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Abstract

:

Multi-bucket foundations have become an alternative for large offshore wind turbines, with the expansion of offshore wind energy into deeper waters. The vertical cyclic loading–displacement responses of the individual bucket of the tripod foundation are relevant to the deflection of multi-bucket foundations and crucial for serviceability design. Finite element analyses are used to investigate the responses of a bucket subjected to symmetric vertical cyclic loading in over-consolidated clay. The Undrained Cyclic Accumulation Model (UDCAM) is adopted to characterize the stress–strain properties of clay, the parameters of which are calibrated through monotonic and cyclic direct simple shear tests. The performance of the finite element (FE) model combined with UDCAM in simulating vertical displacement amplitudes is evaluated by comparison with existing centrifuge tests. Moreover, the impact of the bucket’s aspect ratio on vertical displacement amplitude is investigated through a parametric study. A predictive equation is proposed to estimate the vertical displacement amplitudes of bucket foundations with various aspect ratios, based on the cyclic displacement amplitude of a bucket with an aspect ratio of unity.
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1. Introduction


Bucket foundations have been used in Europe and Asia to support offshore wind turbines [1]. Compared to the large-diameter monopile, the most popular foundation of a fixed wind turbine in shallow water, the bucket foundation can be used in deposits with shallow bedrocks and offers the advantage of easy installation [2,3]. Bucket foundations are classified into mono-bucket and multi-bucket types, with the latter typically consisting of three or four buckets [4]. Bucket foundations are designed to withstand large horizontal loads and overturning moments transmitted from the wind turbine and upper structures [5,6]. For multi-bucket foundations with bucket diameter of D, interactions between buckets are reasonably negligible, given that the spacing between them typically exceeds 3.5D in practice [7,8]. In this case, the moment transferred directly to the individual bucket is negligible in magnitude, and the displacement of the individual bucket is primarily caused by the cyclic tension–compression loading (Figure 1). Therefore, the serviceability of multi-bucket foundations is controlled by the cyclic vertical load–displacement responses of the individual buckets [9,10,11]. In addition to the movement of foundations under cyclic loading, the vibration of the tower under dynamical loading [12] and the structural stability under survival loads [13] are also essential for the design of offshore wind turbines, but are beyond the scope of this study.



To investigate the cyclic vertical displacements of a bucket in clay, conventional model tests [14,15] and model tests in centrifuge [16,17,18] have been conducted, where the bucket was usually displaced under nearly undrained conditions. Vertical cyclic loading was typically quantified through the vertical loading amplitude Vc and the average vertical loading Va (Figure 1), causing the vertical displacement amplitude wc and the average vertical displacement wa. The accumulation of average vertical displacement and soil failure mechanisms depend on the direction of Va; a zero or tensile Va combined with arbitrary Vc value may lead to an upward wa, which is more dangerous than the downward one [14,18,19]. Symmetric loading was the most dangerous condition since it would cause the most damaging strength loss [15,20]. Under symmetric loading with Va = 0, the displacement amplitude wc and average displacement wa were both increased logarithmically with the number of cycles N, and the increases were more pronounced at higher Vc due to the more severe soil degradation [21]. However, a threshold of Vc may exist, below which the bucket is moved without significant accumulation of wc and wa after a large N [17,22].



Apart from the model tests, the cyclic responses of foundations in clay have been studied numerically [21,23]. The reliability of numerical results was dependent largely on whether the constitutive models could precisely describe the nonlinear response of soil under cyclic loading. Advanced constitutive models, such as the multi-surface model [23,24] and bounding surface model [18], have been developed to predict the displacements of foundations subjected to dozens of cycles [25]. However, the application of these models may be limited due to the large number of constitutive parameters and the potential computational errors accumulated during thousands of cycles [26]. An alternative option is the empirical approach simplifying the influence of a particular number of cycles through an equivalent static shear stress–strain relationship, e.g., the Undrained Cyclic Accumulation Model (UDCAM) that has been extensively used in practical applications over the last three decades [27,28,29]. In UDCAM, the cyclic shear strain contour diagrams are established via cyclic direct simple shear (DSS) tests or triaxial tests [30,31]. The program of UDCAM and the experimental database of a typical clay, Drammen clay [30], have been integrated into several commercial softwares, such as Bifurc [32] and Plaxis 3D Foundation Version 2.2 [33,34]. For other clays, the cyclic soil parameters can be determined from the existing database of Drammen clay [35]. The performance of UDCAM has been validated through comparisons with the model tests of gravity foundation [36,37] and then used to evaluate the undrained cyclic responses of monopiles [34]. Additionally, UDCAM was adopted in the design of monopiles in the Korean Western Sea, resulting in a more optimized solution than the conventional method recommended by the American Petroleum Institute [38,39]. However, it remains unclear whether UDCAM can be applied in the routine design of bucket foundations. As far as we know, the existing studies on the accumulation of vertical displacement amplitudes wc of the bucket were mostly focused on a particular aspect ratio L/D (the ratio between skirt length L and diameter D of the bucket), for example, L/D of 0.5 in Zografou et al. [17] and 1 in Kou et al. [15]. The influence of L/D on wc was quantified here.



