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Abstract

:

The shear behavior and dynamic response of a steel–silt interface are significant for the safety and stability of offshore structures in the Yellow River Delta. A series of steel–silt interface cyclic shear tests under constant normal load conditions (CNL) were carried out to explore the effects of normal stress, shear amplitude, roughness, and water content on the interface shear strength, shear stiffness, and damping ratio using a large interface shear apparatus. The preliminary results showed that the amplitude of normal stress and shear amplitude affected the interface’s shear strength, stiffness, and damping ratio in a dominant manner. The roughness and water content were also crucial factors impacting the rule of shear strength, shear stiffness, and damping ratio, changing with the number of cycles. Under various scenarios, the steel–silt interface weakened distinctively, and the energy dissipation tended to be asymptotic with the cyclic shear.
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1. Introduction


Soil–structure interactions have gradually become a worldwide hot issue in offshore engineering since numerous offshore structure failures have been reported due to the reduction in the bearing capacity associated with the soil–structure interaction. The shear behavior of the soil–structure interface is often regarded as an essential factor affecting the bearing capacity of deep structures. Offshore structures, such as offshore oil platforms and offshore wind turbines (OWT), are often subjected to vertical cyclic loads under storm loads. Resistance degradation may occur at the soil–structure interface, thus reducing the vertical bearing capacity of the foundation [1]. In this process, shear stiffness and damping ratio are crucial indicators to characterize its dynamic response [2]. Therefore, it is of paramount importance for offshore engineering design and safety evaluation to clarify the mechanical properties, shear failure mode, and dynamic response law of the soil–structure interface and further reasonably determine its side friction.



The shear behavior and dynamic response at the soil–structure interface vary with the distinctive mechanical properties of different soil types. Some scholars have carried out cyclic shear research on different types of soil, such as sand [3], coarse-grained soil [4], frozen soil [5], bentonite sand mixtures (BSM) [6], and calcareous sand [7]. However, only some studies have focused on the shear behavior and dynamic response of the silt–structure interface. As is known, silt possesses the composite mechanical characteristics of sand and clay and has a unique engineering property. Expressly, it should be noted that the silt in the Yellow River Delta is typically formed under rapid deposition, and the pore water inside the soil cannot be discharged in time [8,9]. In this regard, the sediment on the surface has no time for consolidation, which, in turn, induces a relatively large pore pressure, high water content, and compressibility—but low shear strength [10] (Figure 1).



Until now, there have been few studies on the silt–structure interface in the Yellow River Delta, and we reported most of these studies. In previous studies, the direct shear characteristics [12] and volumetric strain [13] were investigated, and this paper is the follow-up of these precedent ones. In the present work, the effect of five factors, namely, the number of cycles, shear amplitude, normal stress, roughness, and water content, were clarified for the cycle shear mechanical characteristics and dynamic response law of the pile–soil interface under cyclic loads that were analogous to a storm. This paper aimed to provide a theoretical and technical reference for designing and evaluating offshore structures in the area (Figure 2).




2. Large-Scale CNL Cyclic Shear Tests


2.1. Testing Apparatus


The tests were carried out under constant normal load conditions (CNL) with a JAW-500 large shear apparatus (Figure 3). The shear instrument adopted computer-controlled hydraulic loading. It was equipped with a relevant cooling system to ensure efficient and constant loading during the test. Twenty springs were used to connect the shear box with a lower sliding plate; thus, it allowed for free movement in a vertical direction, which enabled the efficient measuring of the volume change during the shear process [14,15]. The apparatus collected real-time data during the test through the matched monitoring instrument and data acquisition system (Figure 4).




