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To make a new type of double-plate vertically loaded anchor (DPVLA) penetrate into clay deeper, the influence of parameters on the ultimate penetration depth of DPVLAs in soft clay should be investigated. The expression of the ultimate penetration depth applicable to DPVLAs in clay was determined in terms of the formula of the ultimate penetration depth of anchors with a wedge-shaped section. Based on the drag penetration tests, the movement direction of the bottom fluke of DPVLAs with different lengths of the bottom fluke and different included angles was obtained. By the finite-element method, the upper bound solutions of bearing capacity factors of DPVLAs with different included angles and different lengths of the bottom flukes were also obtained, which correspond to the maximum penetration depth induced by the initial orientation of the anchor. According to the determined expression of the ultimate penetration depth of DPVLAs, the ultimate penetration depth of DPVLAs with different included angles and different lengths of the bottom fluke in clay can be calculated. The results showed that increasing the length of the bottom fluke can increase the ultimate penetration depth when the included angles were the same for DPVLAs not only in the clay with zero strength at the seabed but also in the clay with uniform strength. However, when the length of the bottom fluke is the same, increasing the included angle of DPVLAs in clay can significantly reduce the ultimate penetration depth.
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1 INTRODUCTION
Vertically loaded anchors (VLAs) are widely employed in the mooring system for deep waters platforms due to the high pullout capacity and low installation cost of VLAs (Aubeny, and Murff, 2005; Aubeny and Chi, 2010). In addition, VLAs can simultaneously withstand horizontal and vertical loads compared with the conventional drag embedment anchors which only withstand the horizontal load (Yang et al., 2010). When VLAs are penetrated into the specified position in the seabed, then the anchor line can be reconfigured to be normal to the fluke, which induces a higher pullout capacity than the conventional drag embedment anchors (Tian et al., 2015). To enhance the pullout capacity of VLAs, the area of the anchor plate of VLAs should be increased. However, the larger area of the anchor plate cannot be conveniently penetrated into the seabed (Liu et al., 2010b). Therefore, it is not feasible to only increase the area of the anchor plate to increase the pullout capacity of VLAs. To effectively increase the pullout capacity of anchors, a new type of anchor was put forward by the authors, as illustrated in Figure 1 (Xing et al., 2020). Furthermore, experiments have been carried out to find that the ultimate loading capacity of double-plate VLAs (DPVLAs) in the sand is greater than that of VLAs by about 30.0% (Xing et al., 2021). In addition, it is also found that the ultimate loading capacity increases with the increase in included angle. However, when the included angle of the DPVLA is greater than 30°, it cannot conveniently penetrate into the soil in model tests (Xing et al., 2021). In the follow-up studies, the authors improve the dragging penetration method, which can make the included angle greater than 30° in the penetration tests. The improved dragging penetration method will be introduced in the following section.
[image: Figure 1]FIGURE 1 | Double-plate vertically loaded anchors (Xing et al.,2020).
The ultimate loading capacity of anchors is related to the ultimate penetration depth as shown in Figure 2, and the deeper the anchor penetrates, the higher the ultimate loading capacity (O’Neill et al., 1997). Therefore, the ultimate penetration depth is an important parameter for anchors, and some researchers have investigated it (Neubecker and Randolph, 1995; Neubecker and Randolph, 1996; Ruinen and Degenkamp, 2002; Miedema et al., 2007; Liu et al., 2010a).
[image: Figure 2]FIGURE 2 | Penetration trajectory of the anchor in soil.
Currently, empirical design charts are widely used to evaluate the ultimate penetration depth of anchors in clay and sand (NCEL, 1987; Vryhof Anchors, 2005). However, the empirical design charts do not take into account the properties of the soil, anchor, and dragline, and they cannot ensure the accuracy of prediction of the ultimate penetration depth of anchors.
Ruinen and Degenkamp (2002) and Miedema et al. (2007) employed numerical calculation methods to reveal some parameters influencing the ultimate penetration depth. However, the results showed that the differences in the prediction results of the ultimate penetration depth were substantial because numerical procedures used by the predictors were different (Murff et al., 2005). The studies indicate that numerical calculation methods are not credible in predicting the ultimate penetration depth.