In this paper, the responses of the individual bucket of the tripod foundation under symmetric cyclic vertical loading are investigated using finite element (FE) analyses. The cyclic properties of clay were represented by the UDCAM with shear strain contour diagrams. For verification of the numerical model, the simulated results of monotonic loading and cyclic loading tests for a bucket with aspect ratio L/D = 1 are compared with those obtained through centrifuge tests by Jiang et al. [18]. Subsequently, parameter analyses are conducted considering L/D ranging between 0.5 and 2, to investigate the effects of L/D on the simulated wc. An equation is proposed to predict wc for buckets with various L/D, based on the wc of a bucket with L/D = 1. The validity of the proposed equation was further verified through additional cases featuring conditions beyond the scope of the parametric study. The process of the methodology is demonstrated in Figure 2.




2. Methodology


2.1. Finite Element Model


Commercial finite element package Plaxis 3D [33] was used to reproduce the interaction between the bucket and clay. The bucket was wished-in-place, whilst the installation effect was accounted for by reducing the shear stress along the skirt-soil interfaces with an adhesion factor [40,41]. The bucket diameter D was taken as 4 m (same as the bucket diameter in the prototype in Jiang et al. [18]), the skirt length L was 2, 4, 6, or 8 m, and skirt thickness was 0.1 m. The corresponding aspect ratios L/D were thus 0.5, 1, 1.5, and 2. Only half of the bucket and soil were modeled due to the symmetry of the foundation. The boundary conditions applied were as follows. Side surfaces of the soil were horizontally constrained and the soil base was fixed. The minimum and maximum aspect ratios selected, L/D = 0.5 and 2, were taken as examples and are shown in Figure 3. To avoid a boundary effect, the side edge of the soil was 3.4D away from the bucket skirt for all aspect ratios, while the soil bottom was 9L, 4L, 2.3L, and 1.5L away from the bucket tip at L/D = 0.5, 1, 1.5, and 2, respectively. Bucket and soil were discretized with ten-node tetrahedral elements, with three degrees of freedom per node, referring to Banaszek et al. [42]. Four bucket–soil interfaces were set, including the ones outside and inside the bucket skirt and the ones below the cap and tip of the bucket. The interfaces were composed of twelve-node triangular interface elements formed by node pairs. One node of the pair belonged to the bucket and the other to soil. The shear stress of the interface was set as the undrained strength of the surrounding soil multiplied by an adhesion factor α. The value of α was calculated as 1/St, where St denotes the soil sensitivity [10]. To meet the demands of convergence and accuracy, the coarseness factors of mesh were chosen as 0.1 for the bucket and soil inside the bucket, 0.3 for the soil near the bucket (0.5D horizontally and at least 0.5L vertically away from the bucket, as the red doted lines shown in Figure 3), and 1 for the rest, as shown in Figure 3.



Total stress analyses were conducted, with clayey soil taken as undrained material. The bucket was simplified as a rigid body, with a reference point (RP) located at the center of the bucket cap. Consequently, the load–displacement responses of the bucket were characterized by the measurement at RP. Monotonic vertical loading tests were simulated using a displacement-controlled mode; vertical displacement w was applied at RP and the corresponding reaction force V was acquired. The vertical capacity of bucket V0 was defined as the reaction force acquired when the vertical displacement reached quite a large value, for example, 0.25L adopted in Jiang et al. [18]. For cyclic vertical loading tests, a force-controlled mode was employed; the vertical loading amplitude Vc was applied at RP, leading to the corresponding displacement amplitude wc. The specific values of Vc (expressed as the ratio between Vc and V0) are shown in Table 1. At small wc, the separation between bucket and soil interfaces was not allowed since suction was generated at the bucket base and the soil plug inside the bucket was moved along with it [18]. The simulations of large wc, e.g., wc between 0.1L and 0.25L, were only considered in Section 3 for verification purposes, but not discussed in the parametric study due to the deflection limit of wind turbines in practice.




