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ABSTRACT 

Tetrapod piled jacket (TPJ) foundations supporting offshore wind turbines (OWTs) tend to subject 

to significant torque caused by eccentric loading from wind, wave or accidental vessel impact. This 

paper presents comprehensive three-dimensional numerical analyses to investigate TPJ’s 

performance under torsional loading, considering in particular the distribution of local torque and 

rotation over pile shafts and the underlying torsional load transfer mechanism. A modified Mohr-

Coulomb model for dense sands was implemented in ABAQUS/Standard that captured the 

evolution of friction angle and dilation angles against the accumulated plastic shear strain. Results 

show that the torque imposed at the head of TPJ foundation could trigger soil reactions of torsional 

resistance and horizontal force in individual piles; higher pile spacing-to-diameter ratios mitigate 

the influence of torsional loads. A pressure-dependent torsional load transfer model was proposed 

that takes into account the effects of pile-sand relative stiffness and sand’s relative density. The 

model can be employed to predict TPJ’s response under torsional loading and improve its practical 

design.  

Keywords: Tetrapod piled jacket foundation; finite element analysis, torque, dense sands, load 

transfer model 
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INTRODUCTION 1 

Bottom-fixed foundations for supporting offshore wind turbines (OWTs) primarily include monopile, 2 

gravity foundation, jacket foundation and caisson bucket, with the site-specific choices generally 3 

depending on seabed condition, water depth and turbine size. Among these, monopiles have been 4 

widely used for OWTs installed in shallow water below 30 m, which accounts for 81% of OWTs in 5 

Europe at the end of 2019 (Wind Europe 2021). However, as shallow water areas get more 6 

populated, alternative foundation type such as tetrapod piled jacket (TPJ) is regarded as an 7 

important option for OWTs erected in deeper waters (Zhu et al., 2018). TPJ foundation can be 8 

employed across a wide range of soil conditions and is suitable for water depths of 30-60 m. For 9 

instance, the Beatrice wind farm (UK) deploys TPJ foundation mounted in up to 55 m water depth 10 

with 2.2 m diameter and 35-60 m length steel tubular piles (BOWL, 2017). 11 

As shown in Figure 1, TPJ foundation is typically configurated as a lattice steel framework with four 12 

corner piles being anchored into seabed to provide stability for OWTs. The lattice upper structure 13 

typically weights in the range of 450-500 t, with heights around 40-80 m (Rae et al. 2017). The 14 

diameters of the corner piles are known to play key roles in the design of TPJ foundation as they 15 

could influence pile spacing under the jacket structure, pile embedment, pile fabrication and 16 

transportation. Depending on overall design requirement, the corner piles have diameters typically 17 

in the range of 1.5-2.6 m in, for examples, the Wikinger (DE), Beatrice (UK), Ormonde (UK) large-18 

scale wind farm projects. 19 

Current industrial design methods for TPJ foundations are largely adapted from those for offshore 20 

oil and gas platforms (i.e., API, 2007). However, piles under jacket structures are liable to 21 

experience torsional loading due to eccentricity of lateral loads applied from wind, wave and 22 
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accidental vessel actions, as shown schematically in Figure 1. Earlier studies in the literature 23 

regarding the torsional loading response were focusing on single piles or group piles, either 24 

numerical simulation (Gu et al., 2014; Misra et al., 2014; Arshad and O’Kelly, 2016; Basack and 25 

Nimbalkar, 2017) or physical modelling (Zhang and Kong, 2006; Kong and Zhang, 2007, 2008, 26 

2009; Stuedlein et al., 2016; Thiyyakkandi et al., 2016; Li & Stuedlein, 2016, 2017). Poulos (1975) 27 

developed a continuum-based solution for the elastic characteristics of a single pile subjected to 28 

torsional loading. Randolph (1981) derived a close-form differential equation for solving torsional 29 

pile-soil interaction based on elasticity theory. The solution was further developed by Guo and 30 

