 MPa). In addition, the strength of II-1 is 1.36 times that of C-2. The results show that cement and geopolymer are used as the stabilizer for stabilizing soft soil, which has significantly improved the mechanical properties of the soil [38,39,40,41,42,43,44,48]. It is worth noting that the geopolymer has a better stabilizing effect on the riverside soft soil, which may be attributed to the pozzolanic reaction in the geopolymer soil [49]. The incorporation of the geopolymer increases the silicon phase and calcium phase in stabilized soil, and the alkaline activator dissolves the amorphous silicon, aluminum, and calcium in the slag and fly ash, forming a large number of monomers. As a result, a polycondensation gel mesh is constructed, which can wrap the soft-soil particles and fill the gaps between the particles, thereby improving the overall strength of stable soil [50,51]. In addition, there are also some silicon phases and amorphous phases in soft soil, which may also contribute to the formation of geopolymer network structure in the presence of an alkaline activator [52].




3.2. Effect of the Slag–Fly Ash Ratio on the UCS of Geopolymer Stabilized Soil


Figure 4 shows the evolution of UCS of geopolymer stabilized soil with the slag–fly ash ratio and curing age. As shown in Figure 4b, under the condition that the geopolymer content is 15% and the alkaline activator content is 40%, the 28 d UCS of II-1 and II-2 are 1.65 and 1.60 MPa, respectively. Their ω values are 76.4% and 74.4%, respectively. Meanwhile, under the condition that the alkaline activator content is reduced to 20%, the 28 d UCS of II-4 and II-5 are 1.45 and 1.15 MPa, respectively. Their ω values are 72.4% and 68.7%, respectively. A similar evolution law is observed in Figure 4a,c.



It can be seen from the UCS test results in Figure 4 that the strength of the geopolymer soil with a large proportion of slag develops faster and obtains a higher 28 d UCS. For the stabilized-soil samples with high slag content (90%), silicate and aluminate ions are quickly generated in the presence of an alkaline activator. Then, they polymerize with Ca2+ ions to form a large number of overlapping gel products, which is beneficial to the strength development of stabilized soil. It can also be seen that the UCS of the geopolymer soil only slightly decreases as the slag–fly ash ratio changes from 90:10 to 80:20. This is mainly due to the incorporation of more spherical fly ash particles, which has a rolling and lubricating effect on the geopolymer paste, which contributes to obtaining a uniform stabilized-soil structure [52]. Meanwhile, in the presence of an alkaline activator, the silicon-rich phase and aluminum-rich phase in fly ash can provide active SiO2 and Al2O3 components for the Ca2+ ions separated from the slag, thereby promoting the generation of a large amount of gelatinous products, such as calcium silicoaluminate hydrate (C-(A)-S-H) [52,53], so that the strength of geopolymer soil remains roughly stable. However, the stabilizing effect of geopolymer on soft soils is significantly weakened as the fly ash content increases by 30%. The main reason may be that the Si-O bond and the Al-O bond are first fractured under the action of the alkaline activator, and then form a three-dimensional aluminosilicate network structure (N-A-S-H gel) by the polycondensation reaction, which contains SiO4 and AlO4 tetrahedral. Such a structure is very stable, which hinders its secondary reaction with the hydrate of the slag, thereby weakening the adhesion of the geopolymer on the soft-soil particles [50,52].



In conclusion, whether the slag–fly ash ratio in geopolymer soil is 90:10 or 80:20, their strength is almost equivalent. Among them, the stabilized soil with the slag–fly ash ratio of 80:20 has better fluidity. In addition, the market price of slag is higher than fly ash. Therefore, it is recommended to adopt 80:20 as a slag–fly ash ratio for geopolymer soil.