2.2. Soil Properties


The properties of clay used in centrifuge tests included the following: a specific gravity of 2.70, an effective unit weight of 6.97 kN/m3, a liquid limit of 42.8, a plastic limit of 20.8, and a soil sensitivity, St, of 2.1. The UDCAM was used to characterize the cyclic shear stress–strain response of clay. For symmetric cyclic loading with Va = 0, only symmetric DSS tests exhibiting an average shear stress τa = 0 were required to form the cyclic strain contours, which describe the relationship between the cyclic stress τc, the cyclic strain γc, and the number of cycles N. The DSS tests were carried out following the standards ASTM D6528-17 [43]. With comprehensive details reported by Andersen [30], the procedure of implementing the UDCAM for the clay used in the centrifuge tests [18] is as follows:




	(a)

	
The slurry with water content twice the liquid limit was moved into a strongbox, and the soil sample was prepared under consolidation pressure of 60 or 90 kPa. The overburden pressure at the skirt tip level in centrifuge tests was around 30 kPa, corresponding to an over-consolidation ratio (OCR) of 2 or 3. Therefore, the specimen for DSS test was consolidated at vertical stress of 60 or 90 kPa. Then, the specimen was unloaded to 30 kPa prior to the following shearing.




	(b)

	
The prepared specimens underwent shearing at a displacement rate of 0.015 mm/min to obtain the monotonic shear stress–strain responses (τ-γ responses), as shown in Figure 4. As a result, the static undrained shear strength su was defined as the shear stress at γ = 15% [44]. Then, su = 18.3 kPa for OCR = 2 and su = 22.9 kPa for OCR = 3.









	(c)

	
In symmetric cyclic shearing tests, various stress ratio amplitudes τc/su ranging from 0.2 to 0.7 were adopted, and the frequency was chosen as 0.1 Hz to match the typical wave frequency. Contour diagrams that describe the τc/su-N response are derived by connecting the data points from test results at the same γc values, e.g., γc = 0.08%, 0.14%, 0.5%, 1%, 1.5%, 3%, and 15%, as illustrated in Figure 5a,b.







	(d)

	
For a symmetric cyclic loading scenario with a uniform loading amplitude, the equivalent number of cycles was equal to the current number of cycles N. The typical γc values varying with τc/su can be obtained by linking the intersection points of lines at N = 1, 10, 100, and 1000 with the contours in Figure 5. As a result, the τc/su-γc curves for OCR = 3 are shown in Figure 6 as an example. The response of τc/su-γc at another relevant N can be interpolated automatically in Plaxis.







	(e)

	
To derive the dimensional τc-γc response, the static undrained shear strength su was required. The strength profiles of clay samples were inferred from cone penetration tests, with the cone factor taken as 15 [18]. As shown in Table 1, the undrained strength of clay, su, was increased with the soil depth z for most soil types, while a uniform clay sample had a constant su. The soil depth z and su are in units of m and kPa, respectively.









3. Verification


3.1. Monotonic Loading Tests


To verify the reliability of the finite element model, monotonic vertical loading tests by Jiang et al. [18], named Tests 1-1, 2-1, 3-1, and 4-1 and carried out in four separate strongboxes, were simulated. Clay was regarded as a Tresca material under undrained conditions. The undrained shear strengths of clay samples were deduced from cone penetration tests. Specifically, su = 6.5 + 0.55z, 11.6, 9.0 + 0.4z, and 6.0 + 0.18z for Samples 1–4, where soil depth z and su are in units of m and kPa, respectively. The adhesion factor α was set as 1/St = 0.5, as the values of St in each strongbox are averaged as 2.1. A typical value of Young’s modulus, 400su, was adopted. The effective unit weight of clay γc′ was 6.97 kN/m3 and Poisson’s ratio was taken as 0.495 to approximate constant volume under undrained conditions. The vertical force–displacement curves (V-w curves) of four tests by FE are shown in Figure 7. Similar to the centrifuge test results, the vertical force by FE increased rapidly with displacement at first, and then the increase trend became gentle. The vertical capacity V0 of the bucket by FE was defined as the vertical reaction force V at vertical displacement w = 0.25L. V0 by FE was very close to that by centrifuge tests. A simple equation was recommended in guidelines DNV RP E303 [45] to estimate the vertical force V:


V = zαsuaπD + (γc′z + sutipNc)A,



(1)




where A is the cross-section area of the bucket; sua is the average undrained shear strength along the bucket skirt; sutip is the undrained shear strength at the bucket tip; Nc is the bearing capacity factor under plan strain conditions, usually taken as 7.5 [46]. The V0 values in Equation (1) are presented as markers in Figure 7 for comparison purposes. The errors of V0 values between FE and Equation (1) were less than 17%; it was reasonable for the reliability of the FE model [47], since the empirical equations were based on several simplifications.