For the soft clay with the strength represented by [image: image], where z is the penetration depth below the seabed and Su0 is the shear strength of clay at the surface of the seabed, the following empirical expression was derived to estimate the ultimate penetration depth (Ruinen and Degenkamp, 2001; Vryhof Anchors, 2005):
[image: image]
where ZUED represents the ultimate penetration depth; k is the gradient of undrained shear strength of clay with depth; d is the diameter of embedded draglines; A is the fluke area of the anchor; and θs is the angle of the shank to the top surface of the fluke of an anchor. It is also illustrated that Eq. 1 does not consider soil conditions, the type of the anchor, the type and size of the anchor forerunner, the fluke angle of the anchor, and the uplift angle at the surface of the seabed. Therefore, Eq. 1 is not widely applied up to now.
For the soft clay with the strength represented by [image: image], where s0 is the shear strength of the clay at the reference depth z0 and [image: image] represents the exponent, Neubecker and Randolph (1995) and Neubecker and Randolph (1996) derived the expression of the ultimate penetration depth of anchor as follows:
[image: image]
where f is the form factor of the anchor; b is the effective width of the embedded dragline; θw is the drag angle to the fluke at the shackle of the weightless anchor; Ap is the projected anchor area; and ηw is the efficiency factor, which can be expressed as ηw = Tw/W, where W is the submerged weight of the anchor and Tw is the drag force at the shackle of the weightless anchor. Therefore, if the abovementioned parameters are known, the ultimate penetration depth of anchors can be calculated with Eq. 2. However, Eq. 2 does not apply the most common strength profile because the expression of the strength of the clay is only suitable for the soil with strength [image: image]. In addition, the form factor of the anchor, f, cannot be exactly obtained (O’Neill et al., 1997; O’Neill and Randolph, 2001).
By analyzing the equilibrium forces acting on the anchor and embedded dragline, and the interaction between them at the ultimate penetration depth, Liu et al. (2010a) derived the concise expressions of the ultimate penetration depth of VLAs in soft clay as follows:
[image: image]
where m=(m1Ab + m2As)/(2b) m1 = Ncf(θa-θm)2/[Nclcos(θa-θm)] m2 = αf(θa-θm)2/[Nclcos(θa-θm)], in which Δz is the distance from the shackle to the plane of the anchor fluke; Ab is the total projected area of the anchor at the ultimate penetration depth onto the plane perpendicular to the horizontal, including the shank and fluke; and As is the total shear area of the anchor at the ultimate penetration depth along the horizontal, including the shank and fluke. Ncf and Ncl are the bearing capacity factors of the anchor and dragline in clay, respectively; θa and θm are the drag angle to the top surface of the fluke and the angle of the top surface of the fluke to the movement direction at the ultimate penetration depth, respectively; and αf represents the adhesion factor of the anchor. In addition, Eq. 3 was examined by other prediction formulas, and the credibility of the expression of the ultimate penetration depth of anchors in clay has been verified.
For the new type of anchor-DPVLA, it is very necessary to reveal the ultimate penetration depth and the influence of parameters on the ultimate penetration depth of DPVLAs. In this paper, the expression of the ultimate penetration depth applicable to DPVLAs in clay was determined and two parameters, such as the included angle and the length of bottom fluke, relating to the ultimate penetration depth of DPVLAs were obtained through laboratory model test and finite-element analysis. Moreover, the influence of the included angle and the length of the bottom fluke of DPVLAs was investigated based on the determined expression of the ultimate penetration depth.
2 ULTIMATE PENETRATION DEPTH APPLICABLE TO DPVLA IN CLAY
2.1 Improved penetration method for DPVLA in soil
When the anchor is dragged into the position of the ultimate penetration depth, the resistant force acting on the anchor is shown in Figure 3, where Ta represents the drag force at the shackle; Tv and Th are the vertical and horizontal components of Ta, respectively; Fbs and Fbf are the end bearings on the shank and fluke in the horizontal, respectively; Fss and Fsf are shear forces on the shank and fluke in the horizontal, respectively; and θm represents the angle of the top surface of the fluke to the horizontal. Based on the abovementioned forces acting on the anchor and embedded dragline in Figure 3, Liu et al. (2010a) derived the expression of the ultimate penetration depth of the anchor in soft clay as Eq. 3.
