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Abstract

:

The accumulative strain of sand-containing soft soil is crucial to the stability of the construction of embankment engineering such as expressways and high-speed railways. However, little attention has been devoted to the accumulative strain of sand-containing soft soil. In the current study, a series of cyclic triaxial tests were performed to investigate the accumulative strain of sand-containing soft soil reinforced by cement and sodium silicate under traffic loading. In addition, the accumulative strain model was proposed to describe the characteristic of accumulative strain. The results show that for the specimens with a high sand content (25%, 30%, and 35%), the accumulative strain increases obviously with the increase of the sand content. For the specimen with a cement content of 3%, the accumulative strain increases distinctly with the increasing loading time. The accumulative strain is strongly influenced by confining pressure. When the repeated cyclic stress amplitude is greater than 0.17 kN, the increase rate of accumulative strain is greater. The shorter the curing time is, the greater the accumulative strain is. The calculated results of the accumulative strain model show a good agreement with test data. Hence, the accumulative strain model can better describe the characteristic of accumulative strain.
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1. Introduction


It is common knowledge that the global climate is getting warmer rapidly and the land resources are becoming scarce quickly [1]. As a result, a large number of infrastructures such as expressways and high-speed railways have no choice but to build in soft soil regions [2]. In addition, it is universally known that soft soil is widely distributed around the world [3,4]. However, soft soil is generally not suitable for use in engineering constructions due to its high moisture content, low strength, and high sensitivity [5,6]. Hence, under the background of global warming, the reinforcement of soft soil embankments is an important scientific subject and has attracted a great amount of attention from researchers [7,8]. In order to solve the problem of soft soil reinforcement, a series of methods including chemical stabilization reinforcement and physical stabilization reinforcement have been conducted in geotechnical engineering [9,10,11]. For physical stabilization reinforcement, the most commonly used materials are: (1) cotton and hemp products such as cotton fiber [12], coir fibers [13], straw fibers [14], sisal fibers [15]; (2) geotextiles such as geogrid [16]; and (3) various kinds of fiber such as polypropylene fiber [17], glass fiber [18], basalt fiber [19], and steel fiber [20]. For chemical stabilization reinforcement, the most commonly used materials are cement [21,22,23], lime [24], and fly ash [25].



There is already growing evidence, in the basic levels of ongoing research, that cement-based stabilization is one of the most effective methods for improving the engineering performance of soft soil [26,27]. Silveira et al. [28] conducted a series of unconfined compression strength tests and direct shear tests to evaluate the mechanical properties of soil reinforced by cement. The results indicated that the addition of cement can harden the soil and significantly increase its shear strength. Ho et al. [29] investigated the influence of cement content on the strength and stiffness of cement-stabilized soil. According to the experimental results, it was found that the cement ratio was the prime parameter that can affect the engineering behavior of cement-stabilized soil. Wu et al. [30] analyzed the effect of cement on mechanical properties of cement-based stabilized soil and pointed out that, although cement and other cementitious additives such as silica fume can significantly affect the strength and stiffness of cement-based stabilized soil, cement is the primary influencing factor. Eskişar et al. [31] performed a great number of unconfined compression tests and ultrasonic pulse velocity tests to study the strength of cement-treated soil. It can be seen that the strength and stiffness increased with the increase of cement. Moreover, even for the specimen with low cement content, the increase of strength and stiffness was evident. Tang et al. [32] analyzed the mechanical properties of uncemented and cemented soft soil and observed that the peak stress of cemented soft soil increased considerably with the increasing cement content. The failure strain of uncemented soil is much greater than that of cemented soil. Cristelo et al. [33] carried out a series of unconfined compressive strength tests in order to investigate the influence of Portland cement on soft soil stabilization. It can be seen that the strength increased strongly with the increase of the water/cement ratio. The strength exhibited a significantly decreasing trend when the water/cement ratio increased from 0.75 to 1.0.



It is worth noting that, similarly with soft soil, sand-containing soft soil which also has the characteristics of a high moisture content, poor bearing capacity, and high compressibility is widely distributed all over the world [34,35,36,37]. In addition, the sand in sand-containing soft soil can alter the internal structure of the soil and, as a result, soil exhibits anisotropic characteristics and different mechanical properties. Hence, a better understanding with respect to the accumulative strain of sand-containing soft soil, which is sometimes named “problematic” soil, is crucial to the stability of expressways and high-speed railways. However, few investigations have been done on the accumulative strain of sand-containing soft soil.