3.2. Cyclic Loading Tests


To further validate the FE model combined with UDCAM, six cyclic vertical loading tests with negligible Va, named Tests 1-2, 1-3, 2-2, 3-2, 3-3, and 4-2 in Jiang et al. [18], were mimicked. Loading amplitudes for the six tests varied between 0.37V0 and 0.64V0, whereas the average loading values caused by the controlling error ranged from 0.01V0 to 0.05V0.



The cyclic vertical displacement amplitudes of the bucket wc from centrifuge tests were normalized to the length of the bucket skirt L, represented by solid markers in Figure 8. Typical data points were used to illustrate the progression of wc/L in relation to the number of cycles N throughout the tests, and the values of wc/L exceeding 0.25L are not shown. Observations indicated that wc/L from centrifuge tests increased logarithmically with N. This phenomenon is attributed to the higher accumulation of pore pressure in centrifuge tests under larger N, consistent with the shear stress–strain curve at N = 1000, lower than that at N = 1, according to the DSS tests in Figure 6. The FE results of wc/L are depicted as hollow markers in Figure 8. The predicted wc/L exhibited a tendency similar to those observed in the centrifuge tests, highlighting the robustness of the UDCAM. For a low loading amplitude with Vc/V0 = 0.37 or 0.42, the wc/L values increased gently with the number of cycles in both centrifuge tests and FE simulations, and the bucket was actually under a stable state without significant accumulation of vertical displacement. As a comparison, a rapid failure of the bucket foundation was observed under a higher loading amplitude. For example, the failure occurred after 20 cycles with Vc/V0 = 0.64 in the centrifuge, as demonstrated in Figure 8b, while the failure took place after 5 to 10 cycles in FE simulations. It was recognized that there existed divergences between the numerical and experimental data:




	(a)

	
At the early stage of loading, for example, N = 2, wc/L predicted by the FE was lower than the measured value, and the divergence decreased with an increase in Vc/V0. This phenomenon can be explained by the smaller cyclic shear strain at a lower cyclic shear stress given a certain number of cycles, as shown in Figure 6. As a result, wc/L by centrifuge tests was larger at higher Vc/V0 and more closely aligned with the simulations.




	(b)

	
Although the experimental wc/L was higher than the value predicted by FE, the divergence became smaller with increasing cycles (e.g., Vc/V0 = 0.37 and 0.51). In particular scenarios, Vc/V0 = 0.42 at N > 650 and Vc/V0 = 0.58 at N > 20, wc/L measured in the tests appeared lower than the FE results. This phenomenon may be attributed to the potential consolidation effect which is caused by partial dissipation of pore pressures around the bucket during the long-term loading in centrifuge tests. For example, the loading duration amounted to 137 d in the prototype after 996 cycles with Vc/V0 = 0.37, thereby allowing partially drained conditions in clay, which caused an increase in undrained shear strength and reduction in wc/L. Conversely, the degradation of undrained strength induced by cyclic loading was accounted for in the UDCAM strategy, while the potential enhancement of undrained strength due to partial drainage within the long-term loading stage was ignored.











4. Parametric Study


Various aspect ratios of the buckets with a diameter D of 4 m were employed in FE analyses to investigate the influence of the aspect ratio on wc. The aspect ratio was 1 in the centrifuge tests by Jiang et al. [18], and here, it is changed to 0.5, 1.5, and 2, respectively. The FE results of two typical cases, Cases 1 and 3, are chosen to detail the findings. The combinations of clay properties and loading conditions of the two cases are listed in Table 1.



The vertical capacities V0 against various aspect ratios need to be determined prior to simulating the vertical displacement amplitude wc, by following the procedure addressed in Section 3.1. The V0 values for Case 1 are 970.7, 1321.2, 1606.0, and 1897.3 kN against the aspect ratio of 0.5, 1, 1.5, and 2. For Case 3, V0 values are identified as 1422.8, 1707.1, 1860.2, and 2024.3 kN for four aspect ratios, respectively.