3.3. Effect of the Alkaline Activator Content on the UCS of Geopolymer Stabilized Soil


Figure 5a–c show the variation of the UCS of geopolymer soil with the alkaline activator content. It can be found that the UCS of the geopolymer soil increases first and then decreases with the increase in the alkaline activator content. The incorporation of the alkaline activator improves the content of OH− and SiO32− ions in geopolymer soil, resulting in the rapid dissociation of the geopolymer precursors and the formation of gelatinous hydration products [50,54]. As shown in Figure 5b, under the condition that the geopolymer content is 15% and the slag–fly ash ratio is 80:20, the 7 d and 28 d UCS of II-4 are 1.05 and 1.45 MPa, respectively. It can be speculated that the low content (20%) of alkaline activator is unable to completely excite the aluminosilicate in slag and fly ash, which limits the development potential of stabilized-soil strength [54]. When the alkaline activator content increases to 30%, the 7 d and 28 d UCS of II-3 are 1.21 and 1.68 MPa, respectively. Its 28 d UCS is 56.0 times that of the undisturbed soil and 1.39 times that of C-2. However, when the alkaline activator content increases from 30% to 40%, it will not further improve the mechanical properties of stabilized soil, and even produce a slight deterioration effect on the UCS. Compared with II-3, the 7 d and 28 d UCS of II-2 decrease by 1.7% and 4.8%, respectively. The higher alkaline activator content results in the rapid release of Al3+, Si4+, and Ca2+ in the geopolymer pastes, thereby effectively reducing its initial setting time. During the sample preparation process, it is found that the geopolymer paste has a solidification phenomenon when mixed with the remodeled soil. This has an adverse effect on the formation of stabilized-soil structure [52]. Therefore, the optimal alkaline activator content is 30% for the geopolymer soil with the slag–fly ash ratio of 80:20.




3.4. Microstructure Characteristics of Stabilized Soil


To study the microscopic morphology of stabilized soil at different curing ages, this section details SEM analysis on geopolymer stabilized-soil samples (II-3 and II-5, and their slag–fly ash ratios of 80:20 and 70:30, respectively) with a stabilizer content of 15%, and cement stabilized-soil control group (C-2) is added for comparison. Additionally, based on the SEM image, elemental analysis of the characteristic products is performed with an X-ray energy spectrometer (EDS) to obtain the chemical composition. The highlighted EDS spectrum analysis area has been marked with a white circle, and the obtained relative intensity values of the elements are listed in the table.



Figure 6a,b show SEM images of cement stabilized soils with a size of 2 μm and 20 μm at 7 d. It can be seen that the gelatinous hydration products generated by cement hydration are wrapped on the surface of soil particles, and the voids between the soil particles are not effectively filled, resulting in a relatively large dispersion of soil particles. According to the results of EDS analysis (Figure 6c), the Ca and Si elements in the observed gelatinous products account for 8.04% and 16.33% of the total, respectively, indicating that this type of hydration product is hydrated calcium silicate (C-S-H) [52]. Figure 6d shows the SEM image of the cement soil cured for 28 d. As the hydration reaction continues, the gelatinous products overlap each other, which makes the microstructure denser, thereby increasing the UCS of the stabilized soil. It is worth noting that there are still some soil particles exposed on the surface of the microstructure.



It can be seen from Figure 7a,b that the slag and fly ash rapidly hydrate in the presence of the alkaline activator, generating a large number of uniformly distributed gelatinous products which bind the soil particles together. Compared with C-2, II-3 forms a denser microstructure, which is manifested as an increase in the UCS from a macro perspective, as described in Section 3.3. In addition, almost no spherical fly ash particles are observed in the SEM image. This indicates that the activity of fly ash is activated in the alkaline environment generated by the alkaline activator, so that the fly ash particles are gradually covered by the generated hydration products [40,41,42,52]. The EDS analysis result of Figure 7c shows that the geopolymer gel (point c) is composed of hydrated calcium silicate (C-S-H) and sodium-based aluminosilicate (N-A-S-H). The N-A-S-H gel is mainly formed by the “dissolution–polymerization” reaction of active substances such as Si and Al in the alkali–fly ash system [44,50,52]. As shown in Figure 7d, the internal particles of the geopolymer soil sample at 28 d are fully bonded and consolidated to form a whole.