In this paper, a series of cyclic triaxial tests were conducted in order to get a better understanding of the accumulative strain of sand-containing soft soil reinforced by cement and sodium silicate under traffic loading. The influence of the sand content on the accumulative strain was analyzed. The impacts of other influence factors such as cement content, confining pressure, repeated cyclic stress amplitude, and curing time on accumulative strain were also investigated. In addition, the accumulative strain model was proposed to describe the experimental data.




2. Laboratory Test Program


2.1. Materials and Test Device


The soft soil used in the current study was obtained from the embankment along the Fuzhou-Xiamen Expressway, China. The sand content is 10%. Other physical indices of the soft soil such as moisture content, dry density, liquid limit, and plastic limit are listed in Table 1.



The accumulative strain is considerably influenced by the sand content of soft soil. In the present study, the sand that was obtained from the sand stratum of the embankment along the Fuzhou-Xiamen Expressway was used in order to investigate the effect of sand content on accumulative strain in more detail, as shown in Figure 1. The grain size distribution curve of sand is presented in Figure 2.



The cement used in this test was produced by Zhejiang Wan Ning Technology Co., Ltd. (Zhejiang, China). The main components are 3CaO·SiO2, 2CaO·SiO2, 3CaO·Al2O3, and 4CaO·Al2O3·Fe2O3. The basic indexes of cement are shown in Table 2.



In this paper, the activator was the anhydrous sodium silicate (Na2SiO3) produced by the Tianjin Fuchen Chemical Reagent Factory (Tianjin, China). It can be soluble in water at room temperature easily and its modulus is 1.2. The anhydrous sodium silicate can react with cement as follows:


NaO·nSiO2 + Ca(OH)2 + mH2O → CaO·nSiO2·mH2O + 2NaOH



(1)







The cyclic triaxial tests were conducted in the Key Laboratory of Underground Engineering, Fujian Province University (Fujian University of Technology). The instrument in this experiment is the computer-controlled GDS Triaxial Testing System (GDS Instruments Ltd., London, UK), as shown in Figure 3. The GDS triaxial testing system is equipped with a pressure chamber, an axial loading driver, a confining pressure controller, a back pressure controller, a measuring apparatus, and data acquisition units. The confining pressure ranges from 0 to 2 MPa, the maximum frequency is 5 Hz, and the maximum axial load is 10 kN.




2.2. Specimen Preparation and Experimental Scheme


The procedures of preparing specimens were performed according to the Specification of Soil Test (SL237) and were designed as following: (1) The soft soil and sand used in the current study were dried in an oven at 100 °C for 24 h. (2) According to the experimental scheme, soft soil, sand, anhydrous sodium silicate, cement, and distilled water were fully mixed. (3) A film of aircraft hydraulic oil was coated on the internal surface of the three-segment copper molds with a diameter of 50 mm and height of 100 mm so as to separate the specimen from the three-segment copper molds conveniently. (4) The mixture was put into the three-segment copper molds in the same five layers and each layer was compacted. (5) The specimen was separated from the three-segment copper molds and put into the vacuum saturator. (6) The specimen was cured in a curing box with a constant temperature of 20 °C and humidity of 97% for standard curing. (7) The specimens were made in batches to ensure their comparability, as shown in Figure 4.



Similarly with the workflow of previous experiments performed by Yu et al. [38] and Kong et al. [39], the workflow of this study can also be divided into two stages: isotropic consolidation stage and cyclic loading stage, as shown in Figure 5a. (1) In the isotropic consolidation stage, the specimens were allowed to be vacuum-pumped and back-pressure-saturated. The saturation was terminated when the Skempton’s B-value was equal to or greater than 0.95. After saturation, the specimens were subjected to isotropic consolidation under a certain confining pressure. (2) In the cyclic loading stage, a series of long-term, low-level cyclic triaxial tests were conducted. The cyclic loading with the sine-wave form was applied on the specimens only in the axial direction and the lateral stress was constant, as shown in Figure 5b.