[image: Figure 3]FIGURE 3 | Diagram of resistant force acting on the anchor in the horizontal direction at the ultimate penetration depth (Liu et l.,2010a).
To make the included angle of DPVLAs greater than 30° and make it conveniently penetrate the soil, an improved penetration method was put forward, as illustrated in Figure 4. As shown in Figure 4A, the installation method in the first stage is the same as the conventional anchors. In the first stage of installation, the soil is filled in the space between the upper and bottom flukes, as illustrated in Figure 5, and the shape of DPVLAs in the ultimate penetration depth is similar to that of anchors with a wedge-shaped section in Figure 3. Therefore, the improved penetration method of DPVLAs also contributes to the penetration of anchors. In the second stage of installation, when the anchor is dragged to the ultimate penetration depth, then the DPVLA moves in the opposite direction of movement, as shown in Figure 4B, which can induce the increase of the included angle of DPVLAs, i.e., improve the ultimate pullout capacity of DPVLAs (Xing et al., 2021). Therefore, the modified penetration method not only contributes to the penetration of DPVLAs in soil but also improves the ultimate pullout capacity of DPVLAs.
[image: Figure 4]FIGURE 4 | Installation method for DPVLAs in the seabed. (A) First stage of installation. (B) Second stage of installation.
[image: Figure 5]FIGURE 5 | Improved penetration method for DPVLAs.
2.2 Ultimate penetration depth applicable to DPVLAs in clay
The resistant forces acting on the DPVLA in Figure 5A are almost the same as those in Figure 3 except that the shear forces acting on the upper and bottom flukes of the DPVLA in the horizontal, Fsfu and Fsfb, in Figure 5A. Since the shape and the resistant forces of DPVLAs are almost the same as that of anchors with a wedge-shaped section in the improved penetration method, Eq. 3 can be considered to be also applicable to the DPVLA at the ultimate penetration depth. However, the effective shear area of DPVLAs, As, is different from that of VLAs in Eq. 3, which can be expressed as the sum of the effective shear area of the upper and bottom flukes, i.e., As= Asu + Asb.
Since DPVLAs is a new type of anchor, the bearing capacity factors of the DPVLA in clay are also different from those of the conventional dragging anchor. Therefore, the bearing capacity factor, Ncf, applicable to VLAs in Eq. 3, should be replaced by the bearing capacity factors of DPVLAs in clay, Ncd. In the following section, the bearing capacity factors of the DPVLA in clay will be discussed. For the lack of knowledge of the bearing capacity factor, Liu et al.(2010a) adopted Ncf = Ncl in Eq. 3. In this section, the bearing capacity factors of DPVLAs and dragline, Ncd and Ncl, are also not distinguished, i.e., Ncd = Ncl. Therefore, the expressions of m1 and m2 in Eq. 3 can be revised as follows:
[image: image]
[image: image]
When [image: image] is defined, Eq. 3 can be further represented as follows:
[image: image]
In this paper, we only discuss two special cases of clay; the first, suo = 0 or η = 0, and Eq. 6 can be further simplified as follows:
[image: image]
and the second, the strength of clay is uniform; in this case, k = 0 or η = ∞, and Eq. 6 can be simplified as follows:
[image: image]
2.3 Movement directions of the bottom fluke of DPVLA models
It is shown in Eq. 6 that the movement direction, θm, of the bottom fluke of DPVLAs at the ultimate penetration depth is an important parameter; therefore, it should be determined. For the VLA with a wedge-shaped section, Liu et al. (2010a) carried out experiments to investigate the possible movement directions of the fluke at the ultimate penetration depth and found that the accurate direction of movement of the fluke was difficult to obtain. In this section, through the laboratory model tests, the movement direction of the bottom fluke of DPVLAs with different lengths of the bottom fluke and different included angles in clay at the ultimate penetration depth was determined.