Randolph (1996) to account for soil non-linearity in Gibson soil profile. A comprehensive centrifuge 31 

testing programme was reported by Kong and Zhang (2007, 2008, 2009) and Kong et al. (2019) to 32 

investigate the torsional response of single pile and pile group in dense sands. They suggested 33 

using an empirical factor to account for the coupling effects between lateral and torsional 34 

resistances. Lateral and torsional soil reactions can be modelled with one-dimensional non-linear 35 

load transfer springs namely 𝑝 − 𝑦 and 𝜏𝑠 −  𝜃 curves, where 𝑝 is lateral resistance acting on 36 

local pile shaft, 𝑦 is local shaft deflection, 𝜏𝑠  is local torsional resistance and 𝜃 is local twist angle 37 

of the pile shaft. A range of 𝑝 − 𝑦 curves has been proposed for different geo-materials (see for 38 

examples by Reese et al. (1974), Yan & Byrne (1992), Zhu et al. (2018), and Wen et al. (2020)), 39 

whereas limited research regarding 𝜏𝑠 −  𝜃 correlations is reported in the literature.  40 

Fully calibrated continuum-based finite element method (FEM) provides an important approach to 41 

investigate pile-soil interaction mechanism and derive representative soil reaction curves that can 42 

be employed for practical design. Robust constitutive models are essential for FEM modelling. The 43 

shearing stress-strain response of dense sands typically exhibits pre-peak hardening and post-44 

peak softening behaviour (Hsu & Liao 1998; Lings & Dietz 2004; Schanz & Vermeer, 1996). 45 
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Conventional Mohr-Coulomb (MC) model is incapable of modelling such features, since it takes the 46 

angles of shearing resistance (𝜑′ ) and dilation ( 𝜓 ) as constants throughout loading. This 47 

assumption implies constant, unstoppable dilation rate of a soil element once plastic strain reaches 48 

the yield surface predefined by the MC failure criterion (Wood, 2007). In order to overcome this 49 

limitation, attempts have been made in recent studies to allow for the mobilisation of 𝜑′ and 𝜓 50 

with relative density, mean effective stress and accumulated plastic shear strain (Guo & Stolle, 51 

2005; Robert, 2010; Roy et al. 2015). For instance, Ahmed & Hawlader (2016) employed a modified 52 

MC model (MMC) to simulate the response of offshore monopile foundations in dense sands.  53 

This paper reports detailed three-dimensional numerical analyses of TPJ foundations subjected to 54 

torque in dense sands. The 3D FE modelling was informed by the field and centrifuge TPJ tests 55 

reported by Zhu et al. (2019) and incorporated a recently developed MMC model that captures 56 

dense sand’s key shearing characteristics of pre-peak hardening and post-peak softening 57 

behaviour. The main input parameters were derived from available triaxial tests (Yang et al. 2016), 58 

and the numerical model was validated against the case histories reported by Kong & Zhang (2007). 59 

Systematic parametric studies were performed to examine the potential effects of pile diameter, 60 

sand relative density and coupling between lateral and torsional soil reaction. A pressure-61 

dependent load transfer 𝜏𝑠 −  𝜃  model was proposed that can be employed to predict TPJ’s 62 

response under torsional loading and improve its industrial design. 63 

 64 

METHODOLOGY 65 

Modelling stress-strain behaviour of dense sand 66 

The modified MC (MMC) model first proposed by Roy et al. (2015) was adopted in the study to 67 
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capture the mechanical behaviour of dense sand. Figure 2 shows the stress-strain and volumetric 68 

trends for dense Leighton Buzzard sand from triaxial tests reported by Yang et al. (2016). Dense 69 

sand’s typical shearing characteristics can be represented by three distinct zones. Within each 70 

zone, allowance is made for dilation (𝜓) and shearing resistance angles (𝜑′) to mobilise with the 71 

accumulate shear strain.  72 

Zone-I: only linear elastic deformation occurs in this zone. The stress-strain relationship is 73 

described by two elastic parameters, Young’s modulus (𝐸𝑠) and Poisson’s ratio (𝑣𝑠). The former 74 

generally varies with mean effective stress (𝑝′), following power law functions (Hardin & Blaci 1966; 75 

Guo & Stolle, 2005) that can be expressed as:            76 

 𝐸𝑠 = 𝐾𝑝𝑎
′ (𝑝′/𝑝𝑎

′ )
𝜆
 (1) 

where 𝐾 and 𝜆 are material constants; 𝑝𝑎
′  is atmospheric pressure (≈100 kPa).  77 

Zone-II: As shearing continues, the stress state enters the pre-peak hardening zone (Mitchell & 78 

Soga, 2005). The mobilized 𝜑′ starts to be involved to define the yield surface of MMC model. 79 

Once the initial yield surface is engaged, plastic strains continue to accumulate as 𝜑′ increases 80 

under continuous shear loading. Shearing resistance angles at peak (𝜑𝑝
′ ) and critical state (𝜑𝑐

