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Abstract

:

For the massive quantities and negative impacts of dredged mud slurry, its disposal and utilization have become one of the most noticeable issues in the world. In this paper, the flocculation-solidification-high pressure filtration combined method is proposed to effectively dispose of marine mud slurries. The advantages of this method are demonstrated herein in the following three aspects: dewatering performance, material savings, and the shear strength of the treated marine mud slurry. Then, the effects of the anionic polyacrylamide (APAM) dose, composite solidification agent dose, initial water content of marine mud slurries, and initial thickness of geo-bags on the mechanical properties of the marine mud slurry treated by the flocculation-solidification-high pressure filtration combined method are studied. Experimental results show that with increasing doses of APAM, the structures of mud slurries become more stable, and the optimal dose of APAM is determined as 0.16%. Moreover, the increase in the composite solidification agent dose and initial water content of the marine mud slurry, and the decrease in the initial thickness of geo-bags both contribute to the increase in the shear strength of the marine mud slurry treated by the flocculation-solidification-high pressure filtration combined method.
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1. Introduction


In the projects of navigation construction, enormous amounts of marine mud slurry (MS) are hydraulically dredged from ports, harbors, and channels around the world [1]. Globally, several hundred million cubic meters of marine mud slurries with poor engineering characteristics are inevitably produced. For the massive quantities and negative impacts of dredged mud slurry, its disposal and utilization have become one of the most noticeable issues in the world [2,3,4,5,6,7]. Traditional solutions, such as inland deposits and ocean dumping, are increasingly unpopular for their deleterious influence on surroundings [8]. Considering the shortage of construction materials in civil engineering, a practically feasible solution is to convert large volumes of marine mud slurry into construction materials for reuse, such as embankment [9], subbase materials [10,11] and brick production [12]. Therefore, it is of great significance to investigate the efficient treatment and utilization of dredged marine mud slurry.



Scholars have demonstrated that the vacuum preloading method can significantly improve the mechanical properties of slurries [13,14,15,16,17]. The vacuum preloading method is used in the treatment of soft clays for the advantages of simple construction technology and low cost. However, the slurry has a high fine particle content and low permeability, and can easily block the drainage board. The vacuum preloading method has low drainage efficiency and long drainage times for slurry with high water content [18]. Furthermore, the limited vacuum load inevitably results in the treated soil still belonging to soft soil, and can not directly convert marine mud slurry into filling material.



It has been widely accepted that the stabilization/solidification (S/S) techniques play a significant role in dredging sediments [19,20,21,22]. By adding a solidification agent, such as ordinary Portland cement (OPC), ground granulated blast furnace slag (GGBS) or metakaolin, the strength of slurries can be significantly increased [23]. Previous studies have gained a general understanding on the mechanism of sediment solidification [24]. It should be noted that the treatment efficiency of solidification agents on slurries is related to the water content. With the increase in water content, the curing efficiency of the solidification agent significantly decreases [25,26,27]. For marine mud slurry with high water content, the solidification treatment is either ineffective or extremely costly. The technique of flocculation and pressure of flocculated sediments is used in dewatering treatment of slurries. Flocculants have the function of promoting the dewatering rate of treated slurries [28,29]. Pressure filtration is a process of solid–liquid separation [30]. The mechanical properties of slurries treated by flocculation and pressure filtration will deteriorate after encountering water, making it difficult to reuse them.



In recent years, the combined physical and chemical method that integrates physical dewatering and chemical solidification has been proposed. This method can transform marine mud slurry into construction materials and apply them in reclamation, coastal embankment filling, and coastal slope protection [31]. However, as a new method, its fundamental principles and influencing factors are not well-understood. During the treatment process, the effects of the process parameters on the mechanical properties of the marine mud slurry are still unclear. This paper focuses on the flocculation-solidification-high pressure filtration combined method (FSHCM) to effectively process marine mud slurry. The effects of flocculant dose, composite solidification agent dose, initial water content and initial thickness of geo-bags on the mechanical properties of treated marine mud slurry are studied through laboratory experiments.