2.3.1 Anchor model
To investigate the influence of the length of the bottom fluke of DPVLAs on the movement directions of the bottom fluke at the ultimate penetration depth, the length of the bottom fluke of DPVLA models was set to 80 mm, 100 mm, and 120 mm, respectively. In addition, the width of the bottom fluke of DPVLA models was all set to 120 mm. For the dimensions of the upper bottom of DPVLA models, they were all set such that the length and width of the upper fluke were all 120 mm. Moreover, the thickness of the fluke was set to 2.0 mm.
To investigate the influence of the included angle of DPVLAs on the movement directions of bottom fluke at the ultimate penetration depth, the included angle (angle between the upper and bottom fluke) of DPVLA models was set 10°, 20°, and 30°, respectively. The magnitude of the included angle was controlled by a bolt as shown in Figure 6. One end of the bolt was connected to the bottom fluke, which can rotate about the bottom fluke; the other end of the bolt passed through the upper fluke, and the screw nut was on the end of the bolt, which can adjust the length of the bolt.
[image: Figure 6]FIGURE 6 | DPVLA model used in tests.
2.3.2 Model experimental system
Figures 7A–C show the drag penetration test system for the DPVLAs, which includes an experimental flume, drag system, measurement system, and data acquisition system.
[image: Figure 7]FIGURE 7 | Setup of the drag penetration test system. (A) Schematic of the drag penetration test system. (B) Photo 1. (C) Photo 2.
In the drag penetration test system, water and fine sand were filled in the experimental flume to simulate the seabed environment. In the drag penetration test, DPVLA models penetrated the simulated seabed environment by the dragging force, then gradually increasing to reach the maximum penetration depth in the experimental flume, as illustrated in Figure 7A. Since the height of fine sand should exceed 5.0B (where B represents the length of anchor fluke, i.e., 120 mm) (Ruinen and Degenkamp, 2001), and the height of water above the fine sand surface did not exceed 500 mm, the height of the experimental flume in the drag penetration test system was set to 1,200 mm. To avoid side effects, the width of the experimental flume should be sufficiently wide (i.e., greater than 6.0B) (Liu et al., 2010b) so that the side walls of the experimental flume cannot influence the penetration of DPVLA models; therefore, the width of the experimental flume was set to 1,000 mm. To ensure that the DPVLA model could reach the ultimate penetration depth, the length of the experimental flume should be sufficiently long. Murff et al. (2005) considered that the length of the experimental flume should exceed 30.0B; therefore, it was set to 4,000 mm in the drag penetration test system.
In addition, to control the water level and drain, four drain valves were installed at the bottom of the experimental flume. Moreover, gravels with the particle size range of 15–20 mm were scattered uniformly to the bottom of the flume with about 6.0 cm thickness, and it can ensure that the water level uniformly dropped during drainage by opening the valves.
The drag system was used to exert the dragging force by using an electric motor, and the dragging force was applied to the DPVLA models through a steel wire, as illustrated in Figure 7A. The electric motor can control the dragging speed of the DPVLA models, and the dragging speed of the DPVLA models was set to 20 mm/s in the drag penetration test.
2.3.3 Sand used in tests
To make the water quickly drain from the model experimental system, natural fine sand was used in the drag penetration test of DPVLA models. The particle size distribution curve of fine sand used in tests is shown in Figure 8, and it indicates that the sand is poorly graded and relatively uniform, which is suitable for the consistent testing condition in the drag penetration test system. For the granular materials, Bai et al. (2017) and Bai et al. (2021) investigated the physical–chemical interaction between particles and the phenomenon of particle reorganization. The physical properties of fine sand were obtained in terms of standard tests and listed in Table 1.
[image: Figure 8]FIGURE 8 | Particle size distribution curve.
TABLE 1 | Physical parameters of fine sand used in the finite-element model.
[image: Table 1]2.3.4 Testing procedure
In the drag penetration test, the initial orientations of the bottom fluke of DPVLA models with different lengths of the bottom fluke and different included angles were all set to 0°; i.e., the bottom fluke of DPVLA models were placed horizontally on the simulated surface of the seabed. To ensure the repeatability of experiments, maintaining the relative density of fine sand in the same state is crucial. Therefore, before each test, the fine sand in the experimental flume was loosened to a depth of approximately 3.0 times the length of the anchor fluke to obtain the same stress level. Then, the DPVLA model was placed on the surface of the fine sand and water was poured into the experimental flume until its level was 200 mm higher than the surface of fine sand. Finally, the drain valve was opened until the water level was 100 mm above the surface of the fine sand. The penetration test of DPVLA models should be terminated if the dragging force was maintained constant.