According to the FE simulations combined with the UDCAM, wc values under various numbers of cycles are predicted. As illustrated in Figure 9, wc/L increases logarithmically with increasing N, but wc/L is higher at lower L/D. The failure mechanisms of soil at various L/D values under cyclic loading, for instance, N = 300 for Case 1, are demonstrated in Figure 10. It is evident that the soil contained within the bucket moved along with the bucket, resulting in a reversed end bearing mechanism. The displacement of the mobilized soil in Figure 10 is larger with increasing L/D, resulting in an increased wc of the bucket with increasing L/D. This trend is opposite to the decreased wc/L with increasing L/D in Figure 9.



By considering wc/L at L/D = 1 as the reference displacement (wc/L)ref, wc/L for varying L/D can be predicted using a fitting equation, as shown in Equation (2):


      w c  / L     (  w c  / L )   ref      = 1 + 0.2   (   L D   )  2  tanh   16.5 (   L D   − 1 )    



(2)




The wc/L values estimated by Equation (2) of the two cases are demonstrated in Figure 11. A reasonable agreement on wc/L is achieved between the predictions of Equation (2) and FE results. The divergences for all cases are predominantly within the range of ±25%.



Despite reasonable agreement highlighted in Figure 11, it is not clear if Equation (2) is applicable for predicting wc/L under the conditions beyond the scope of the above parametric study. The fatal factors include bucket sizes, undrained shear strengths and degradation behaviors of soil, the adhesion factors, and the amplitude of cyclic loading. Therefore, the reliability of Equation (2) is verified further through six additional cases listed in Table 2. In these six cases, the bucket diameter is selected deliberately as 2, 4, or 8 m to cover the practical applications. The aspect ratio of the bucket is extended to 3, as the aspect ratios of 0.5–2 are investigated already to deduce Equation (2). Two strength profiles representing undrained shear strength under over-consolidated and normally consolidated conditions are employed in Table 2. By following the recommendation of guidelines DNV-RP-E303 [45] and research by Shen et al. [41], the adhesion factor α is taken as 0.3 or 0.65, corresponding to the operation phases of immediately after the installation of the bucket and months or years after the installation of the bucket, respectively. The Vc/V0 values are in the range of 0.3–0.58, to avoid the potential shakedown of the bucket under Vc/V0 less than 0.3 or rapid failure of the bucket under Vc/V0 larger than 0.58. It should be noted that V0 values for the additional cases are determined using the same procedure addressed in Section 3.1. As a result, V0 values are shown in the last column in Table 2.



The wc/L values by FE and Equation (2) are compared in Figure 12. It is evident in Figure 12a,b that Equation (2) is applicable for buckets with an aspect ratio ranging from 0.5 to 3 under the loading amplitudes considered, irrespective of the bucket diameter values. The wc/L values predicted by Equation (2) are satisfactory in most cases, except for Case F in Figure 12c. A possible reason is that the clay in Case F is normally consolidated and the undrained shear strength increases more significantly with depth than that in other cases, whereas Equation (2) is more suitable for heavily over-consolidated soils with nearly uniform shear strength (su = 11.6 or 30 kPa) and slightly over-consolidated soils. Additionally, Equation (2) is valid for an adhesion factor ranging between 0.3 and 0.65, covering the typical operation phases of the bucket from the installation to a moderately long operational duration after the installation.



For practical application involving the predictions of wc for buckets under symmetric vertical loading in clay using UDCAM, the following steps are suggested. (a) Establish the DSS cyclic strain contour diagrams through monotonic and cyclic DSS tests, to derive the normalized cyclic shear stress–strain relationship τc/su-γc. (b) Determine the static shear strength su through cone penetration tests. (c) Simulate wc for a bucket with L/D = 1, utilizing the cyclic soil properties identified in Steps (a) to (c). (d) Calculate wc for buckets with relevant D and L/D using Equation (2). By employing the aforementioned steps, only a limited number of DSS tests, cone penetration tests, and numerical simulations are required to predict wc for bucket foundations across various aspect ratios. This procedure is applicable for soils with different shear strengths and adhesion factors, and loading amplitudes Vc/V0 in the range of 0.3–0.58.