2.2. Testing Materials


The soil used in the test was taken from the Yellow River silt of the Chendao Oilfield. Its physical characteristics included high roundness and porosity, poor permeability, and inter-particle occlusion. The particle size and basic physical properties of the soil sample are shown in Figure 5. Considering the disturbance during the construction of the structure, the undisturbed soil was remolded according to Standard GB/T50123-2019 for soil testing. The process of running a series of interface tests must adopt the large instruments mentioned above, which consume many materials. Therefore, three soil samples with different saturations of 63.5%, 79.3%, and 95.2% (with water contents of 16%, 20%, and 24%, respectively) were prepared by controlling the dry density (1.61 g/cm3).



With consideration of the fact that the foundation surface was not entirely smooth in the actual project due to rust or erosion, the grooving process was used to process three different roughness levels of a steel plate: R0 (smooth), R1 (slightly rough), and R2 (rough) (Figure 6). The sand filling method, average profile height, fractal dimension method, etc., typically determine the surface roughness. In this test, three parameters (the peak valley distance H, groove cross-section width L1, and platform spacing L2) were defined to determine the surface roughness according to the modified sand-filling method [16]. The steel plate had no material loss during the tests.




2.3. Testing Scheme


The test scheme used was the same as that of our previous study on interfacial shear properties, and so it will not be repeated here [13]. This test conducted nine undrained shear tests, which included three types of normal stress, shear amplitude, roughness, and water content (Table 1). The maximum saturation of the sample was 95.2%, which met the requirements of the indoor shear test [17]. Relevant studies have found that the influence of shear rate on interface shear properties under low-stress conditions can be ignored, and the test rate was 1 mm/s [18]. The interface after the test was completed i9s shown in Figure 7.





3. Results and Discussion


Since the data are too many to be displayed individually, the results of the 1st, 5th, 10th, 15th, 20th, 25th, and 30th cycle tests were selected as representative datasets for the analysis. In this section, the shear strength and dynamic response of the steel–silt interface will be studied in detail.



3.1. Interface Shear Strength


To further explore the shear mechanics under different cycles, the shear strength in each cycle was set as the peak shear stress τmax. The peak shear stress was equal to the average magnitude of the positive and negative maximum shear stress. Furthermore, the definition of the stress ratio Dτ was introduced to characterize the relationship between the peak shear stress and the cycle number and between the stress ratio and the cycle number.


   τ  m a x   =    τ 1  +  |   τ 2   |   2   



(1)






   D τ  =    τ 1  m a x      τ n  m a x      



(2)




where    τ 1    is the maximum positive shear stress of one cycle and the maximum negative shear stress of one cycle, and    τ 1  m a x     is the peak shear stress of the first cycle while    τ n  m a x     is the peak shear stress of the n-th cycle.



3.1.1. The Influence of Normal Stress


Figure 8 illustrates the shear strength-cycle number curve of test groups 1, 2, and 9 (where the normal stress levels were 100 kPa, 200 kPa, and 300 kPa, respectively). The test results showed that:




	(1)

	
The shear strength decreased with the increase in the number of cycles. At the beginning of shear, the soil particles occluded tightly under normal stress, and the cohesion between the steel soil interface was strong, resulting in the soil interface having a more remarkable ability to resist shear. With the increase in the shear cycle, the soil was compacted and the corners of the soil particles were rounded. After the first few shear cycles, the soil particles near the interface under the same repeated shear stress had a particular historical stress path, which led to the shear strength decreasing continuously and finally becoming stable.




	(2)

	
With the increase in normal stress, the shear strength and residual shear strength (the peak shear stress of the 30th cycle) also increased.




	(3)

	
The first two cycles showed hardening under the low-stress conditions of 100 kPa and 200 kPa. The results were inconsistent with the findings of Shang (2016), Li (2018), and others [19,20]. One possible reason could be attributed to the constant stress conditions used in the tests and the normal stress remaining unchanged during the whole test, resulting in a discontinuous reduction in normal stress under the low-stress conditions. Furthermore, combined with the direct test results, under the low-stress condition, the shear stress–shear displacement curve appeared to develop a hardening behavior, and so when the overall shear displacement was small (the first two cycles), the shear stress increased. The softening feature seemed to align with the rise in the overall shear displacement (after two cycles) [12].