As shown in Figure 8, compared with C-2, a large number of three-dimensional network products and voids are observed in the SEM image of II-5. Combined with subsequent EDS analysis, the gelatinous products can be qualitatively analyzed. The EDS result in Figure 8c shows that the geopolymer gel (point c1) is a coexistence composed of N-A-S-H and C-S-H. The main components of the gelatinous product at point c2 are Na, Al, and Si elements, which confirms that the network product is the N-A-S-H gel under a low-calcium system. The increase in the amount of N-A-S-H gel produced is positively correlated with the increase in fly ash content in II-5 [52]. It can be observed from Figure 8a,b that this stable three-dimensional network structure hinders the secondary reaction between the N-A-S-H gel and the hydration product of the slag, which results in a decrease in the mutual adhesion between soil particles [52]. In Figure 8d, there is a small amount of unreacted fly ash around the gelatinous products, and partially exposed soil particles are observed. The above UCS test results show that the UCS of II-5 are 0.79 and 1.15 MPa at 7 d and 28 d, respectively, which is even lower than C-2. This indicates that excessive fly ash will have a detrimental effect on the UCS of stabilized soil [51,52].





4. Conclusions and Observations


In this study, the UCS test, scanning electron microscope (SEM), and X-ray energy spectrum analysis (EDS) were used to comparatively investigate the unconfined compressive strength (UCS) and microstructure characteristics of cement stabilized soil and slag and fly ash-based geopolymer stabilized soil. Based on the actual engineering background, an optimal mix-proportions scheme for geopolymer stabilized soil is proposed. The following conclusions can be drawn:



(1) Increasing the stabilizer content and extending the curing period can increase the UCS of stabilized soil. When the stabilizer content increases from 12% to 18%, the UCS of cement stabilized soil increases almost linearly, while the UCS growth rate of geopolymer soil gradually decreases.



(2) The strength of the geopolymer soil with a large proportion of slag develops faster and obtains a higher 28 d UCS. Under the same conditions, the UCS of the geopolymer soil only slightly decreases when the slag–fly ash ratio changes from 90:10 to 80:20, while the UCS decreases significantly when the slag–fly ash ratio changes from 80:20 to 70:30.



(3) The UCS of the geopolymer soil increases first and then decreases with an increase in the alkaline activator content. The maximum value is obtained at an alkaline activator content of 30%.



(4) Different from cement stabilized soil, geopolymer soil rapidly produces a large number of uniformly distributed gelatinous products in the presence of an alkaline activator which bind the soil particles tightly. The EDS results show that the gelatinous products are composed of C-S-H gel and sodium-based aluminosilicate (N-A-S-H). In addition, it is found that the increase in the amount of N-A-S-H gel produced is positively correlated with the increase in fly ash content.



In conclusion, it is recommended to adopt a mix-proportions scheme with 15% of geopolymer content, 80:20 as the slag–fly ash ratio, and 30% of alkaline activator content for geopolymer stabilized riverside soft soil, that is, II-3. The 7 d and 28 d UCS of II-3 are 1.21 and 1.68 MPa, respectively. Its 28 d UCS is 56.0 times that of undisturbed soil and 1.39 times that of cement stabilized soil with the same stabilizer content.







Author Contributions


Conceptualization, Z.L. and B.L.; methodology, B.L. and Y.Z.; validation, X.L., Y.S., H.H. and Q.W.; writing—original draft preparation, Z.L. and B.L.; writing—review and editing, B.L. and Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (No. 51764009); the Open Research Fund of Key Laboratory of Construction and Safety of Water Engineering of the Ministry of Water Resources, China Institute of Water Resources and Hydropower Research (No. 202109); the Department of Education of Hunan Province (No. QL20210155, No. 21B0123).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors thank Shiyanjia Lab (www.shiyanjia.com, accessed on 10 December 2021) for supplying the TESCAN MIRA4 type scanning electron microscope for SEM and EDS analysis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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]

	



Ahmed, A. Compressive Strength and Microstructure of Soft Clay Soil Stabilized with Recycled Bassanite. Appl. Clay Sci. 2015, 104, 27–35. [Google Scholar] [CrossRef]

	