5. Conclusions


The accumulation of normalized vertical displacement amplitude wc/L for buckets under symmetric vertical cyclic loading has been investigated through finite element (FE) analyses. Cyclic shear stress–strain relationships in clay are characterized using cyclic shear strain contour diagrams in a direct simple shear state. The results of wc/L by FE are compared with those by centrifuge tests. In the parametric study, the aspect ratio L/D of the bucket is varied between 0.5 and 2 to investigate the effect of L/D on the prediction of wc/L. The main conclusions are as follows:




	(1)

	
The wc/L predicted by the FE model combined with UDCAM in this study exhibits reasonable agreement with the wc/L obtained from existing centrifuge tests. The UDCAM is applicable for characterizing the cyclic shear stress–strain response of clay at a relevant number of cycles.




	(2)

	
The wc/L in the parametric study decreases with increasing L/D. Taking wc/L at L/D = 1 as a reference displacement, a predictive equation, Equation (2), for wc/L at various L/D values has been proposed. It is proved that Equation (2) is applicable for buckets with L/D ranging between 0.5 and 3 and diameter D ranging between 2 and 8 m, normalized vertical loading amplitudes Vc/V0 in the range of 0.3–0.58, and soil adhesion factors between 0.3 and 0.65. Equation (2) demonstrates better performance in soils with uniform or slightly increased undrained shear strength with depth than in soils with undrained shear strength increasing significantly with depth. In practical applications, a four-step procedure is suggested to predict wc/L for bucket foundations across various aspect ratios, based on limited laboratory tests and FE simulations. The buckets with aspect ratios ranging between 0.5 and 3 are explored here, and the expansion of Equation (2) to larger aspect ratios needs to be testified in future. As for buckets under asymmetric vertical cyclic loading, the accumulation of wc/L can be investigated through centrifuge tests at first and then compared with the predicted results by the proposed four-step procedure.
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Figure 1. Response of multi-bucket foundation subjected to horizontal cyclic loading and definitions of vertical cyclic loading components. 
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Figure 2. Process of the methodology. 
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Figure 3. Mesh of the bucket and soil: (a) L/D = 0.5; (b) L/D = 2. 
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Figure 4. Static shear strength from monotonic DSS tests. 
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Figure 5. Contour diagrams at τa = 0 deduced from cyclic DSS tests: (a) OCR = 2; (b) OCR = 3. 






Figure 5. Contour diagrams at τa = 0 deduced from cyclic DSS tests: (a) OCR = 2; (b) OCR = 3.



[image: Jmse 12 01319 g005]







[image: Jmse 12 01319 g006] 





Figure 6. Typical γc values varying with τc/su at N = 1, 10, 100, and 1000 (OCR = 3). 
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Figure 7. Monotonic vertical force–displacement curves from FE analyses and tests. 
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Figure 8. Comparison of cyclic displacement amplitudes by centrifuge test and FE: (a) Vc/V0 = 0.37, 0.51, and 0.58; (b) Vc/V0 = 0.42, 0.53, and 0.64. 
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Figure 9. Comparison of cyclic loading amplitudes with N at different L/D values. 
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Figure 10. Displacement contours at N = 300 for Case 1: (a) L/D = 0.5; (b) L/D = 1; (c) L/D = 1.5; (d) L/D = 2. 
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Figure 11. Comparison of wc/L by FE and Equation (2) at D = 4 m and various L/D values. 
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Figure 12. Performance of Equation (2) for cases in Table 2: (a) Cases A and B; (b) Cases C and D; (c) Cases E and F. 
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Table 1. Conditions of centrifuge tests by Jiang et al. [18].
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	Case
	su (kPa)
	Vc/V0





	1
	6.5 + 0.55z
	0.42



	2
	6.5 + 0.55z
	0.53



	3
	11.6
	0.58



	4
	9.0 + 0.4z
	0.37



	5
	9.0 + 0.4z
	0.51



	6
	6.0 + 0.18z
	0.64










 





Table 2. Additional cases for the reliability of Equation (2).
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	Case
	D (m)
	L/D
	su (kPa)
	α
	Vc/V0





	A
	8
	0.5
	6.5 + 0.55z
	0.5
	0.42



	B
	8
	0.5
	11.6
	0.5
	0.58



	C
	2
	3
	6.5 + 0.55z
	0.5
	0.42



	D
	2
	3
	11.6
	0.5
	0.58



	E
	4
	1.5
	30
	0.65
	0.30



	F
	4
	1.5
	10 + z
	0.3
	0.50
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