2. Laboratory Experiments


2.1. Materials


The materials employed in the experiments consisted of marine mud, solidification agent, and flocculants. The mud sample belonged to a marine deposit collected from an actual construction site located in Wenzhou, China. The basic physical and engineering properties of the mud sample are listed in Table 1.



The particle size of the mud was determined using a laser particle size analyzer, and the particle size distribution curve is shown in Figure 1. Based on the Unified Soil Classification System [32], the mud could be categorized as fat clay (CH). Additionally, the mud composition was analyzed using the 09 Empyrean X-ray diffractometer. This mud was composed of quartz, kaolinite, illite, smectite and mica. The composite solidification agents chosen for this experiment were the 425# OPC and GGBS. The flocculants used in the experiments were AN926SH anionic polyacrylamide (APAM) solution and Ca(OH)2. APAM is a widely employed substance in various industrial fields like water treatment, sludge dewatering, and the paper industry [33,34,35]. In this experiment, the APAM solution was prepared at a concentration of 1:500 (mass ratio of dry APAM powder to water). The APAM dose was defined as the dry weight ratio of APAM powder to the dry soil particles. Ca(OH)2 can be consumed by GGBS; the hydration products improve the solidification effect [36].




2.2. Testing Procedures


The procedures of two types of tests, i.e., sedimentation tests and pressure filtration tests, are illustrated.




	(1)

	
Sedimentation tests









Many scholars use settlement tests to investigate the sedimentation behavior of mud slurries [37,38,39], which provided a reference for our experiments. The detailed procedures for the sedimentation tests are listed below.




	(a)

	
Set the initial dry weight of the mud sample (300 g) and the initial water content of the marine mud slurry (300%), and calculate the amount of experimental materials required.




	(b)

	
Sequentially add water and Ca(OH)2 to the marine mud slurry, and mix them at a constant speed using a multi-function mixer for 5 min. Then, manually stir the slurry for half a minute (to avoid insufficient mechanical mixing) to obtain a homogeneous slurry mixture.




	(c)

	
Add the APAM solution to the slurry mixture and stir thoroughly to obtain a composite flocculant mixture.




	(d)

	
Pour the composite flocculant mixture evenly into a 1.5 L capacity graduated cylinder, ensuring consistent initial liquid level height. In the initial stage of the experiment, record the sludge–water interface separation value every hour, and later, record it every 2 h until the value remains constant.














	(2)

	
Pressure filtration tests














	(a)

	
Use an electric agitator to uniformly mix the original marine mud slurry and take a sample to obtain its natural water content. Based on the natural water content of the mud slurry and the predetermined mix ratio, calculate the required masses of water, Ca(OH)2, OPC, and GGBS for the experiment.




	(b)

	
Based on the calculation results from step (a), add the required amounts of water, Ca(OH)2, OPC, and GGBS sequentially to the slurry. Use a multifunctional mixer to thoroughly stir the slurry to obtain the mixture. The mixing process includes 5 min machine mixing in the beginning, 1 min hand mixing in the middle, and 3 min machine mixing in the end.




	(c)

	
Add APAM solution to the slurry and use a stirring machine to mix it evenly. Slow down the stirring speed when agglomerates begin to form. Stop stirring when the supernatant liquid separates from the mixed slurry.




	(d)

	
A specially developed device is used, as shown in Figure 2. This device is similar to a piston, through which the mud slurry can be dewatered, as demonstrated in the relevant standard [40]. Pour the mixed slurry into a geo-bag using a funnel and close the zipper. Then, place the geo-bag in trough I and secure the cover plate on top of the pressure chamber using high-strength bolts. The material chosen for the geo-bags in this test was polypropylene fiber, which effectively prevents the seepage of mud particles and exhibits good permeability. The geo-bags had a planar dimension of 30 cm × 30 cm, and the maximum thickness was 20 cm. The aperture diameter of the geo-bags was 48 um.




	(e)

	
A hydraulic jack is used to apply pressure to the geo-bag and maintain the hydraulic pressure gauge reading at 15 MPa for 12 min. Observe the pressure gauge readings and control the pressure level accordingly.