′) are 81 

interlinked through the following formula, noting 𝜑𝑝
′  depends on sand’s relative density, stress 82 

state and shearing direction (Bolton, 1986; Schanz & Vermeer, 1996).  83 

 𝜑𝑝
′ − 𝜑𝑐

′ = 𝐴𝜓𝐼𝑅 (2) 

in which 𝐼𝑅 is dilatancy index expressed as 𝐷𝑅(𝑄 − 𝑙𝑛𝑝′) − 1. 𝐷𝑅 is relative density (in %) and 𝑄 84 

is a fitting parameter dominated by sand’s intrinsic properties. 𝐴𝜓 varies with sand type and fines 85 

contents. Chakraborty & Salgado (2010) proposed a simple relationship between 𝑄 and initial 86 

mean effective stress (𝑝0
′ ) as 𝑄 = 7.4 + 0.60 ln 𝑝0

′ . They also suggested an 𝐴𝜓 of 3.8 for Toyoura 87 
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sand under both triaxial and plane strain shearing.  88 

Bolton (1986) suggested the following formula to link the maximum dilation angle (𝜓𝑝) with the 89 

peak and critical state shearing resistance angles. 90 

 𝜓𝑝 =
𝜑𝑝

′ − 𝜑𝑐
′

𝑘𝜓
 (3) 

where 𝑘𝜓 is a parameter dependent on sand type and fines content.  91 

In this zone, the angle of shear resistance (𝜑′) and dilation angles (𝜓) increase from their initial 92 

values of 𝜑𝑖𝑛
′  and 0 to peak values of 𝜑𝑝

′  and 𝜓𝑝 as the shear strain reaches 𝛾𝑝
𝑝
. It is found that 93 

𝛾𝑝
𝑝
 generally decreases with sand density and increases with 𝑝′ (Hsu & Liao 1998), and can be 94 

expressed with the following formulas: 95 

 𝛾𝑝
𝑝

= 𝛾𝑐
𝑝
(𝑝′/𝑝𝑎

′ )𝑚 (4) 

 𝛾𝑐
𝑝

= 𝐶1 − 𝐶2𝐷𝑅 (5) 

where 𝛾𝑐
𝑝
 is strain softening parameter; 𝑚, 𝐶1 and 𝐶2 are soil parameters that can be obtained 96 

from a set of triaxial or simple shear tests performed at different confining pressures and densities. 97 

The following formulas are employed to capture the mobilisation of 𝜑′  and 𝜓 in zone II (see 98 

Figure 2). 99 

 

𝜑′ = 𝜑𝑖𝑛
′ + sin−1

[
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2√𝛾𝑝 × 𝛾𝑝
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𝜓 = sin−1
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 (7) 

Zone III: As post-peak softening commences, 𝜑′ and 𝜓 decrease with 𝛾𝑝 until critical state is 100 
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reached. The following exponential functions are used to define the variation of 𝜑′ and 𝜓 with 101 

plastic strain respectively.  102 

 
𝜑′ = 𝜑𝑐

′ + (𝜑𝑝
′ − 𝜑𝑐

′)𝑒𝑥𝑝 [−(
𝛾𝑝 − 𝛾𝑝

𝑝

𝛾𝑐
𝑝 )

2

] (8) 

 
𝜓 = 𝜓𝑝𝑒𝑥𝑝 [−(

𝛾𝑝 − 𝛾𝑝
𝑝

𝛾𝑐
𝑝 )

2

] (9) 

The present MMC model is capable of simulating the mobilization of 𝜑′ and 𝜓 with engineering 103 

plastic strain, also accounting for the effects of 𝐷𝑅 and 𝑝′. Plastic deformation is assumed to occur 104 

only when stress ratio (𝑞/𝑝′, where 𝑞 is deviatoric stress) changes and any straining developed 105 

at constant stress ratio due to creep is not modelled.  106 

Table 1 lists the MMC model parameters that are calibrated against triaxial tests on dense Leighton 107 

Buzzard sand reported by Yang et al. (2016). Figure 2 also compares the experimental traces 108 

against the predictions made by the conventional and modified Mohr-Coulomb models. Significant 109 

improvement in matching the test results is seen with the modified model. These calibrated 110 

parameters will be adopted to simulate the torsional response of TPJ foundations in dense sands. 111 

Construction of a FEM model for TPJ foundation 112 

A full-scale three-dimensional numerical model was constructed in ABAQUS/Standard (Dassault 113 