2.3.5 Test results
The test results showed that when the ultimate penetration depths of the DPVLA model with different lengths of the bottom fluke and different included angles were reached, the movement directions of the bottom fluke of DPVLA models were all almost parallel to the surface of fine sand, as illustrated in Figure 9; i.e., θm is equal to θi. The results also show that the length of the bottom fluke and the included angle of DPVLA models have little influence on the movement directions of the bottom fluke at the ultimate penetration depth.
[image: Figure 9]FIGURE 9 | State of DPVLA at the ultimate penetration depth. (A) Photo 1; (B) Photo 2; (C) Photo 3; (D) Photo 4
2.4 Bearing capacity factors for DPVLAs in clay
The bearing capacity factor, Ncd, in Eq. 6 is also an important parameter of DPVLAs, which influences the ultimate penetration depth of DPVLAs in clay. However, the bearing capacity factor, Ncd, in Eq. 6 is different from that of VLAs. Therefore, it is necessary to investigate the bearing capacity factor of DPVLAs with different lengths of the bottom fluke and different included angles in clay.
For the bearing capacity factor, Ncf, of the VLA in clay in Eq. 3, it can be obtained through the following expression (Det Norshke Veritas, 2002):
[image: image]
where Fu is the ultimate pullout capacity of anchors; A is the bearing area of the fluke of anchors; and su is the undrained shear strength of clay located in the place where the anchor is embedded.
Equation 9 also can be applied to the DPVLA. However, the area of the fluke of DPVLAs is different from that of the VLA. As illustrated in Figure 10, the effective bearing area of the fluke of DPVLAs, Ad, can be expressed as follows:
[image: image]
where Au and Ab are the area of the upper and bottom fluke of DPVLAs in clay, respectively, and θi is the included angle of DPVLAs. When determining the bearing capacity factor of the DPVLA in clay, the effective bearing area of fluke, A, in Eq. 9 should be replaced by Ad.
[image: Figure 10]FIGURE 10 | Scheme of DPVLA at the state of mooring.
However, Eq. 3 does not take into account the effects of the initial orientation of the anchor, which also affects the ultimate penetration depth of the anchor (Liu et al., 2010b). It is known that if the anchor fluke is initially set on the seabed at a shallow angle to the horizontal, the anchor will not reach its full embedment depth. However, the ultimate penetration depth is related to the ultimate pullout capacity of anchors. To obtain the maximum ultimate pullout capacity of DPVLAs, the ultimate penetration depth should also be the maximum. Therefore, to obtain the maximum ultimate pullout capacity, the upper bound solution of the ultimate pullout capacity of the DPVLA in clay should be considered. In addition, the finite-element method is utilized in this section to obtain the upper bound solution of the ultimate pullout capacity of the DPVLA in clay.
2.4.1 Three-dimensional finite-element model
Figure 11 represents the three-dimensional finite-element model along with meshes for the upper bound solution. The ZSOIL.PC software was used in the finite-element analysis, and eight-node continuum brick elements for both clay and DPVLAs were used in the three-dimensional finite-element model. In the plane strain condition, to avoid the boundary effects, the computational region of soil in length and width directions should be within about 16.0B and the computational region of soil in depth direction was not less than 5.0B, where B was the length of the fluke of anchors (Merrifield et al., 2001). To eliminate far-away boundary in the three-dimensional finite-element model, the computational region of soil in length and width directions were all set to 21.0B, and the computational region of soil in the depth direction was set to 8.0B, where B was the length of the upper fluke of the DPVLA, as indicated in Figure 11. Displacements in the x, y, and z directions at the bottom boundary were all fully fixed and horizontal displacements at the lateral boundaries were only constrained. Moreover, for the displacements at the top boundary, they were all not constrained, which simulated the surface of the seabed.
[image: Figure 11]FIGURE 11 | Three-dimensional finite-element model for the upper bound solution.