	(f)

	
Mud cake is obtained after the pressurization is completed. To ensure uniform initial water content for each sample, when taking samples with a ring cutter, avoid the edge of the mud cake. The samples are cylindrical, 61.8 mm in diameter and 20 mm in height. Place the sample into sealed bags and conduct the curing process. The curing temperature of the water bath incubator is 20 ± 3 °C, and the curing ages are 7 days, 14 days, 21 days, and 28 days, respectively. After the samples reach the curing age, conduct water content tests and direct shear tests [41,42].










2.3. Testing Program


The laboratory experiments included a total of 5 groups and 32 tests. Table 2 provides an overview of the mix proportions for all of these groups and tests. The curing conditions of samples for each group were the same. The curing temperature of the water bath incubator was 20 ± 3 °C, and the curing ages were 7 days, 14 days, 21 days, and 28 days. The definitions of the symbols given in the table are as follows: wei represents the equivalent initial water content, defined as the ratio of the sum of the mass of water contained in the slurry itself and in the APAM solution to the mass of solids; M represents the dry weight of the slurry; C represents the dose of composite solidification agent (mass fraction).



Group A consisted of a feasibility exploration test for the FSHCM. This group included three tests (A1, A2 and A3) that adopted the FSHCM, flocculation-high pressure filtration combined method (FHCM), and flocculation-solidification combined method (FSCM), respectively. The feasibility of the FSHCM was verified by laboratory experiments. The strength of samples was obtained through direct shear tests. For each test, four samples were sheared under normal consolidation stresses of 50 kPa, 100 kPa, 150 kPa, and 200 kPa, respectively. The samples were cylindrical, 61.8 mm in diameter and 20 mm in height. The horizontal shear rate was set at 0.8 mm/min. In the three tests, the values of C were 0%, 6%, and 20%, respectively. A pressure filtration device was used in tests A1 and A2, with a pressure of 0.35 MPa and an action time of 12 min.



Group B included 13 tests with fixed wei (B1~B8: 300%; B9~B13: 200%), M (0.3 kg), and Ca(OH)2 dose (1.5%) but different APAM doses, varying from 0 to 0.28% (mass fraction). Sedimentation tests (B1~B8) and pressure filtration tests (B9~B13) were used to explore the effects of the APAM dose on the dewatering efficiency of FSHCM. The pressure and action time of the pressure filtration tests were the same as those of Group A.



The Group C tests explored the effects of the composite solidification agent dose on the shear characteristics of mud cake. The initial water content of the marine mud slurry was 200%, and the mass of dry soil was 2.5 kg. The doses (mass fraction) of Ca(OH)2 and APAM were 1.5% and 0.16%, respectively. In the four tests in this group, the composite solidification agent doses were s 3%, 5%, 7%, and 9% of the dry soil mass, respectively.



Group D included six tests, i.e., D1~D6, aiming to investigate the effects of initial water content on the shear characteristics of mud cake. The initial water contents of samples were 100%, 200%, 300%, 400%, 500%, and 600%, respectively.



Group E tests were conducted to study the effects of the initial thickness of geo-bags on the shear characteristics of mud cake. The initial thickness of geo-bags refers to the thickness of geo-bags when they were filled with mud slurries and placed in the pressure filtration device. The initial thickness of geo-bags included the thickness of the mud inserted in a geo-bag and the thickness of the geo-bag itself. This group involved five tests with different initial thicknesses of geo-bags (66 mm, 79 mm, 92 mm, 106 mm, 119 mm, and 132 mm).