Systémes, 2013) to investigate the torsional load transfer characteristics of TPJ foundation. The 114 

TPJ piles were wished in place and any possible disturbance to the soil domain by pile installation 115 

was not modelled explicitly. 116 

Figure 3 shows the general layout and meshing of the FE model in prototype scale. The detailed 117 

dimensions of the jacket structure are given in Table 2 and were chosen in accordance with a 118 
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typical TPJ foundation in Guishan offshore wind farm in China (Zhu et al., 2019). The structure 119 

consists of four hollow tubular corner piles (𝐿 = 61 m, 𝐷 = 2.6 m, 𝑡𝑤 = 0.03 m) with embedment 120 

length of 55 m and latticed spacing of 15 m. The soil domain was extended to 115 m (length)×115 121 

m (width)×100 m (height) that were sufficiently large in comparison with the TPJ dimensions. The 122 

vertical boundaries of soil domain were restrained from horizontal translation, whereas its bottom 123 

was fixed in both horizontal and vertical directions. Preliminary sensitivity analyses confirmed the 124 

boundary constraints had negligible effects on the response of the TPJ foundation.  125 

The FE mesh presented in Figure 3 is comprised of approximately 155,905 nodes and 116,950 126 

elements. The soil domain and four corner piles were simulated using the built-in C3D8R solid 127 

elements, eight-node linear brick elements with reduced integration and hourglass control, whereas 128 

the jacket was constructed using 10-node quadratic tetrahedron elements (C3D10). In order to 129 

mitigate the mesh-dependent effects, the soil elements in the proximity of the piles and ground 130 

surface were refined, with element size gradually increasing with the distance from the piles and 131 

ground surface.  132 

The high-stiffness jacket structure, which are comprised of hollow steel pipes in practice, was 133 

assumed to behave in purely linear elastic manners under loading. To ensure FE mesh quality, 134 

these pipes were modelled to be solid, and their unit weights were adjusted accordingly to produce 135 

the same total weight of the jacket structure and upper turbines to that of the prototype 136 

(approximatively 940 ton). In a similar manner, the corner piles were modelled as solid tubes with 137 

identical outer diameters. Their equivalent Young’s modulus and unit weight were reduced to 18.72 138 

GPa and 3.58 kN/m3 to satisfy the similarity criterion of the pile’s torsional rigidity (𝐺𝑝 ∙ 𝑗), where 139 

𝐽(=𝜋𝐷4/32) is the polar second moment of the tubular area of the pile section and 𝐺𝑝 is shear 140 
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modulus. A Poisson’s ratio (𝑣𝑝) of 0.28 was adopted for the steel piles. 141 

The mechanical characteristics of the sand modelled in this study are reproduced by the 142 

aforementioned MMC model that was implemented in ABAQUS/Standard by a user-defined 143 

USDFLD subroutine written in FORTRAN. Figure 4 shows the flow chart for the implementation 144 

process. In each time increment, utility routine GETVRM was called to access the principal stress 145 

tensors and plastic strain increment tensor, from which 𝑝′ and shear strain increment ∆𝛾𝑝 were 146 

computed. The shear strain 𝛾𝑝 over the period of analysis was the sum of ∆𝛾𝑝 in each increment. 147 

As described earlier, parameters 𝜑′ and 𝜓 are functions of 𝑝′  and ∆𝛾𝑝  and were defined as 148 

three field variables that were updated in each increment.  149 

Interaction at the pile-soil interface was simulated with a zero-thickness interface element included 150 

in the ABAQUS library. Hard contact rule was imposed in the normal direction (to the interface) to 151 

prevent pile-soil interpenetration during loading. Frictional contact rule was applied along the pile-152 

soil interface to model slipping-sticking mechanism. The interface friction is governed by the 153 

Coulomb friction criterion characterized by 𝜏𝑖 = 𝜇𝜎𝑛 (𝜏𝑖 < 𝜏𝑚𝑎𝑥), where 𝜎𝑛 is normal stress and 154 

𝜏𝑚𝑎𝑥  is the limiting shear stress controlling pile-soil slippage at the interface; 𝜇  is friction 155 

coefficient, empirically set as 0.49 in accordance with Ahmed & Hawlader (2016) and Yang et al. 156 