In the upper bound analysis of the three-dimensional finite-element model, the DPVLA was assumed to be rigid and it cannot move horizontally (u = 0); through prescribing a unit vertical velocity to the nodes on the center of the upper fluke of DPVLAs (as illustrated in Figure 11), the upper bound solution of the ultimate loading capacity of DPVLAs can be obtained. Furthermore, based on Eq. 9, the bearing capacity factors of DPVLAs can be calculated.
2.4.2 Constitutive model and parameters
The ideal elastic–plastic constitutive relationship obeying Von Mises’ yield criterion is often used to model the clay (Qiao and Ou, 2012), with untrained shear strength as [image: image], where H is the embedded depth below the seabed, as illustrated in Figure 10. The deformation modulus, E, of clay was assumed to be [image: image], and the Poisson’s ratio of clay can be taken as ν = 0.49. For the DPVLA model, it was assumed to be rigid, and the linear elastic constitutive model was used to simulate it. The modulus of elasticity and Poisson’s ratio of DPVLAs were assumed to be E = 2.06 GPa and ν = 0.3, respectively. In addition, the submerged unit weights of the clay and anchor were 6.3 and 77.0 kN/m3, respectively.
To validate the credibility of the three-dimensional finite-element model, the results obtained from the finite-element method should be compared with the test results. Ruinen (2004) carried out field tests to obtain the ultimate pullout capacity of 2,741.1 kN of VLAs. In the field tests, the embedded depth of the VLA was H = 18.0 m and the dimensions of the VLA was 3000.0 mm in length, 3000.0 mm in width, and 200.0 mm in thickness. In addition, the parameters of clay and VLA in field tests were the same as those assumed previously. Based on the three-dimensional finite-element model established previously and the parameters of clay and VLA, the curve of load vs. displacement for the VLA can be obtained, as illustrated in Figure 12. As can be seen from Figure 12, the ultimate pullout capacity of the VLA was 2,705.0 kN. Comparing the result from the three-dimensional finite-element method with the test results, the error of the ultimate loading capacity of VLAs was only 1.3%, indicating that the three-dimensional finite-element model and the parameters used in the model are all credible. Furthermore, based on Eq. 9, the bearing capacity factor of the VLA can be calculated as [image: image], which is very close to Ncf = 11.87 proposed by O’Neill et al. (2003).
[image: Figure 12]FIGURE 12 | Load vs. displacement for VLAs in clay.
2.4.3 Bearing capacity factors of DPVLAs
The results from the work of Cheng et al. (2019) indicate that the ultimate pullout capacity of full-scale VLAs is higher than that of reduced-scale VLAs due to the higher overburden pressure of full-scale VLAs compared to reduced-scale VLAs. In this section, the full-scale DPVLA is utilized to obtain the ultimate pullout capacity.
In the three-dimensional finite-element model, the dimensions of the DPVLA were that the length, width, and thickness of the upper fluke of the DPVLA were 3000.0, 3000.0, and 200.0 mm, respectively, which were the same as those of the VLA as mentioned in Section 4.2. The width and thickness of the bottom fluke was the same as that of the upper fluke. To investigate the influence of the included angle and the length of the bottom fluke on the bearing capacity factors of DPVLAs, the included angles were set at 10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80°, respectively, and the lengths of the bottom fluke were set 2000, 2500, and 3000 mm, respectively.
For the VLA, the critical embedded depth is about 3.0–4.5 times the length of the fluke in clay (Ruinen and Degenkamp, 2001; Det Norshke Veritas, 2002). When the embedded depth of VLAs is 18.0 m (i.e., 6.0 times the length of the fluke), it is the deeply embedded anchor and the ultimate pullout capacity of VLAs cannot increase with further increasing the penetration depth. In this section, the deeply embedded DPVLA in the three-dimensional finite-element model should also be ensured. To obtain the deeply embedded DPVLA, the embedded depths of DPVLAs were set at 18.0, 19.0, and 20.0 m, respectively. In addition, the included angle of the DPVLA was assumed to be 50°. The change of the normalized ultimate pullout capacity with embedded depth is shown in Figure 13. As illustrated in Figure 13, when the embedded depth of the DPVLA was 18.0 m, further increasing the embedded depth cannot significantly increase the ultimate loading capacity, which indicated that the DPVLA was a deeply embedded anchor at the embedded depth of 18.0 m. In the following analysis, the embedded depth of the DPVLA was all set to 18.0 m, i.e., 6B, where B represents the length of DPVLAs.