3. Results and Discussion


3.1. Feasibility Exploration Tests for the FSHCM


The experimental results of Group A are illustrated in this section to demonstrate the feasibility of FSHCM. Figure 3 depicts the relationship between water content and curing age for the mud samples treated using FSHCM, FHCM, and FSCM, respectively. When the curing age was less than 1 day, FSHCM had the best effect of dewatering, with the lowest sample water content. FHCM yielded a slightly higher water content compared to the former. FSCM, on the other hand, had the poorest effect of dewatering, with water contents significantly higher than those of the first two methods. FSHCM-MS, FHCM-MS, and FSCM-MS represent mud slurries treated by flocculation-solidification-high pressure filtration combined method, flocculation-high pressure filtration combined method, and flocculation-solidification combined method, respectively. When the curing age was longer than 1 day, the water content of FSHCM-MS decreased slowly. FHCM-MS showed almost no change in water content, while FSCM-MS exhibited a faster decrease in water content. The higher the dose of composite solidification agent, the more pore water was consumed by chemical reactions, resulting in a more significant decrease in the water content of the samples. FSHCM can reduce the water content of the marine mud slurry to a relatively low level through flocculation and high-pressure filtration. During the curing process, the water content of marine mud slurry is further decreased by the consumption of pore water. FSHCM has advantages both in terms of dewatering and material savings.



Figure 4 illustrates the representative strength envelopes of samples treated by the three methods. It should be noted that the solid lines represent FSCM and the dashed lines represent FHCM in Figure 4b. With the increasing curing age, the shear strength envelopes of FSHCM-MS and FSCM-MS moved upward, indicating an increase in shear strength. Additionally, the shear strength envelope of FHCM-MS remained unchanged with curing age. The shear strength envelope of FSHCM-MS at 7 days was located above the shear strength envelope of FSCM-MS at 28 days, indicating that FSHCM-MS achieved greater shear strength in a shorter time. Compared to FSCM, FSHCM needed less composite solidification agent, and FSHCM-MS achieved higher shear strength, demonstrating the efficiency of FSHCM.



Figure 5 illustrates the effects of curing age on the cohesion and friction angle of samples treated by the three methods. It can be observed from Figure 5a that FHCM-MS exhibited no cohesion at 7 days, 14 days, 21 days, and 28 days of curing. This was attributed to the higher water content in FHCM-MS, which did not allow effective bonding between soil particles. FSCM-MS exhibited no cohesion at 7 days and 14 days of curing age, and it showed minimal cohesion at 21 days, which gradually increases with the curing period. After flocculation and dewatering treatment, there were still numerous pores between soil particles in the slurries. Under the influence of the composite solidification agent, it was challenging to establish effective bonds between soil particles in a short period. The cohesion of FSHCM-MS increased with curing age. Compared to FHCM-MS, the cohesion of FSHCM-MS increased by 104.89 kPa after 28 days of curing. Compared to FSCM-MS, FSHCM-MS saved 14% of the composite solidification agent dose and increased the cohesion by 94.59 kPa after 28 days of curing. From Figure 5b, it can be observed that the friction angle values for FSHCM-MS ranged from 20° to 38.5°, presenting significant advantages.




3.2. Effects of APAM Dose on the Dewatering Performance of FSHCM-MS


In sedimentation tests, the mixed slurry was poured into a 1.5 L capacity graduated cylinder, and the supernatant liquid height, HS, was recorded every 1 or 2 h. Figure 6 shows variation curves of HS against time at various APAM doses. The same dose of Ca(OH)2, 1.5%, was adopted for all tests. As can be seen in Figure 6a, when the APAM content was 0%, 0.04%, 0.08% and 0.12%, the value of Hs increased significantly with time within 2000 min. The reason for this phenomenon is that the APAM dose was too small to form an effective flocculation structure between the clay particles. The mixed mud slurry was still a suspension.



When the APAM dose was 0.16%, the value of Hs increased evidently, and the slope of the curve was larger within 200 min. Then, the curve entered a flatter state, and HS approached a constant value after 2000 min, as shown in Figure 6b. As the APAM dose increases (0.20%, 0.24% and 0.28%), the HS value gradually decreased, and the less time it took for the curve to reach a relatively stable state. The reason for this phenomenon is that with increasing APAM doses, the flocculation structure became larger, and the mixed slurry quickly approached a stable state. Therefore, a stable flocculation structure could be formed in the mud slurry when the APAM dose was 0.16%. As the APAM dose continued to increase, the flocculation structure became larger, the mixed slurry reached a stable state quickly, and the value of Hs changed less with time.