(2020). Note that once tensile stress developed at the interface, the normal and shear contact 157 

stresses were automatically set to zero.  158 

The numerical simulation involved two steps. The first was to predefine an initial geostatic effective 159 

stress field inside the sand domain by applying an earth pressure coefficient at rest (𝐾𝑜) of 0.43 160 

(Yang et al., 2020). This step ensured the soil system developed zero movement under gravity and 161 

provided a baseline stress field before any subsequent loading was applied. Effective stress 162 
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analysis was selected to represent fully drained conditions. In the second step, the TPJ foundation 163 

was activated and wished-in-place. Torsional loading was applied at the head of TPJ foundation 164 

(around 35 m above the ground surface) through a twist angle-controlled mode. Data post-165 

processing was automated by a self-developed MATLAB script which also facilitated the extraction 166 

and derivation of 𝜏𝑠 − 𝜃 curves. 167 

Verification of the established numerical model 168 

It is fair to acknowledge that full-scale testing is scarce in literature concerning TPJ foundations 169 

subjected to torque in dense sands. Previously published centrifuge tests on a 2×2 pile group 170 

subjected to torque (Kong and Zhang, 2007) were adopted for three-dimensional modelling in order 171 

to validate the MMC model and FEM analysis. The test piles were made of aluminum alloy and had 172 

dimensions of D = 15.74 mm, L = 300 mm and 𝑡𝑤 = 0.9 mm. Four identical piles were positioned 173 

symmetrically to form a 2×2 group with a spacing (S) of 3D and were connected to a rigid cap. The 174 

prototype of this model pile group in full scale could be obtained in accordance with centrifugal 175 

acceleration of 40g. Fine uniform dry Leighton Buzzard sand with 0.14 mm mean diameter was 176 

rained into a strongbox to form a deposit with relative density of 76.8%. Full details of the testing 177 

procedures and results are referred to Kong & Zhang (2007). 178 

Figure 5 compares the measured and predicted overall torque resistance and the force sustained 179 

by individual pile at different twist angles applied at the foundation head. The generally low 180 

discrepancies between the measured and predicted resistances indicate that the numerical model 181 

is capable of reproducing the non-linear load transfer characteristics as revealed in the centrifuge 182 

tests, enabling further parametric study and soil reaction derivation as discussed below. The torsion 183 

resistances appear to be overpredicted at high rotation levels, which could be attributed to scale 184 
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effects in centrifuge testing and pile installation effects that were not modelled (Kong, 2006).  185 

SIMULATION RESULTS FOR TPJ FOUNDATIONS 186 

Figure 6 plots the top view of the four corner piles under torque applied at the TPJ head, which 187 

were labelled in the global coordinate system. Due to the symmetry of the TPJ layout, a 188 

representative pile (Pile No. 4) is selected and discussed in the following sections. In addition, 189 

Figure 6 also plots the loading diagram of a pile shaft segment that allows for calculating the rotation 190 

angle and torsional resistance in the following sections. 191 

Global torque-rotation response 192 

Figure 7 shows the global torque-rotation response at TPJ head. A hardening trend is observed 193 

that torque (𝑇ℎ) increases gradually with TPJ head rotation (𝜃ℎ) and no plateau is reached even at 194 

large rotation angles exceeding 4.5°. Following the failure criterion proposed by Poulos (1975), 195 

torsional capacity is defined at the critical 𝜃ℎ of 3°, also in keeping consistency with the value 196 

suggested by Kong (2006). It is important to note that the applied global failure criterion at TPJ 197 

head might not reflect the degree of shear stress mobilization at local pile shaft segment. The 198 

calculated 𝑇ℎ − 𝜃ℎ response generally follows hyperbolic trends that can be expressed with Eq. 199 

10. Similar empirical models have been adopted to represent the load-settlement response of 200 

axially loaded piles (Chin 1970; Stuedlein & Reddy, 2014).  201 

 𝑇ℎ =
𝐶1 ∙ 𝐶2 ∙ 𝜃ℎ

1 + 𝐶2 ∙ 𝜃ℎ
 (10) 

where 𝐶1  and 𝐶2  are determined from ordinary least squares fitting as 2450 and 0.18, 202 

respectively, leading to the dashed trend in Figure 7.  203 

Torque applied at the TPJ head is transferred equally to the corner piles and triggers one torsional 204 

force component (𝑇𝑝) and one horizontal force component (𝐻𝑝) at the heads of four corner piles. 205 
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Figure 7 also plots the variations of these two components against TPJ head rotation 𝜃ℎ for the 206 

four corner piles. The horizontal force component was calculated as 4 ∙ 𝐻𝑝,𝑖 ∙ 𝑟 (𝑟 = distance from 207 

pile center to the center of TPJ foundation). It can be seen that the torsional force component is 208 

mobilized fully once 𝜃ℎ reaches about 4° , whereas the horizontal force component increases 209 

continuously with the applied global torque. The torsional component accounts for around 10% to 210 