Chenarboni, H.A.; Lajevardi, S.H.; MolaAbasi, H.; Zeighami, E. The effect of Zeolite and Cement Stabilization on the Mechanical Behavior of Expansive Soils. Constr. Build. Mater. 2021, 272, 121630. [Google Scholar] [CrossRef]

	



Kang, G.-O.; Tsuchida, T.; Kim, Y.-S. Strength and Stiffness of Cement-Treated Marine Dredged Clay at Various Curing Stages. Constr. Build. Mater. 2017, 132, 71–84. [Google Scholar] [CrossRef]

	



Ghadir, P.; Zamanian, M.; Mahbubi-Motlagh, N.; Saberian, M.; Li, J.; Ranjbar, N. Shear Strength and Life Cycle Assessment of Volcanic Ash-Based Geopolymer and Cement Stabilized Soil: A Comparative Study. Transp. Geotech. 2021, 31, 100639. [Google Scholar] [CrossRef]

	



Yu, H.; Yi, Y.; Romagnoli, A.; Tan, W. Cement Soil Stabilization for Underground Liquid Natural Gas Storage. Cold. Reg. Sci. Technol. 2022, 194, 103438. [Google Scholar] [CrossRef]

	



Naths, K. Influence of Iron Making Slags on Strength and Microstructure of Fly Ash Geopolymer. Constr. Build. Mater. 2013, 38, 924–930. [Google Scholar] [CrossRef]

	



Mohanty, S.; Roy, N.; Singh, S.P.; Sihag, P. Strength and Durability of Flyash, GGBS and Cement Clinker Stabilized Dispersive Soil. Cold. Reg. Sci. Technol. 2021, 191, 103358. [Google Scholar] [CrossRef]

	



Rahmawati, C.; Aprilia, S.; Saidi, T.; Aulia, T.B.; Hadi, A.E. The Effects of Nanosilica on Mechanical Properties and Fracture Toughness of Geopolymer Cement. Polymers 2021, 13, 2178. [Google Scholar] [CrossRef]

	



Wielgus, N.; Kubica, J.; Gorski, M. Influence of the Composition and Curing Time on Mechanical Properties of Fluidized Bed Combustion Fly Ash-Based Geopolymer. Polymers 2021, 13, 2527. [Google Scholar] [CrossRef]

	



Basri, M.S.M.; Mustapha, F.; Mazlan, N.; Ishak, M.R. Rice-Husk-Ash-Based Geopolymer Coating: Fire-Retardant, Optimize Composition, Microstructural, Thermal and Element Characteristics Analysis. Polymers 2021, 13, 3747. [Google Scholar] [CrossRef]

	



Yanou, R.N.; Kaze, R.C.; Adesina, A.; Nemaleu, J.G.D.; Jiofack, S.B.K.; Djobo, J.N.Y. Performance of Laterite-Based Geopolymers Reinforced with Sugarcane Bagasse Fibers. Case. Stud. Constr. Mat. 2021, 15, e00762. [Google Scholar] [CrossRef]

	



Kaze, C.R.; Adesina, A.; Lecomte-Nana, G.L.; Metekong, J.V.S.; Samen, L.V.K.; Kamseu, E.; Melo, U.C. Synergetic Effect of Rice Husk Ash and Quartz Sand on Microstructural and Physical Properties of Laterite Clay Based Geopolymer. J. Build. Eng. 2021, 43, 103229. [Google Scholar] [CrossRef]

	



Chen, X.; Zhang, J.; Lu, M.; Chen, B.; Gao, S.; Bai, J.; Zhang, H.; Yang, Y. Study on the Effect of Calcium and Sulfur Content on the Properties of Fly Ash Based Geopolymer. Constr. Build. Mater. 2022, 314, 125650. [Google Scholar] [CrossRef]

	



Am, H.; Rr, R.; Sa, A. Effect of Various Factors on the Manufacturing of Geopolymer Mortar. Arch. Sci. 2017, 1, 1–8. [Google Scholar]

	