To investigate the effects of the APAM dose on the dewatering performance of FSHCM-MS, representative APAM doses (0%, 0.16%, 0.20%, 0.24%, and 0.28%) were selected for the analysis of the dewatering performance of the marine mud slurry. As shown in Figure 7 and Figure 8, the mud cake without the addition of APAM was fragmented, and the filtrate was turbid. When APAM was added, the mud formed into a cake shape, and the filtrate was clear.



Figure 9 shows the effects of the APAM dose on the water content of the mud cake. When the APAM dose was 0.16%, the water content of the mud cake was only 65.56%. When APAM was not added, the water content of the mud cake was 150.6%, which was 2.3 times that of the mud cake without APAM, and the dewatering efficiency was significantly improved. Moreover, as the APAM dose increased, the water content of the mud cake decreased, but the rate became smaller.



The beneficial value of water consumption, η, was defined as shown in Equation (1). A smaller η value indicates a more significant wastage of water resources:


  η =     ω   1   −   ω   2       ω   2     × 100 %  



(1)




where w1 represents the mass of drainage during the filtration process, and w2 represents the mass of water required to prepare the corresponding flocculant solution.



Additionally, mechanical stirring time was considered as another evaluation indicator. The mechanical stirring time was the mixing time of the agitator after adding the APAM solution to the mud slurries. The shorter the mechanical stirring time, the greater the mud volume that could be processed per unit time. The effects of APAM dose on evaluation indicators are shown in Figure 9b. It can be observed that with an increase in APAM dose, the value of η exhibited a generally linear decrease, while the mechanical stirring time (tm), showed an exponential increase. The results indicate that as the APAM dose increased, the investment cost of FSHCM increased. Therefore, this study recommends an optimal APAM dose of 0.16%.




3.3. Effects of Composite Solidification Agent on the Shear Characteristics of FSHCM-MS


Figure 10 illustrates the effects of composite solidification agent dose on the water content of the mud cake. As seen in Figure 10a, the initial water content of the mud cake showed relatively small variations with changes in the dose of the composite solidification agent, and the dose of the composite solidification agent had little effect on the dewatering efficiency of the FSHCM. Figure 10b shows that with an increasing curing age, a higher solidification agent dose resulted in a faster decrease in the water content of the mud cake. For example, when the solidification agent dose was 3%, 5%, 7%, and 9%, the 28-day water content of the mud cake was 63.15%, 59.47%, 56.28%, and 52.84%, respectively.



Figure 11 illustrates the effects of the dose of the composite solidification agent on the shear strength of mud cakes. It can be observed from Figure 11a that samples with a higher dose of composite solidification agent had shear strength envelopes positioned above those with a lower dose. Under the same normal stress conditions, they exhibited greater shear strength.



Additionally, it is evident that with an increase in the dose of composite solidification agent, the spacing between the shear strength envelopes gradually increased. The spacing between the envelopes was notably larger for samples with a dose between 7% and 9%, suggesting that a higher dose of composite solidification agent leads to a greater increase in shear strength of the samples.



It can be observed from Figure 11 that the shear strength of the samples increased with the curing age. Using the experimental results with a normal force of 200 kPa as an example, when the samples were cured from 7 days to 28 days, the shear strength of the samples increased by 30.2 kPa, 64.12 kPa, 76.13 kPa, and 104.45 kPa, respectively, for composite solidification agent doses of 3%, 5%, 7%, and 9%. The higher the dose of the composite solidification agent, the faster the increase in the shear strength of the samples with curing age, and the greater the ultimate shear strength.



The Mohr–Coulomb criterion can be used in direct shear tests. Figure 12 illustrates the effects of the dose of the composite solidification agent on the cohesion and friction angle of the samples. As shown in Figure 12a, the cohesion of samples increased with curing age, and a higher dose of composite solidification agent resulted in a more pronounced increase in cohesion. For the same curing age, samples exhibited greater cohesion with a higher dose of composite solidification agent. As can be seen from Figure 12b, the values of the friction angle ranged between 20° and 35°.