16% of the global torque at TPJ head for 𝜃ℎ < 4°. 211 

Local torque and bending moment of the TPJ foundation  212 

Figure 8 shows profiles of torque and bending moment over Pile No. 4 shaft at six twist angles 213 

applied at TPJ head. Torque is highest at the head of the corner pile and degrades along the depth 214 

as soil resistances develop. Torque near pile base is relatively low, generally remaining less than 215 

7% of the value at the ground surface, which can be ascribed to the corner piles’ relatively high 216 

slenderness ratio (Randolph, 1981). It is also observed that the gradients of the torque profiles at 217 

shallow depths increase with the applied 𝜃ℎ. An “inflection point” is observed on the 𝜃ℎ = 3.6° 218 

profile at around 12 m below ground level (bgl), where the second derivative of toque with respect 219 

to depth is zero. The “inflection” reflects pile elements’ high degree of distortion induced by coupled 220 

interaction between pile bending and rotation. As the pile cross-sections predefined to obtain torque 221 

were highly distorted near the “inflection point” region, the accuracy of the extracted torsional forces 222 

may be compromised. 223 

Figure 8 also shows the distribution of bending moment in the x-direction over Pile No. 4. Bending 224 

moment (with positive sign) was developed at 𝑧 = 0 due to the fully rigid connection imposed 225 

between pile head and jacket structure. Note that the pile-structure connection type and rigidity 226 

could affect the distribution of pile shaft bending moments and shear forces significantly (Kong, 227 
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2006). The maximum bending moments occur at the upper part of the pile and increase significantly 228 

with the applied twist angle. Minimal bending moments are observed below 30 mbgl. It is noted 229 

that the second derivative of the bending moment with respect to depths yields lateral soil 230 

resistances per unit length (𝑝) for the interpretation of 𝑝 − 𝑦 curves. 231 

Local rotation and lateral displacement of pile shaft 232 

Figure 9 shows the profile of local rotation of Pile No. 4 against depth that is derived from the torque 233 

profile (see Figure 8) using the following equations: 234 

 𝜃𝑖 = 𝜃𝑖−1 −
𝑙(𝑇𝑖−1 + 𝑇𝑖)

2𝐺𝑝𝐽
 (11) 

where 𝜃𝑖 and 𝜃𝑖−1 are rotation angles at the top and bottom of a pile element 𝑖, respectively; 𝑙 235 

is pile element length. Rotation at pile base was assumed zero, given that the pile is relatively 236 

flexible and very limited bending moment is developed near pile toe (see Figure 8). Randolph (1981) 237 

found that even for rigid piles, once a “critical length” is exceeded, the contribution of soil reaction 238 

at the pile base to the torsional response becomes insignificant.  239 

As shown in Figure 9, local rotations decrease with depth and propagate through full pile length as 240 

torque increases. Maximum local rotations were found at pile head and were around 60-70% of the 241 

twist angle applied globally at TPJ head. Large proportions of the global torque were reacted as 242 

horizontal forces at the head of corner piles. Figure 9 also shows the profiles of lateral displacement 243 

of Pile No. 4 in x-direction at six 𝜃ℎ levels. The “critical length”, below which lateral displacement 244 

becomes limited, moves downwards from 10 m to 17.5 mbgl. as rotation increases. As mentioned 245 

earlier, large lateral movement and rotation could distort the predefined pile cross-sections and led 246 

to the “inflection zone” shown in Figure 8 at high 𝜃ℎ.  247 
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Figure 10 illustrates in global coordinate system the corner piles’ horizontal displacements in two 248 

directions at the levels of 𝑧 = 0.0 m and 9.9 mbgl. The directions of total lateral displacement for 249 

each corner piles are also annotated. As expected, the corner piles develop displacements of 250 

similar magnitudes but in different directions. The movements in the x- and y-directions are largely 251 

identical, as can be inferred from the symmetrical layout (see Figure 6). The displacements at the 252 

ground surface were around four times of those at 𝑧 = 9.9 mbgl.   253 

Interpretation of 𝝉𝒔-θ curves 254 

The unit torsional shaft resistance, 𝜏𝑠, acting on a representative tributary area is evaluated by: 255 