Ghosh, K.; Ghosh, P. Effect of Alkali Concentration on Mechanical Properties, Microstructure, Zeta Potential and Electrical Conductivity of Thermally Cured Fly-Ash-Blast Furnace Slag Based Blended Geopolymer Composites. Orient. J. Chem. 2018, 34, 704–715. [Google Scholar] [CrossRef]

	



Behnood, A. Soil and Clay Stabilization with Calcium- and Non-Calcium-Based Additives: A State-of-the-Art Review of Challenges, Approaches and Techniques. Transp. Geotech. 2018, 17, 14–32. [Google Scholar] [CrossRef]

	



Huang, J.; Kogbara, R.B.; Hariharan, N.; Masad, E.A.; Little, D.N. A State-of-the-Art Review of Polymers Used in Soil Stabilization. Constr. Build. Mater. 2021, 305, 124685. [Google Scholar] [CrossRef]

	



Qian, L.; Xu, L.; Alrefaei, Y.; Wang, T.; Ishida, T.; Dai, J. Artificial Alkali-Activated Aggregates Developed from Wastes and by-Products: A State-of-the-Art Review. Resour. Conserv. Recy. 2022, 177, 105971. [Google Scholar] [CrossRef]

	



Latifi, N.; Horpibulsuk, S.; Meehan, C.L.; Abd Majid, M.Z.; Tahir, M.M.; Mohamad, E.T. Improvement of Problematic Soils with Biopolymer-An Environmentally Friendly Soil Stabilizer. J. Mater. Civ. Eng. 2017, 29, 04016204. [Google Scholar] [CrossRef]

	



Sukmak, P.; Horpibulsuk, S.; Shen, S.L. Strength Development in Clay-Fly Ash Geopolymer. Constr. Build. Mater. 2013, 40, 566–574. [Google Scholar] [CrossRef]

	



Farooq, F.; Xin, J.; Javed, M.F.; Akbar, A.; Shah, M.I.; Aslam, F.; Alyousef, R. Geopolymer Concrete as Sustainable Material: A State of the Art Review. Constr. Build. Mater. 2021, 306, 124762. [Google Scholar] [CrossRef]

	



Ren, B.; Zhao, Y.; Bai, H.; Kang, S.; Zhang, T.; Song, S. Eco-Friendly Geopolymer Prepared from Solid Wastes: A Critical Review. Chemosphere 2021, 267, 128900. [Google Scholar] [CrossRef]

	



Tian, Q.; Sun, D.; Gua, Z.; Lv, Z. Influences of Characteristics of the Alkaline Activator on the Compressive Strength and Microstructure of the Fly Ash-Based Geopolymer Pastes. J. Ceram. Process. Res. 2020, 21, 358–364. [Google Scholar]

	



Bakharev, T.; Sanjayan, J.G.; Cheng, Y. Alkali Activation of Australian Slag Cement. Cement Concrete. Res 1999, 29, 113–120. [Google Scholar] [CrossRef]

	



Mozgawa, W.; Deja, J. Spectroscopic Studies of Alkaline Activated Slag Geopolymers. J. Mol. Struct. 2009, 924–926, 434–441. [Google Scholar] [CrossRef]

	



Provis, J.L.; Yong, C.Z.; Duxson, P.; Deventer, J. Correlating Mechanical and Thermal Properties of Sodium Silicate-Fly Ash Geopolymers. Colloid. Surf. A 2009, 336, 57–63. [Google Scholar] [CrossRef]

	



Sultan, M.E.; Abo-El-Enein, S.A.; Sayed, A.Z.; EL-Sokkary, T.M.; Hammad, H.A. Incorporation of Cement Bypass Flue Dust in Fly Ash and Blast Furnace Slag-Based Geopolymer. Case. Stud. Constr. Mat. 2018, 8, 315–322. [Google Scholar] [CrossRef]

	



Zhang, P.; Gao, Z.; Wang, J.; Guo, J.; Hu, S.; Ling, Y. Properties of Fresh and Hardened Fly Ash/Slag Based Geopolymer Concrete: A Review. J. Clean. Prod. 2020, 270, 122389. [Google Scholar] [CrossRef]

	