[image: Figure 13]FIGURE 13 | Variation of normalized ultimate loading capacity with embedded depth.
Based on the upper bound solution of the ultimate loading capacity obtained from the finite-element method, the bearing capacity factors of DPVLAs with different included angles and different lengths of the bottom fluke can be calculated with Eqs 9, 10. Figure 14 shows the influence of the included angle and the length of the bottom fluke on the bearing capacity factors. As illustrated in Figure 14, the trend of the influence of included angle on the bearing capacity factor of DPVLAs with different lengths of the bottom fluke was the same. It all showed that the bearing capacity factors of DPVLAs increased with the increase in the included angle. However, the bearing capacity factors of DPVLAs increased with the decrease in the length of the bottom fluke when the included angles were the same. In addition, with the included angle becoming larger, such as 80°, the length of the bottom fluke of DPVLAs has a minor influence on the bearing capacity factor.
[image: Figure 14]FIGURE 14 | Influence of the included angle and length of the bottom fluke on the bearing capacity factor of DPVLA.
3 PARAMETRIC STUDY
Based on Eq. 3, Liu et al. (2010a) investigated the influence of some parameters, such as the shape and dimensions of the fluke, size of the dragline, soil properties, and bearing capacity factors, on the ultimate penetration depth of VLAs in clay. In this section, based on Eqs 7, 8, the influence of the included angle and the length of the bottom fluke of DPVLAs on the ultimate penetration depth was investigated.
DPVLA models used in the parametric study were anchors with soft shanks, and the dimensions of the upper fluke of the DPVLA model were assumed to be 3000 (length) × 3000 (width)× 200 mm (thickness). Three sizes of the bottom fluke were assumed, i.e., 3000 mm × 3000 mm × 200 mm, 2500 mm × 3000 mm × 200 mm, and 2000 mm × 3000 mm × 200 mm. The distance from the shackle to the gravity center of the upper fluke, l0, for the DPVLA model was assumed to be 3600 mm. The distance from the shackle to the plane of the upper fluke of DPVLAs, Δz, can be approximately calculated with Δz = l0sinθa. For the adhesion factor, αf, in Eq. 3, Det Norshke Veritas (2000) and Det Norshke Veritas (2002) suggested that the value of αf was between 0.2 and 0.6, and the value of αf in Eq. 5 was assumed to be 0.5. In addition, based on the results from drag penetration tests, the movement direction of the bottom fluke at the ultimate penetration depth, θm, was equal to the included angle, θi.
Three hypothetical cases and parameters used in the parametric study for DPVLAs are listed in Table 2, where Lb denotes the length of the bottom fluke of DPVLAs. The bearing capacity factors, Ncd, of DPVLAs with different lengths of the bottom fluke and different included angles in Table 2 are from Figure 14. Using Eqs 3–8, variations of the ultimate penetration depth with the included angle, θi, and the length of the bottom fluke of DPVLAs, Lb, were obtained and presented in Figures 15, 16, respectively.
TABLE 2 | Parameters for hypothetical cases in clay.
[image: Table 2][image: Figure 15]FIGURE 15 | Influence of length of the bottom fluke on the ultimate penetration depth for two cases. (A) η=0; (B) η=∞.
[image: Figure 16]FIGURE 16 | Influence of included angle on the ultimate penetration depth for two cases. (A) η=0; (B) η=∞.
3.1 Influence of the length of the bottom fluke on the ultimate penetration depth of DPVLA
As can be seen from Figure 15A, when the strength of clay at the surface of the seabed was suo = 0, i.e., η = 0, increasing the length of the bottom fluke all increased the ultimate penetration depth of DPVLAs at included angles 10°, 30°, and 50°, respectively. The ultimate penetration depth increased by about 14.3, 13.7, and 7.1% from the length of the bottom fluke 2000 mm–3000 mm when the included angles are 10°, 30°, and 50°, respectively. It was also shown that when the included angle was 10°, increasing the length of the bottom fluke can significantly increase the ultimate penetration depth of DPVLAs. However, the larger included angle, such as 50°, did not contribute to penetrating into the soil even after increasing the length of the bottom fluke of DPVLAs.