 𝜏𝑠 =
2(𝑇𝑖 − 𝑇𝑖−1)

𝜋𝐷2𝑙
 (12) 

where 𝑇𝑖 and 𝑇𝑖−1 are torque at the top and bottom of the 𝑖-th pile element, respectively. The 256 

correlation between unit shaft resistance (𝜏𝑠) and local rotation (𝜃) represents the mobilisation of 257 

torsional shearing resistance along a unit tributary area of a pile element at a given rotation. As 258 

discussed earlier, soil resistance at pile toe is neglected in this study. 259 

Figure 11 shows the family of derived 𝜏𝑠-𝜃 curves for Pile 2 and Pile 4 at five depths between 1.0 260 

and 10.0 mbgl. Both the initial torsional stiffness and ultimate torsional resistance increase with 261 

depths, reflecting the pressure-dependent nature of sand reaction. It is also observed that at 262 

shallow depths torsional shear resistances increase steeply at small twist angles to peak values, 263 

followed by slightly ‘softening’ trends until ultimate limits are reached. In contrast, at greater depths 264 

torsional resistances keep increasing without showing plateaus at large rotations. Unlike single pile, 265 

the torsional response of the individual pile in the TPJ group is affected by the coupling effects 266 

between horizontal load and torque.  267 
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PARAMETRIC STUDY 268 

This section presents a detailed parametric study on the torsional loading behaviour of TPJ 269 

foundations, investigating potential influence of pile diameter (𝐷), lateral load-torque coupling and 270 

sand’s relative density (𝐷𝑅).  271 

Influence of pile diameter 272 

Considering three diameters of 2.0, 2.2 and 2.6 m, Figure 12(a) compares the variations of global 273 

torque applied at the TPJ head and total torsional force sustained by four corner piles. Pile spacing, 274 

length, sand density and other input parameters were kept consistent to those employed in the 275 

previous main analysis. Torque applied at TPJ head increases with the corner pile diameter. At the 276 

failure 𝜃ℎ of 3°, torque at TPJ head increases by 70% as the diameter increases from 2.0 m to 2.6 277 

m, confirming significant impact of pile diameter on torsional stiffness. In contrast, the contribution 278 

from the torsional force component at the heads of corner piles shows a modest increase from 11% 279 

to 15%. Increasing pile diameters while keeping constant pile spacing reduces the spacing-to-280 

diameter ratio (𝑆/𝐷), which could then impact the proportion of torque resisted by the individual 281 

piles, as also reported by Kong (2006) and Zidan & Ranmandan (2020). Higher S/D ratios mitigate 282 

the influence of torsional loading as the applied torque is largely resisted by horizontal forces in the 283 

individual corner pile.  284 

Figure 12(b) compares the profiles of local rotation of Pile No. 4 at two applied twist angles (𝜃ℎ =285 

 2.0, 4.0). The influence of pile diameter is generally marginal and the rotations near pile base 286 

remain close to zero. Further comparison indicates the rotation distributions for all four corner piles 287 

are very similar, indicating no torsional pile-soil-pile interaction as pile diameter varies. Figure 12(c) 288 

compares the derived 𝜏𝑠-𝜃 curves at 𝑧 = 2.2 and 2.5 mbgl. Pile diameter has marginal effect on 289 

the 𝜏𝑠-𝜃 curves, reflecting the fact that rotation angle is derivation of pile rotational displacement 290 
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and diameter, as revealed in the theoretical analysis by Randolph (1981). 291 

Interaction with lateral loading 292 

Lateral and torsional loads are often applied simultaneously on offshore wind turbines supported 293 

by TPJ foundations. This section investigates how the torsional characteristics of TPJ foundation 294 

is affected by constant lateral loads (H), considering a corner pile diameter of 2.6 m. Three distinct 295 

loading scenarios are considered: a) zero lateral load (𝐻 = 0); b) applying a constant H = 15 MN 296 

prior to torsional loading; c) applying a constant 𝐻 = 15 MN and torque in unison. This specific 297 

value of 𝐻 was selected in accordance with the lateral bearing capacity of TPJ foundations in 298 

sands (around 16 MN) established from centrifuge testing by Zhu et al. (2019).  299 