Luo, Z.; Li, W.; Wang, K.; Castel, A.; Shah, S.P. Comparison on the Properties of ITZs in Fly Ash-Based Geopolymer and Portland Cement Concretes with Equivalent Flowability. Cement Concrete Res. 2021, 143, 106392. [Google Scholar] [CrossRef]

	



Zhou, X.; Shen, J. Micromorphology and Microstructure of Coal Fly Ash and Furnace Bottom Slag Based Light-Weight Geopolymer. Constr. Build. Mater. 2020, 242, 118168. [Google Scholar] [CrossRef]

	



Kantarcı, F.; Maraş, M.M. Formulation of a Novel Nano TiO2-Modified Geopolymer Grout for Application in Damaged Beam-Column Joints. Constr. Build. Mater. 2022, 317, 125929. [Google Scholar] [CrossRef]

	



Gao, H.; Liao, L.; Liang, Y.; Tang, X.; Liu, H.; Mei, L.; Lv, G.; Wang, L. Improvement of Durability of Porous Perlite Geopolymer-Based Thermal Insulation Material Under Hot and Humid Environment. Constr. Build. Mater. 2021, 313, 125417. [Google Scholar] [CrossRef]

	



Degefu, D.M.; Liao, Z.; Berardi, U.; Doan, H. Salient Parameters Affecting the Performance of Foamed Geopolymers as Sustainable Insulating Materials. Constr. Build. Mater. 2021, 313, 125400. [Google Scholar] [CrossRef]

	



Almutairi, A.L.; Tayeh, B.A.; Adesina, A.; Isleem, H.F.; Zeyad, A.M. Potential Applications of Geopolymer Concrete in Construction: A Review. Case. Stud. Constr. Mat. 2021, 15, e00733. [Google Scholar] [CrossRef]

	



Chindaprasirt, P.; Sriopas, B.; Phosri, P.; Yoddumrong, P.; Anantakarn, K.; Kroehong, W. Hybrid High Calcium Fly Ash Alkali-Activated Repair Material for Concrete Exposed to Sulfate Environment. J. Build. Eng. 2022, 45, 103590. [Google Scholar] [CrossRef]

	



Abdullah, H.A.; Shahin, M.A.; Walske, M.L.; Karrech, A. Cyclic Behaviour of Clay Stabilised with Fly-Ash Based Geopolymer Incorporating Ground Granulated Slag. Transp. Geotech. 2021, 26, 100430. [Google Scholar] [CrossRef]

	



Cristelo, N.; Glendinning, S.; Fernandes, L.; Pinto, A.T. Effects of Alkaline-Activated Fly Ash and Portland Cement on Soft Soil Stabilisation. Acta Geotech. 2013, 8, 395–405. [Google Scholar] [CrossRef]

	



Zhang, M.; Zhao, M.; Zhang, G.; Nowak, P.; Coen, A.; Tao, M. Calcium-Free Geopolymer as a Stabilizer for Sulfate-Rich Soils. Appl. Clay Sci. 2015, 108, 199–207. [Google Scholar] [CrossRef]

	



Phummiphan, I.; Horpibulsuk, S.; Sukmak, P.; Chinkulkijniwat, A.; Arulrajah, A.; Shen, S.-L. Stabilisation of Marginal Lateritic Soil Using High Calcium Fly Ash-Based Geopolymer. Road. Mater. Pavem. Des. 2016, 17, 877–891. [Google Scholar] [CrossRef]

	



Liu, Z.; Cai, C.; Liu, F.; Fan, F. Feasibility Study of Loess Stabilization with Fly Ash-Based Geopolymer. J. Mater. Civ. Eng. 2016, 28, 04016003. [Google Scholar] [CrossRef]

	



Arulrajah, A.; Yaghoubi, M.; Disfani, M.M.; Horpibulsuk, S.; Bo, M.W.; Leong, M. Evaluation of Fly ash-and Slag-Based Geopolymers for the Improvement of a Soft Marine Clay by Deep Soil Mixing. Soils Found. 2018, 58, 1358–1370. [Google Scholar] [CrossRef]

	