	(4)

	
Similar to the shear stress–shear displacement curve in the direct shear test, the peak shear stress–total shear displacement curve in the cyclic test could be used as the shear strength–cycle number curve. Three stages could be recognized, i.e., the elastic stage of the rapid change in shear stress (the first five cycles), the plastic stage of the slow evolution of the shear stress (5–10 cycles), and the shear failure stage of equilibrium of the shear stress (10–30 cycles).









The stress ratio–cycle number curve in Figure 9 shows that normal stress significantly impacted the interface cyclic weakening profile. With the increase in normal stress, the weakening degree increased. The trend agreed with those reported by Oumarou et al. (2005) and Feng et al. (2018) [21,22].



To more clearly capture the relationship between this weakening phenomenon and the number of cycles, the shear strength weakening coefficient Snτ was further adopted based on the stress ratio Dτ to characterize the cumulative weakening degree of the first n cycles. The representative weakening coefficients S5τ, S10τ, S15τ, S20τ, S25τ, and S30τ under the three normal stresses were calculated. The results are shown in Figure 9. The maximum weakening coefficients S30τ under the three normal stresses were 9.84%, 11.84%, and 16.6%, respectively.


   S  n τ   =    τ 1  m a x   −  τ n  m a x      τ 1  m a x     × 100 %  



(3)








3.1.2. The Influence of Shear Amplitude


Figure 10 illustrates the shear strength–cycle number curve of test groups 2, 3, and 8 (where the shear amplitudes were 5 mm, 15 mm, and 35 mm, respectively). It was found from the test results that:




	(1)

	
With the increase in the shear amplitude, the peak and residual shear strength increased. However, with the increased shear amplitude, its increasing rate decreased and the residual shear strength was similar to those when the amplitude was 15 mm and 35 mm.




	(2)

	
The test group with a shear amplitude of 5 mm showed hardening in the first two cycles. With the increase in the number of cycles, the shear strength decreased. The results were similar to the findings of Vieira et al. (2013), indicating that the cyclic loading of the interface under a small displacement would not reduce the shear strength, while the cyclic shear strength decreased significantly under a large displacement [23]. The explanation is the same as the previous one. In the case of large shear amplitude, the interface has reached the direct shear strength under the same conditions in the first few cycles (approximately 2–5), which affected the development of the subsequent cycle shear strength.









Similarly, the stress ratio–cycle number curve demonstrated in Figure 11 implies that the shear strength decreased significantly with the increase in the shear amplitude corresponding to the shear displacement. Liu et al. (2021) reached the same conclusion [24]. To explain this phenomenon, the total shear displacement was the product of the shear amplitude and the number of cycles. With the amplitude increase, the number of cycles required for achieving shear failure decreased, and the total shear displacement increased under the same number of cycles. Therefore, the weakening degree became intense until it reached equilibrium. The representative weakening coefficient Snτ under the three shear amplitudes was calculated, as shown in Figure 11. The maximum weakening coefficients S30τ under the three shear amplitudes were 11.84%, 15.59%, and 25.51%, respectively.




3.1.3. The Influence of Roughness


Figure 12 illustrates the shear strength–cycle number curve of test groups 4, 5, and 8 (where the roughness R was 0 mm, 0.025 mm, 0.05 mm, respectively). The test results show that:




	(1)

	
With the roughness increase, the shear strength of the first cycle increased, but the difference was insignificant. Referring to the conclusion of the direct test, the influence of roughness on shear stress decreased under a larger normal stress, which could reasonably explain the above phenomenon [12].




	(2)

	
Smaller roughness levels reached the shear failure stage earlier, but the residual shear strength decreased with the roughness increase. The stress ratio–cycle number curve presented in Figure 12 demonstrates that the weakening of the shear strength became apparent with the increase in roughness. Taha and Fall (2014) drew a similar conclusion for their cyclic shear test on steel marine clay [25]. With the roughness increase, the dislocation and rearrangement process of the soil particles near the interface became intense. With the progressive number of cycles, the strength degradation became more significant.