According to our previous study [40], the field measured data show that the dominant frequency is only 1 Hz when the depth is 3.12 m. In addition, Dai et al. [41] and Guo et al. [42] pointed out that 1 Hz can represent the actual frequency of traffic loading. Hence, the loading frequency used in this paper was 1 Hz. The field measured data [40] also show that the dynamic stresses range from 14.6 kPa to 46.4 kPa when the truck speed is 70 km/h. Furthermore, in order to study the impact of repeated cyclic stress amplitude on the accumulative strain in more detail, the repeated cyclic stress amplitudes used in this paper were 0.124 kN, 0.15 kN, 0.17 kN, 0.19 kN, 0.22 kN, and 0.25 kN. Based on previous studies [38,41,43], a general conclusion that the confining pressures of 50 kPa, 100 kPa, and 150 kPa can represent the actual confining pressures of traffic loading has been accepted. Furthermore, in order to study the impact of confining pressure on the accumulative strain in more detail, the confining pressures used in this paper were 50 kPa, 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa. The details of the experiment scheme are summarized in Table 3 in detail. Note that the content of anhydrous sodium silicate was 2%.





3. Results and Discussion


3.1. Influence of Sand Content on Accumulative Strain


In order to study the impact of sand content on the accumulative strain, six tests with different sand contents (10%, 15%, 20%, 25%, 30%, and 35%) were carried out. The effect of sand content on the relationship between the accumulative strain and number of loading cycles can be indicated by Figure 6. As presented in Figure 6a, for the specimens with a low sand content (10%, 15%, and 20%), a small increase in the accumulative strain is found with the increasing sand content. In contrast, for the specimens with a high sand content (25%, 30%, and 35%), the accumulative strain increases obviously with the increase of sand content. As shown in Figure 6b, for a given number of loading cycles, the accumulative strain of the specimens with a low sand content (10%) is about half of that of the specimens with a high sand content (35%). One reason that can explain this phenomenon is that the higher the sand content is, the looser the soil becomes. As a result, the soil can be compressed easily and the accumulative strain is greater. It should be noted that Yang et al. [44] and Sun et al. [45] analyzed the accumulative strain of soft soil without sand; compared with the existing studies using similar materials such as soft soil, it is quite clear that the increase rate of accumulative strain is strongly influenced by sand content: the higher the sand content is, the greater the increase rate of accumulative strain is.




3.2. Influence of Cement Content on Accumulative Strain


The influence law of cement content on the accumulative strain was studied by six tests with different cement contents (3%, 6%, 9%, 12%, 15%, and 18%). The effect of cement content on the relationship between the accumulative strain and the number of loading cycles is presented in Figure 7. The results in Figure 7a reveal that cement content has the greatest impact on accumulative strain. For the specimen with cement content of 3%, the accumulative strain increases distinctly with the increasing loading time. Figure 7a also makes it clear that when cement content is greater than 12%, the accumulative strain changes slightly with the increasing cement content. Figure 7b indicates that when the number of the loading cycle is 200, the accumulative strain decreases from 1.95% to 0.05% as the cement content increases from 3% to 18%. The results may be caused by the fact that the inter-particle bonding strength increases with the increase of cement content. Furthermore, the water in the soil which can reduce the inter-particle friction decreases with the increasing cement content.




3.3. Influence of Confining Pressure on Accumulative Strain


In order to study the impact of confining pressure on accumulative strain, six tests with different confining pressures (50 kPa, 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa) were carried out. The effect of confining pressure on the relationship between the accumulative strain and the number of loading cycles can be indicated by Figure 8. As presented in Figure 8a, the conclusion that the accumulative strain is strongly influenced by confining pressure is achieved. It is obvious that for a given number of loading cycles, the accumulative strain of the specimen with larger confining pressures is smaller. When the number of loading cycles is equal to 20,000, a 50 percent drop of accumulative strain can be found as the confining pressure increases from 50 kPa to 300 kPa, as shown in Figure 8b. The reason that we can interpret this phenomenon is that the higher confining pressure can increase the interlocking frictional force between soil particles and give rise to the increase of the capability of resisting deformation.




3.4. Influence of Repeated Cyclic Stress Amplitude on Accumulative Strain


The dependence of repeated cyclic stress amplitudes on accumulative strain was investigated by six tests with different repeated loads (0.124 kN, 0.15 kN, 0.17 kN, 0.19 kN, 0.22 kN, and 0.25 kN). Figure 9 shows the effect of repeated cyclic stress amplitudes on the relationship between the accumulative strain and number of loading cycles. Referring to Figure 9a, it becomes clear that the accumulative strain is heavily influenced by the repeated cyclic stress amplitude. In addition, when the repeated cyclic stress amplitude is greater than 0.17 kN, the increase rate of the accumulative strain is greater. Figure 9b demonstrates that when the number of loading cycles is equal to 2000, the accumulative strain increases from 0.25% to 1.01%, which means a 300 percent growth, as the repeated cyclic stress amplitude increases from 0.124 kN to 0.25 kN. One reason that can explain this phenomenon is that when the higher repeated cyclic stress amplitude, which can destroy the internal structure of the soil, is applied on the specimen, the accumulative strain increases obviously.