Du, Y.; Yu, B.; Liu, K.; Jiang, N.; Liu, M. Physical, Hydraulic, and Mechanical Properties of Clayey Soil Stabilized by Lightweight Alkali-Activated Slag Geopolymer. J. Mater. Civ. Eng. 2016, 29, 04016217. [Google Scholar] [CrossRef]

	



Chen, K.; Wu, D.; Zhang, Z.; Pan, C.; Shen, X.; Xia, L.; Zang, J. Modeling and Optimization of Fly Ash-Slag-Based Geopolymer Using Response Surface Method and Its Application in Soft Soil Stabilization. Constr. Build. Mater. 2021, 23, 125723. [Google Scholar] [CrossRef]

	



Abdullah, H.H.; Shahin, M.A.; Walske, M.L. Geo-Mechanical Behavior of Clay Soils Stabilized at Ambient Temperature with Fly-Ash Geopolymer-Incorporated Granulated Slag. Soils Found. 2019, 59, 1906–1920. [Google Scholar] [CrossRef]

	



JGJ/T 233-2011. Specification for Mix Proportion Design of Cement Soil; China Construction Industry Press: Beijing, China, 2011. [Google Scholar]

	



Jiang, N.; Du, Y.; Liu, S.; Wei, M.; Horpibulsuk, S.; Arulrajah, A. Multi-Scale Laboratory Evaluation of the Physical, Mechanical, and Microstructural Properties of Soft Highway Subgrade Soil Stabilized with Calcium Carbide Residue. Can. Geotech. J. 2016, 53, 373–383. [Google Scholar] [CrossRef]

	



Yao, J.; Qiu, H.; He, H.; Chen, X.; Hao, G. Application of a Soft Soil Stabilized by Composite Geopolymer. J. Perform. Constr. Facil. 2021, 35, 04021018. [Google Scholar] [CrossRef]

	



Nath, P.; Sarker, P.K. Flexural Strength and Elastic Modulus of Ambient-Cured Blended Low-Calcium Fly Ash Geopolymer Concrete. Constr. Build. Mater. 2017, 130, 22–31. [Google Scholar] [CrossRef]

	



Palomo, A.; Grutzeck, M.W.; Blancoa, M.T. Alkali-Activated Fly Ashes: A Cement for the Future. Cement Concrete Res. 1999, 29, 1323–1329. [Google Scholar] [CrossRef]

	



Fernández-Jiménez, A.; Palomo, A.; Criado, M. Microstructure Development of Alkali-Activated Fly Ash Cement: A Descriptive Model. Cement Concrete Res. 2005, 35, 1204–1209. [Google Scholar] [CrossRef]

	



Wu, J.; Zheng, X.; Yang, A.; Li, Y. Experimental Study on the Compressive Strength of Muddy Clay Solidified by the One-Part Slag–Fly Ash Based Geopolymer. Rock Soil Mech. 2021, 42, 647–655. (In Chinese) [Google Scholar]

	



Phoo-Ngernkham, T.; Maegawa, A.; Mishima, N.; Hatanaka, S.; Chindaprasirt, P. Effects of Sodium Hydroxide and Sodium Silicate Solutions on Compressive and Shear Bond Strengths of FA-GBFS Geopolymer. Constr. Build. Mater. 2015, 91, 1–8. [Google Scholar] [CrossRef]

	



Yu, J.; Chen, Y.; Chen, G.; Tang, T.; Guo, Y. Mechanical Behaviour of Geopolymer Stabilized Clay and Its Mechanism. J. Build. Mater. 2020, 23, 364–371. (In Chinese) [Google Scholar]








[image: Polymers 14 00307 g001 550] 





Figure 1. Photos of raw materials. 
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Figure 2. Unconfined compressive strength test. 
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Figure 3. The UCS value of cement/geopolymer stabilized soil with different stabilizer contents (12%, 15%, and 18%): (a) Cement stabilized soil; (b–f) Geopolymer stabilized soil. 
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Figure 4. The UCS value of geopolymer stabilized soil with different slag–fly ash ratios (90:10, 80:20, and 70:30): (a) Geopolymer content = 12%; (b) Geopolymer content = 15%; (c) Geopolymer content = 18%. 
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Figure 5. The UCS value of geopolymer stabilized soil with different alkaline activator contents (40%, 30%, and 20%): (a) Geopolymer content = 12%; (b) Geopolymer content = 15%; (c) Geopolymer content = 18%. 
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Figure 6. SEM images of C-2: (a) and (b) 7 d; (c) EDS result—7 d; (d) 28 d. 