The representative weakening coefficients Snτ under the three shear amplitudes were calculated, as shown in Figure 13. The maximum weakening coefficients S30τ under the three roughness conditions were 15.84%, 20.65%, and 25.51%, respectively, which verified the above conclusions.




3.1.4. The Influence of Water Content


Figure 14 illustrates the shear strength–cycle number curve of test groups 6, 7, and 8 (where the water contents were 16%, 24%, and 20%, respectively). The results suggested that shear strength increased with the decrease in water content. However, the difference between the test results for the 16% and 20% water content levels was smaller than those of 20% and 24%. The shear behavior in the positive direction of the first cycle of the cyclic test was equivalent to that of the direct shear test. According to the conclusion of the direct shear test, the distinction mentioned above was induced by the optimal water content (19.6%) [12]. With the increase in water content, the cohesion first increased and then decreased. The cohesion peak occurred when the water content reached the plastic limit or when the optimal water content was used.



The curves of the stress ratio–cycle number presented in Figure 15 show that the number of cycles required to reach the shear failure stage decreased with the increase in water content. With the increased water content, the thickness of the interface water film increased and the shear work was reduced due to the lubrication during the reciprocating shear process such that the shear failure stage could be reached earlier. In addition, the correlation between the shear strength reduction and the water content shown in Figure 15 implied that the weakening degree of the interface did not increase further with the increase in water content, but rather, it reached the maximum value of 20% near the optimal water content. The reason for this is that the cohesion first increased and then decreased. Liu (2017) and Chen (2018) reached similar conclusions [26,27]. The maximum weakening coefficient S30τ were 21.5%, 25.51%, and 28.6% under the three water content conditions, respectively.





3.2. Shear Stiffness and Damping Ratio


Compared with the direct shear test, the number of cycles and shear amplitude were considered in the cyclic shear tests. Similar to Nye et al. (2007), Fox et al. (2011), and others, the shear stiffness and damping ratio were introduced to describe the dynamic characteristics and response analysis of soil mass and to analyze the weakening behavior of the steel–silt interface under the cyclic shear scenario [28,29]. The schematic diagram is shown in Figure 16, and the formula used is as follows:


  K =    K 1  +  K 2   2  =    τ 1  M a x   +  τ 2  M a x     2  A w     



(4)




where K1 and K2 represent the shear stiffness in the positive and negative shear directions, respectively, and    τ 2  M a x     is the peak shear stress, while Aw is the shear amplitude.


  D =    D 1  +  D 2   2  =  1 2   (   S  4 π  S 1    +  S  4 π  S 2     )  =  S  4 π  A w     (   1   τ 1  M a x     +  1   τ 2  M a x      )   



(5)




where D1 and D2 represent the damping ratio in the positive and negative shear directions, S is the hysteresis loop area, and S1 and S2 are shadow areas.



Due to a large number of data points, the cycle data for cycles 1, 5, 10, 15, 25, and 30 were selected as representative points for the following analysis. The area of each cycle hysteresis loop was calculated using the Origin commercial software, and the curves of the shear stiffness–cycle number and damping ratio–cycle number were plotted, respectively.



3.2.1. The Influence of Normal Stress


It has been reported that different normal stresses lead to an additional cyclic shear stiffness and damping ratio of the interface [30,31]. As shown in Figure 17, in the K–N (shear stiffness–cycle number) curve, a weakening feature tends to appear under all normal stress conditions. For the same number of cycles, with the increase in normal stress, shear stiffness increased, and its softening trend became apparent with the number of cycles, which was consistent with the influence of normal stress on shear strength.