3.5. Influence of Curing Time on Accumulative Strain


In order to investigate the influence of curing time on the accumulative strain, five tests with different curing times (3 d, 7 d, 10 d, 14 d, and 28 d) were performed. The effect of curing time on the relationship between the accumulative strain and number of loading cycles is indicated by Figure 10. As presented in Figure 10a, a general conclusion that curing time has a significant effect on accumulative strain has been accepted. It is quite clear that for a given number of loading cycles, the shorter the curing time is, the greater the accumulative strain is. As shown in Figure 10b, it is obvious that when the curing time is greater than 7 d, the accumulative strain exhibits an almost decreasing trend linearly with increasing curing time. When the number of loading cycles is 20, the accumulative strain decreases from 0.45% to 0.22% as the curing time increases from 3 d to 28 d. The results may be due to the fact that a longer curing time is a benefit to a full reaction of cement, anhydrous sodium silicate, and water in soil, and the cementation between soil particles becomes extraordinarily strong.





4. Accumulative Strain Model


4.1. Improved Barksdale Model


The Barksdale model [46,47,48], which can be described by Equation (2), is frequently used to describe the accumulative strain of soil.


  ε = A + B log N  



(2)







Unfortunately, it should be noted that the Barksdale model is not suitable for the description of experimental data in this study, as presented in Figure 11.



In order to describe the accumulative strain accurately, the Barksdale model needs to be improved. It is assumed that the accumulative strain model can be expressed by second order polynomials. In this study, based on the Barksdale model, the improved model can be written as Equation (3):


  ε = A + B log N + C   ( log N )  2   



(3)








4.2. Model Calibration


For the calibration of the improved model which is proposed in the current study, the comparison of test data and the calculated results of the improved model is shown in Figure 12 and the improved model parameters are listed in Table 4. As presented in Figure 12, the calculated results of the improved model are in good agreement with laboratory data. Hence, the improved model that is proposed in this paper can better describe the characteristic of accumulative strain.





5. Conclusions


In order to investigate the accumulative strain of sand-containing soft soil reinforced by cement and sodium silicate under traffic loading accurately, a series of cyclic triaxial tests in the laboratory were performed. Furthermore, the accumulative strain model was proposed in this study. Based on the test data, the following conclusions can be drawn:




	(1)

	
For a given number of loading cycles, the accumulative strain of the specimen with a low sand content (10%) is about half of that of the specimen with a high sand content (35%). When cement content is greater than 12%, the accumulative strain changes slightly with the increasing cement content. It becomes clear that for a given number of loading cycles, the accumulative strain of the specimen with larger confining pressures is smaller.




	(2)

	
When the number of loading cycles is equal to 2000, the accumulative strain increases from 0.25% to 1.01%, which means a 300 percent growth as the repeated cyclic stress amplitude increases from 0.124 kN to 0.25 kN. It is obvious that when the curing time is greater than 7 d, the accumulative strain exhibits an almost decreasing trend linearly with increasing curing time.




	(3)

	
The accumulative strain model is proposed based on experiment data. The calculated results of the accumulative strain model agree reasonably well with experimental data. Hence, the accumulative strain model can better describe the characteristic of accumulative strain.
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Figure 1. The sand used in the present study. 
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Figure 2. The grain size distribution curve of sand. 
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Figure 3. The GDS triaxial testing system. 
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Figure 4. The specimen preparation procedure: (a) the oven; (b) the specimen; (c) the curing box. 
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Figure 5. Test procedures: (a) workflow of experiment; (b) load-on pattern of cyclic loading. 
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Figure 6. The effect of sand content on the relationship between accumulative strain and the number of loading cycles: (a) the effect of sand content on the accumulative strain; (b) the accumulative strain for a given number of loading cycles. 
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Figure 7. The effect of the cement content on the relationship between the accumulative strain and number of loading cycles: (a) the effect of cement content on the accumulative strain; (b) the accumulative strain for a given number of loading cycles. 
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Figure 8. The effect of confining pressure on the relationship between the accumulative strain and number of loading cycles: (a) the effect of confining pressure on the accumulative strain; (b) the accumulative strain for a given number of loading cycles. 
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Figure 9. The effect of repeated cyclic stress amplitude on the relationship between the accumulative strain and number of loading cycles: (a) the effect of repeated cyclic stress amplitude on the accumulative strain; (b) the accumulative strain for a given number of loading cycles. 
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Figure 10. The effect of curing time on the relationship between the accumulative strain and number of loading cycles: (a) the effect of curing time on the accumulative strain; (b) the accumulative strain for a given number of loading cycles. 
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Figure 11. The comparison of test data and calculated results of Barksdale model. 
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Figure 12. The calibration of the improved model: (a) B1-B6; (b) B7-B12; (c) B13-B17; (d) B18-B23; (e) B24-B29. 
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Table 1. Other physical indices of soft soil.
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	Moisture Content