3.4. Effects of Initial Water Content on the Shear Characteristics of FSHCM-MS


Figure 13 illustrates the effects of the initial water content of the marine mud slurry on the water content of the mud cake. As can be seen in Figure 13a, changing the initial water content of the marine mud slurry had a significant effect on the water content of the mud cake. As the initial water content of the marine mud slurry increased, the water content of the mud cake decreased, and the rate of decrease became progressively smaller. When the initial water content of the marine mud slurry increased from 100% to 400%, the water content of the mud cake decreased by 19.6%. However, when the initial water content increased from 400% to 600%, the water content of the mud cake only decreased by 2.39%. During the experiment, it was observed that the higher the initial water content of the marine mud slurry, the larger the flocs formed by the flocculant, resulting in a faster sedimentation rate.



It can be observed from Figure 13b that for a given dose of composite solidification agent, the higher the initial water content of the marine mud slurry, the lower the 28-day water content of the mud cake. Specifically, when the initial water content of the marine mud slurry was 100%, 200%, 300%, and 400%, the 28-day water content of the mud cake was 61.0%, 53.8%, 49.5%, and 48.7%, respectively. The reasons for this phenomenon include the following two points. The main reason is that as the initial water content of the marine mud slurry increased, there were fewer solid particles per unit volume, resulting in a higher initial porosity. This led to shorter drainage paths and higher drainage rates. Another possible reason is that the chosen APAM dose for this experiment (0.12%) was optimal for mud with high water content. At this dose, the dewatering performance was better in high-water-content samples compared to low-water-content samples.



Figure 14 illustrates the effects of the initial water content of the marine mud slurry on the shear strength of the mud cake. As can be seen from Figure 14a, it is evident that the shear strength envelope of the samples with a higher initial water content was positioned above that of the samples with a lower initial water content. This indicates that a higher initial water content of the marine mud slurry leads to greater shear strength of the filter-pressed mud cake under the same normal stress conditions.



Furthermore, the shear strength of the samples increased with curing age. Taking the normal stress of 200 kPa as an example, for samples cured from 7 days to 28 days, the shear strength increased as follows for the marine mud slurry with the initial water content of 100%, 200%, 300%, and 400%: 79.67 kPa, 117.77 kPa, 123.2 kPa, and 130.75 kPa, respectively. The higher the initial water content of the marine mud slurry, the faster the rate of increase in shear strength of the samples with curing age, resulting in a higher final shear strength value.



Figure 15 shows the effects of the initial water content of marine mud slurry on the cohesion and friction angle of mud cake. For slurries with the same initial water content, their cohesion increased with curing age. For mud cake cured from 7 days to 28 days, the cohesion of the samples increased as follows for the marine mud slurries with initial water contents of 100%, 200%, 300%, and 400%: 49.76 kPa, 60.58 kPa, 67.69 kPa, and 86.90 kPa, respectively. Moreover, a higher initial water content in the marine mud slurry led to greater cohesion of the samples. Figure 15b illustrates the curve of the friction angle of the samples with curing age. The values of the friction angle ranged between 20° and 35°.




3.5. Effects of the Initial Thickness of Geo-Bags on the Shear Characteristics of FSHCM-MS


Figure 16 illustrates the effects of the initial thickness of the geo-bags on the initial water content of the mud cake. It can be observed from Figure 16a that as the initial thickness of the geo-bags increased, the initial water content of the mud cake remained relatively constant at first and then gradually increased. Specifically, the water content of the mud cake rose by 14.8% due to the increase in the initial thickness of the geo-bags from 92 mm to 132 mm, while it remained almost unchanged from 66 mm to 92 mm. Figure 16b illustrates the effects of the curing age on the water content of mud cake. When the same dose of composite solidification agent was used, a smaller initial thickness of geo-bags resulted in a lower 28-day water content of the mud cake, mainly because the former led to shorter pore channels and better dewatering efficiency in the FSHCM.