The D–N (damping ratio–cycle number) curve in Figure 18 shows that with the progress in cyclic shear, the D–N curve also tended to present a weakening trend, indicating that the cyclic shear had an adverse impact on the safety and stability of the interface. The damping ratio and the reduction rate decreased with the increase in normal stress. In addition, with the progress in cyclic shear, the difference in the damping ratio under different normal stress conditions decreased. Similar conclusions emerged in the research conducted by Ying et al. (2020), i.e., the energy dissipation tended to converge with the progress in cyclic shear [32].




3.2.2. The Influence of Shear Amplitude


Figure 19 and Figure 20 show the K–N and D–N curves of the interface under different shear amplitudes conditions (test groups 2, 3, and 8). The K–N curve in Figure 19 indicates that with the increase in cyclic shear amplitude, the shear stiffness corresponding to the same number of cycles decreased. Vieira et al. (2013) obtained the same test results [23]. The D–N curve in Figure 20 implies that with the increase in shear amplitude, the energy dissipation and the damping ratio increased. However, the group with a shear amplitude of 35 mm had an opposite rule to the other two groups. With the rise in shear, the damping ratio increased first and then appeared asymptotic.




3.2.3. The Influence of Roughness


Figure 21 and Figure 22 demonstrate the K–N and D–N curves of the interface under different roughness conditions (test groups 4, 5, and 8). The K–N curve in Figure 21 shows that with the progress in cyclic shear, the shear stiffness passed through three stages: rapid decline, slow decline, and equilibrium. The relationship between shear stiffness and roughness was the same as the relationship between shear strength and roughness in the previous section. The rough interface made the frictional occlusion effect apparent at the beginning of cyclic shear, and then the shear stiffness increased. With the roughness increase, the strength degradation of the interface became remarkable, and the decrease in the shear stiffness became significant.



The D–N curve in Figure 22 implies that with the roughness increase, the interface’s energy dissipation caused by cyclic shear became fast, and the damping ratio increased [33]. In addition, the damping ratios of the interfaces with different roughness levels varied significantly in the first few cycles. As the number of cycles increased, the damping ratio difference decreased. A possible reason for this may be that during the shear process, the grooves having various roughness levels were filled with soil particles to different extents, and their contact surfaces tended to be smooth. Thus, the differences in the volume and shape between the grooves were gradually reduced, which ultimately weakened the impact of the roughness on the damping ratio.




3.2.4. The Influence of Water Content


Figure 23 and Figure 24 present the interface K–N and D–N curves under different water content conditions (test groups 6, 7, and 8). The K–N curve shows that the relationship between the water content and the shear stiffness was the same as the relationship between the water content and the shear strength.



The D–N curve in Figure 24 shows that the relationship between water content and damping ratio was complex and did not show a general rule. For the soil sample with a high water content, its damping ratio was relatively large, indicating that the energy dissipation of the interface of the soil sample with a high water content under the action of cyclic shear was fast because the interface was near a saturation state. As the number of cycles increased, some water may have flowed out during the shear process, which decreased the water content, leading to a downward trend in the damping ratio. The damping ratio of 20% water content, which was closer to the optimal moisture content, was greater than that of the 16% condition, which may have been related to many factors, such as the compactness and suction of the unsaturated soil matrix [34]. The reasons will be further explored and analyzed. In addition, the damping ratio under the three water contents tended to reach a specific value with the increase in the cycle number. The results indicated that the difference in damping ratio caused by the water content gradually was reduced, resulting in the convergence of energy dissipation at the interface in the late period of cyclic shear.






4. Conclusions


In this work, using a JAW-500 apparatus, a series of cyclic shear tests were carried out on the steel–silt interfaces concerning a background of the Yellow River Delta. The results indicated that the normal stress and shear amplitude can affect the steel–silt interface’s shear strength, shear stiffness, and damping ratio. The roughness and water content can significantly influence the variations in shear strength, shear stiffness, and damping ratio with the number of cycles. The following conclusions may be drawn based on the current results:




	(1)

	
Generally, three distinctive stages appeared in the curve of the peak shear stress: the elastic stage, in which the shear stress changed rapidly (the first five cycles); the plastic stage, in which the shear stress changed slowly (5–10 cycles), and the shear failure stage, in which shear stress equilibrium was achieved (10–30 cycles). The shear strength, shear stiffness, and damping ratio decreased, and the energy dissipation tended to be asymptotic with the increase in the cycle number.