(%)
	Dry Density

(g/cm3)
	Liquid Limit

(%)
	Plastic Limit

(%)





	43.51
	1.26
	41.3
	26.8
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Table 2. The basic indexes of cement.
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Setting Time (min)

	
Flexural Strength (MPa)

	
Compressive Strength (MPa)




	
Initial Set

	
Final Set

	
3 d

	
7 d

	
3 d

	
28 d






	
180

	
240

	
4

	
7

	
18

	
38
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Table 3. Details of experimental scheme.
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Sample

Number

	
Confining Pressure

(kPa)

	
Repeated

Load

(kN)

	
Curing

Time

(d)

	
Cement

Content

(%)

	
Sand

Content

(%)






	
B1

	
50

	
0.124

	
14

	
9

	
10




	
B2

	
100




	
B3

	
150




	
B4

	
200




	
B5

	
250




	
B6

	
300




	
B7

	
100

	
0.124

	
14

	
9

	
10




	
B8

	
0.15




	
B9

	
0.17




	
B10

	
0.19




	
B11

	
0.22




	
B12

	
0.25




	
B13

	
100

	
0.124

	
3

	
9

	
10




	
B14

	
7




	
B15

	
10




	
B16

	
14




	
B17

	
28




	
B18

	
100

	
0.124

	
14

	
3

	
10




	
B19

	
6




	
B20

	
9




	
B21

	
12




	
B22

	
15




	
B23

	
18




	
B24

	
100

	
0.124

	
14

	
9

	
10




	
B25

	
15




	
B26

	
20




	
B27

	
25




	
B28

	
30




	
B29

	
35
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Table 4. The improved model parameters.
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	Sample Number
	A
	B
	C
	R2 (COD)





	B1
	0.04685
	0.15902
	−0.01141
	0.9991



	B2
	0.01176
	0.14408
	−0.01195
	0.99974



	B3
	0.01787
	0.07905
	−0.00144
	0.99811



	B4
	−0.00271
	0.09322
	−0.00609
	0.99952



	B5
	−0.04251
	0.10389
	−0.00647
	0.99784



	B6
	−0.01973
	0.07951
	−0.00255
	0.99947



	B7
	−0.0027
	0.11319
	−0.00992
	0.99997



	B8
	0.01176
	0.14408
	−0.01195
	0.99974



	B9
	−0.05754
	0.18857
	−0.0146
	0.99695



	B10
	0.04711
	0.27178
	−0.02655
	0.99897



	B11
	−0.03231
	0.36811
	−0.03576
	0.99982



	B12
	−0.06707
	0.51091
	−0.05174
	0.99951



	B13
	0.07531
	0.16576
	−0.01174
	0.99969



	B14
	0.03574
	0.20807
	−0.01404
	0.99943



	B15
	−0.00615
	0.2724
	−0.02026
	0.99853



	B16
	0.04711
	0.27178
	−0.02655
	0.99897



	B17
	−0.00267
	0.51746
	−0.05656
	0.99634



	B18
	−0.24764
	1.39872
	−0.16862
	0.99838



	B19
	−0.03237
	0.30903
	−0.03391
	0.99927



	B20
	−0.0027
	0.11319
	−0.00992
	0.99997



	B21
	−0.0012
	0.05935
	−0.00305
	0.99961



	B22
	0.00234
	0.05959
	−0.00403
	0.99938



	B23
	−0.01169
	0.07607
	−0.00794
	0.99951



	B24
	−0.05754
	0.18857
	−0.0146
	0.99695



	B25
	−0.0269
	0.18047
	−0.01232
	0.99939



	B26
	−0.04536
	0.20584
	−0.01527
	0.99858



	B27
	−0.05266
	0.19497
	−0.00844
	0.99809



	B28
	−0.03636
	0.25439
	−0.01968
	0.99931



	B29
	−0.10788
	0.37788
	−0.03025
	0.99735
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