Figure 17 illustrates the effects of the initial thickness of geo-bags on the shear strength of the mud cake. It is obvious that the shear stress of the mud cake increases with increasing normal stress. Additionally, as shown in Figure 17a, the envelope of shear strength for mud cake with lower initial thickness of geo-bags was situated above that for mud cake with higher geo-bag thickness. This indicates that under the same normal stress conditions and curing age, a smaller initial thickness of geo-bags results in a larger shear strength of the mud cake. Taking a normal stress of 200 kPa as an example, the 7-day shear strength of the mud cake was 123.97 kPa, 118.59 kPa, 115.59 kPa, and 100.14 kPa for the thickness of 92 mm, 106 mm, 119 mm, and 132 mm, respectively.



Furthermore, with the increase in the curing age, the shear strength envelope gradually shifted upward, indicating that the shear strength of the mud cake increased with the curing age. Taking the normal stress of 200 kPa as an example, as the curing period increased from 7 days to 28 days, the shear strength of the samples increased by 114.48 kPa, 109.35 kPa, 92.2 kPa, and 74.86 kPa under the geo-bag thickness of 92 mm, 106 mm, 119 mm, and 132 mm, respectively. The results show that under the same normal force, the greater the initial thickness of the geo-bags, the smaller the increase in shear strength of mud cake with the change in curing period.



Figure 18 illustrates the effects of the initial thickness of the geo-bags on the cohesion and friction angle of the samples. As seen in Figure 18a, under the same curing age, a smaller thickness resulted in greater cohesion of the mud cake. Under the same geo-bag thickness, the cohesion of the mud cake increased with the increase in curing time. When the curing period increased from 7 days to 28 days, the cohesion of samples increased by 62.05 kPa, 51.79 kPa, 46.91 kPa, and 36.38 kPa under the geo-bag thickness of 92 mm, 106 mm, 119 mm, and 132 mm, respectively. Figure 18b depicts the variation in the friction angle. Under the same geo-bag thickness, the friction angle increased with the increase in curing age. The maximum value of the friction angle was 35°, and the minimum value was 20°.





4. Conclusions


In this study, a series of laboratory experiments were conducted to investigate the feasibility of FSHCM in marine mud slurries and the effects of APAM dose, composite solidification agent dose, the initial water content of marine mud slurries and the initial thickness of geo-bags on the mechanical properties of FSHCM-MS. The main conclusions are as follows:




	
Compared to the FHCM, the cohesion of the samples treated by the FSHCM decreased by 104.89 kPa at 28 days. Compared with FSCM, the FSHCM saved 14% of the composite solidification agent and increased cohesion by 94.59 kPa at 28 days. By comparing the water content and cohesion of mud cake treated by three methods, it was found that the FSHCM is more efficient.



	
When the APAM dose was 0.16%, FSHCM-MS exhibited a noticeable flocculation effect. As the APAM dose increased, the dewatering efficiency of FSHCM-MS improved. However, the water use efficiency value η decreased, and mechanical mixing time increased. Considering all factors, the optimal dose of APAM was determined as 0.16%.



	
The composite solidification agent dose had little effect on the dewatering efficiency of the FSHCM. The initial water content of the marine mud slurry had a significant effect on the dewatering efficiency of the combined method when it varied between 100% and 400%. Higher initial water content in the mud led to better dewatering results. As the initial thickness of geo-bags increased, the initial water content of the mud cake remained constant at first, and then gradually increased.



	
An increase in composite solidification agent dose led to a higher rate of increase in the shear strength and cohesion of mud cake. As the initial water content of the marine mud slurry rose, the shear strength and cohesion of the mud cake increased. Moreover, an increase in the initial thickness of the geo-bags led to a decrease in the shear strength and cohesion of the mud cake.
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Figure 1. Particle size distribution curve for the mud sample. 
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Figure 2. Pressure filtration tests. 
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Figure 3. Relationship between water contents of mud samples and curing age. 
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Figure 4. Strength envelopes of samples. 
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Figure 5. Effects of curing age on the cohesion and friction angle of samples. 
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Figure 6. Variation curves of HS against time at various APAM doses. 
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Figure 7. Mud cake. 
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Figure 8. Filtrate. 
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Figure 9. Effects of APAM dose on the water content and evaluation indicators. 
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Figure 10. Effects of composite solidification agent dose on the water content of the mud cake. 
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Figure 11. Shear strength envelopes. 
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Figure 12. Effects of the dose of composite solidification agent on the cohesion and friction angle of samples. 
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Figure 13. Effects of the initial water content of marine mud slurries on the initial water content of the mud cake. 
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Figure 14. Shear strength envelopes. 
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Figure 15. Effects of initial water content of marine mud slurries on the cohesion and friction angle of mud cake. 