Figure 6. SEM images of C-2: (a) and (b) 7 d; (c) EDS result—7 d; (d) 28 d.



[image: Polymers 14 00307 g006]







[image: Polymers 14 00307 g007 550] 





Figure 7. SEM images of II-3: (a) and (b) 7 d; (c) EDS result—7 d; (d) 28 d. 
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Figure 8. SEM images of II-5: (a) and (b) 7 d; (c) EDS result—7 d; (d) 28 d. 
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Table 1. Physical characteristics of test soil.
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	Sampling Depth/m
	Specific Gravity
	Natural Moisture Content/%
	Wet Density/g·cm−3
	Liquid Limit/%
	Plasticity Index
	Initial Void Ratio
	Organic Matter Content/%





	6.0
	2.65
	51.8
	1.63
	49.4
	26.9
	1.503
	2.21










[image: Table] 





Table 2. Chemical composition of raw materials.
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	Raw Materials
	MgO
	Al2O3
	SiO2
	CaO
	Fe2O3
	SO3





	Cement
	3.30
	5.50
	21.00
	65.40
	2.90
	2.00



	Slag
	6.01
	17.70
	34.50
	34.00
	1.03
	1.64



	Fly ash
	0.86
	27.4
	49.04
	3.23
	1.53
	1.15
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Table 3. Composition and basic properties of geopolymer.
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Slag:Fly Ash

	
Alkaline Activator

	
Water–Binder Ratio

	
Bleeding Rate/%

	
Setting Time/Min

	
Compressive Strength/MPa




	
Modulus

	
Content/%

	
Initial

	
Final

	
7 d

	
28 d






	
90:10

	
1.2

	
40

	
0.5

	
0.52

	
153

	
245

	
49.4

	
65.2











[image: Table] 





Table 4. Mix proportions.
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Label

	
Cement Content/%

	
Geopolymer Content/%

	
Slag:Fly Ash

	
Alkaline Activator

	
Water–Binder Ratio




	
Modulus

	
Content/%






	
C-1

	
12

	
-

	
-

	
1.2

	
-

	
0.5




	
C-2

	
15

	
-

	
-

	
1.2

	
-

	
0.5




	
C-3

	
18

	
-

	
-

	
1.2

	
-

	
0.5




	
I-1

	
-

	
12

	
90:10

	
1.2

	
40

	
0.5




	
I-2

	
-

	
12

	
80:20

	
1.2

	
40

	
0.5




	
I-3

	
-

	
12

	
80:20

	
1.2

	
30

	
0.5




	
I-4

	
-

	
12

	
80:20

	
1.2

	
20

	
0.5




	
I-5

	
-

	
12

	
70:30

	
1.2

	
20

	
0.5




	
II-1

	
-

	
15

	
90:10

	
1.2

	
40

	
0.5




	
II-2

	
-

	
15

	
80:20

	
1.2

	
40

	
0.5




	
II-3

	
-

	
15

	
80:20

	
1.2

	
30

	
0.5




	
II-4

	
-

	
15

	
80:20

	
1.2

	
20

	
0.5




	
II-5

	
-

	
15

	
70:30

	
1.2

	
20

	
0.5




	
III-1

	
-

	
18

	
90:10

	
1.2

	
40

	
0.5




	
III-2

	
-

	
18

	
80:20

	
1.2

	
40

	
0.5




	
III-3

	
-

	
18

	
80:20

	
1.2

	
30

	
0.5




	
III-4

	
-

	
18

	
80:20

	
1.2

	
20

	
0.5




	
III-5

	
-

	
18

	
70:30

	
1.2

	
20

	
0.5
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