	(2)

	
The normal stress conditions significantly influenced the action of the cyclic interface weakening. As the normal stress increased, the degree of interface weakening increased. At the same time, the shear strength and shear stiffness of the interface increased while the damping ratio decreased.




	(3)

	
With the increase in the shear amplitude, the degree of the interface weakening, the shear strength, the damping ratio, and the energy dissipation increased, while the shear stiffness also decreased.




	(4)

	
As the roughness increased, the shear strength’s weakening became apparent and the energy dissipation became fast.




	(5)

	
The shear strength and stiffness increased when the water content decreased. The weakening degree of the interface reached its maximum near the optimal water content.
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Figure 1. Silt in the Yellow River Delta. (a) Concept map of the soil classification adapted from Ren et al., 2020 [11]. (b) Dry condition. (c) Wet condition. 
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Figure 2. The offshore structures in the Yellow River Delta. (a) The Chengdao offshore oil platform. (b) The Hekou jack-up marine ranching platform. 
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Figure 3. Large-scale shear instrument. (a) 3D schematic diagram of the shear box. (b) Displacement measuring device. (c) Spring under the shear box. 






Figure 3. Large-scale shear instrument. (a) 3D schematic diagram of the shear box. (b) Displacement measuring device. (c) Spring under the shear box.



[image: Jmse 11 00223 g003]







[image: Jmse 11 00223 g004 550] 





Figure 4. Data acquisition system. 
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Figure 5. Silt particle size curve and physical properties. 
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Figure 6. Steel plates with different roughness levels. 
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Figure 7. Shear interface after the test was completed. 
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Figure 8. Shear strength–number of cycles curve under different normal stress levels. 
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Figure 9. Stress ratio–number of cycles curve under different normal stress levels. 
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Figure 10. Shear strength–number of cycles curve under different shear amplitude levels. 
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Figure 11. Stress ratio–number of cycles curve under different shear amplitude. 
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Figure 12. Shear strength–number of cycles curve under different roughness levels. 






Figure 12. Shear strength–number of cycles curve under different roughness levels.



[image: Jmse 11 00223 g012]







[image: Jmse 11 00223 g013 550] 





Figure 13. Stress ratio–number of cycles curve under different roughness levels. 
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Figure 14. Shear strength–number of cycles curve under different water content levels. 
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Figure 15. Stress ratio–number of cycles curve under different water content conditions. 
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Figure 16. Stiffness and damping ratio. 
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Figure 17. Shear stiffness–cycle number curve under different normal stress conditions. 
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Figure 18. Damping ratio–cycle number curve under different normal stress conditions. 
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Figure 19. Shear stiffness–cycle number curve under different shear amplitude levels. 
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Figure 20. Damping ratio–cycle number curve under different shear amplitude levels. 
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Figure 21. Shear stiffness–cycle number curve under different roughness levels. 
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Figure 22. Damping ratio–cycle number curve under different roughness levels. 
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Figure 23. Shear stiffness–cycle number curve under different water content conditions. 
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Figure 24. Damping ratio–cycle number curve under different water content conditions. 
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Table 1. Testing scheme.
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Number

	
Normal Stress

(kPa)

	
Shear Amplitude

(mm)

	
Roughness

(mm)

	
Water Content

(%)

	
Others






	
1

	
100

	
5

	
0.05

	
20

	
Number of cycles = 30

Frequency = 0.01 HZ

Shear rate = 1 mm/s




	
2

	
200

	

	

	

	




	
3

	
15




	
4

	
35

	
0




	
5

	
0.025




	
6

	
0.05

	
16

	




	
7

	

	

	
24

	




	
8

	
20

	




	
9

	
300

	
5
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