Figure 15. Effects of initial water content of marine mud slurries on the cohesion and friction angle of mud cake.



[image: Jmse 11 02270 g015]







[image: Jmse 11 02270 g016] 





Figure 16. Effects of the initial thickness of geo-bags on the water content of the mud cake. 
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Figure 17. Shear strength envelopes. 
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Figure 18. Effects of the initial thickness of geo-bags on the cohesion and friction angle of the samples. 
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Table 1. Basic properties of the marine mud slurries used in laboratory experiments.
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	Specific Density Gs
	Liquid Limit wL
	Plastic Limit wP
	Plasticity

Index
	Organic Content (Ignition Loss) mo
	Sand Fraction

(0.075–2 mm)
	Silt Fraction

(0.002–075 mm)
	Clay and Colloid Fraction

(<0.002 mm)





	2.69
	56.1%
	26.7%
	29.4
	4.41%
	14.9%
	79.5%
	5.6%










 





Table 2. Program for the laboratory experiments.
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Group

	
Test

	
wei (%)

	
M (kg)

	
C (%)

	
APAM (%)

	
Ca(OH)2 (%)






	
A

	
A1

	
200

	
2.5

	
6

	
0.16

	
1.5




	
A2

	
200

	
0.3

	
0

	
0.16

	
1.5




	
A3

	
200

	
2.5

	
20

	
0.16

	
1.5




	
B

	
B1

	
300

	
0.3

	
-

	
0

	
1.5




	
B2

	
300

	
0.3

	
-

	
0.04

	
1.5




	
B3

	
300

	
0.3

	
-

	
0.08

	
1.5




	
B4

	
300

	
0.3

	
-

	
0.12

	
1.5




	
B5

	
300

	
0.3

	
-

	
0.16

	
1.5




	
B6

	
300

	
0.3

	
-

	
0.20

	
1.5




	
B7

	
300

	
0.3

	
-

	
0.24

	
1.5




	
B8

	
300

	
0.3

	
-

	
0.28

	
1.5




	
B9

	
200

	
2.5

	
-

	
0

	
1.5




	
B10

	
200

	
2.5

	
-

	
0.16

	
1.5




	
B11

	
200

	
2.5

	
-

	
0.20

	
1.5




	
B12

	
200

	
2.5

	
-

	
0.24

	
1.5




	
B13

	
200

	
2.5

	
-

	
0.28

	
1.5




	
C

	
C1

	
200

	
2.5

	
3

	
0.16

	
1.5




	
C2

	
200

	
2.5

	
5

	
0.16

	
1.5




	
C3

	
200

	
2.5

	
7

	
0.16

	
1.5




	
C4

	
200

	
2.5

	
9

	
0.16

	
1.5




	
D

	
D1

	
100

	
2.5

	
6

	
0.12

	
1.5




	
D2

	
200

	
2.5

	
6

	
0.12

	
1.5




	
D3

	
300

	
2.5

	
6

	
0.12

	
1.5




	
D4

	
400

	
2.5

	
6

	
0.12

	
1.5




	
D5

	
500

	
2.5

	
6

	
0.12

	
1.5




	
D6

	
600

	
2.5

	
6

	
0.12

	
1.5




	
E

	
E1

	
200

	
2.5

	
6

	
0.16

	
1.5




	
E2

	
200

	
3.0

	
6

	
0.16

	
1.5




	
E3

	
200

	
3.5

	
6

	
0.16

	
1.5




	
E4

	
200

	
4.0

	
6

	
0.16

	
1.5




	
E5

	
200

	
4.5

	
6

	
0.16

	
1.5




	
E6

	
200

	
5.0

	
6

	
0.16

	
1.5
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