When the strength of clay was uniform, the results were as shown in Figure 15B. As can be seen from Figure 15B, the trend of influence of the length of the bottom fluke on the ultimate penetration depth of DPVLAs was similar to that in Figure 15A. However, the ultimate penetration depths of DPVLAs in soft clay with suo = 0 were greater than those of DPVLAs in soft clay with uniform strength when the included angle and the length of the bottom fluke were the same for DPVLAs.
3.2 Influence of the included angle on the ultimate penetration depth of DPVLAs
When the strength of the clay at the surface of the seabed was suo = 0, the change of the ultimate penetration depth of DPVLAs with included angles was as shown in Figure 16A. As illustrated in Figure 16A, increasing the included angle decreased the ultimate penetration depth of DPVLAs at the length of the bottom fluke 2000, 2500, and 3000 mm, respectively. The ultimate penetration depth decreased by about 77.1, 77.9, and 78.5% from the included angle 10° to 50° when the length of the bottom fluke was 2000, 2500, and 3000 mm, respectively. Figure 16A also indicated that when the included angle was larger, such as 50°, the change in the length of the bottom fluke of DPVLAs had little influence on the ultimate penetration depth, which also indicated that the included angle should be less than 50° in the process of penetrating into the soil for DPVLAs.
When the strength of clay is uniform, i.e., η = ∞, the trend of influence of the included angle on the ultimate penetration depth of DPVLAs was also the same as that in Figure 16A. In addition, Figure 16B also indicates that the ultimate penetration depths of DPVLAs in soft clay with suo = 0 were greater than those of DPVLAs in soft clay with uniform strength when the included angle and the length of the bottom fluke were the same.
4 CONCLUSION
The ultimate penetration depth of DPVLAs relates to the ultimate loading capacity. In this paper, based on the formula of the ultimate penetration depth of VLAs in clay proposed by Liu et al.(2010a), which was also applicable to DPVLAs in theory, the influence of the parameters on the ultimate penetration depth of DPVLAs in clay was investigated. In addition, two important parameters, θm and Ncd, in the expression of the ultimate penetration depth of DPVLAs in clay were first investigated in this paper, which contributed to obtaining the ultimate penetration depth of DPVLAs.
Through the drag penetration tests, the movement directions of the bottom fluke of DPVLAs with different lengths of the bottom fluke and different included angles were obtained. The results showed that the movement directions of the bottom fluke of DPVLA models were all parallel to the surface of fine sand, i.e., θm were equal to θi.
The bearing capacity factor, Ncd, of DPVLAs in clay is different from that of VLA, which is influenced by the length of the bottom fluke and included angle. To consider the influence of the initial orientation of DPVLAs on the ultimate penetration depth, the upper bound solutions of the ultimate pullout capacity were utilized to obtain the bearing capacity factor of DPVLAs with different included angles and different lengths of the bottom fluke in clay, which corresponded with the maximum penetration depth induced by the initial orientation of the anchor. The results showed that when the lengths of the bottom fluke of DPVLAs were the same, increasing the included angle can significantly increase the bearing capacity factors of DPVLAs. When the included angles were the same, increasing the length of the bottom fluke of DPVLAs can decrease the bearing capacity factors.
Based on the expression of the ultimate penetration depth of DPVLAs and two important parameters, θm and Ncd, the influence of the included angle and the length of the bottom fluke on the ultimate penetration depth of DPVLAs was obtained. The results showed that increasing the length of the bottom fluke of DPVLAs can increase the ultimate penetration depth when the included angles were the same not only for the clay with zero strength at the seabed but also for the clay with uniform strength. When the lengths of the bottom fluke of DPVLAs were the same, increasing the included angle can decrease the ultimate penetration depth. However, when the included angle was larger, such as 50°, the ultimate penetration depth increases little, even when increasing the length of the bottom fluke of DPVLAs compared with the smaller included angle, such as 10° and 30°.
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