Figure 13 illustrates the torque-rotation curves for the three scenarios. It is noted that the curves 300 

are almost overlapping, showing no difference in initial stiffness and ultimate capacity. Although 301 

not presented here, the corresponding 𝜏𝑠 - 𝜃  curves were also similar in three cases. The 302 

phenomena are different from those observed in centrifuge testing by Kong & Zhang (2008) that 303 

torsional resistances could be enhanced due to the presence of lateral loading. The differences 304 

might be attributed to the smaller pile spacing (around 3D) applied in the centrifuge tests that could 305 

cause significant soi-pile-soil shadowing effects.   306 

Influence of relative density of sands 307 

As illustrated in Eq. 2, sand density is a key parameter that dominates sand’s strength and stiffness, 308 

which in turn could affect the torsional resistance of TPJ foundation. Figure 14(a) compares the 309 

torque-rotation correlations and the torsional contributions from individual piles to the global torque, 310 

considering three dense sand scenarios with 𝐷𝑅 = 75%, 80% and 85%. Increasing density leads 311 

to obvious increases in global torsional capacity but has marginal effects on the initial stiffness. The 312 

torsional contributions from piles in all the three cases are very close and stabilises once reaching 313 
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166 MN*m, implying that the contribution of torsional force component at the heads of corner piles 314 

reduces as 𝐷𝑅 increases.  315 

Figure 14(b) demonstrates how 𝐷𝑅 impacts the torsional force profiles with depth at two global 316 

twist angles at the TPJ head. More pronounced differences are observed above 10 mbgl. At shallow 317 

depths, the gradients of the traces drop steeply in the higher 𝐷𝑅 cases, indicating the mobilization 318 

of much higher torsional resistance. This is further proved in Figure 14(c) that compares the 𝜏𝑠-𝜃 319 

curves extracted at two shallow depths of 2.2 and 5.5 m. Significant increases in ultimate torsional 320 

resistance (𝜏𝑠,𝑓) with increasing sand densities can be observed. A modest increase in 𝐷𝑅 from 321 

75% to 85% leads to around three-fold increase in 𝜏𝑠, confirming the key role of 𝐷𝑅 in the load-322 

transfer model. The effect of 𝐷𝑅 on the initial stiffness is insignificant, as observed in Figure 14 (a).  323 

CONSTRUCTION OF A SIMPLIFIED TORSIONAL LOAD TRANSFER MODEL 324 

Two main issues need to be considered separately for the development of a complete torsional 325 

load transfer model. The first is associated with the determination of ultimate torsional resistance 326 

acted on pile shaft or base. The second addresses the highly non-linear soil-pile interaction during 327 

loading. As discussed earlier, soil reaction at pile base is negligible under torsional loading and 328 

therefore only pile shaft 𝜏𝑠-𝜃 model is considered in the study. 329 

Ultimate pile-soil torsional resistance 330 

Given the similar shearing mechanism between torsional and axial shaft failure, ultimate torsional 331 

shaft resistance, 𝜏𝑠,𝑓, at a given depth can be expressed using the form of β method that is widely 332 

adopted for axial limiting resistance in granular soils.  333 

 𝜏𝑠,𝑓 = 𝛽 ∙ 𝜎𝑣0
′  (13) 
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where 𝜎𝑣0
′  is overburden effective stress; 𝛽 is a dimensionless coefficient that accounts for soil 334 

states, pile driving effects, loading rates and pile-soil interface conditions. Various approaches have 335 

been proposed for estimating the 𝛽 coefficient (O’Neill & Reese, 1999; Brown et al. 2010; Kong, 336 

2006). Figure 15 shows the profiles of back-calculated 𝛽 above 10.5 mbgl for three 𝐷𝑅 cases. In 337 

general, the 𝛽  coefficients increase sharply with depth in shallow soils and then decrease 338 

gradually before reaching stable values. Figure 15 plots for comparison the constant 𝛽 values 339 

recommended by API (2007) for medium-dense, dense and very-dense sands, which are broadly 340 

conservative compared with the back-analysed values. Noted that the 𝛽 coefficient was also found 341 

dependent of loading rates (Kong, 2006), which is out of the scope in this study. 342 

Mobilisation of torsional pile-soil resistance 343 

A hyperbolic function is employed to represent the nonlinear 𝜏𝑠-𝜃 curves shown in Figures 11, 12 344 

and 14.  345 

 𝜏𝑠 =
𝜏𝑠,𝑓 ∙ 𝐵 ∙ 𝜃

1 + 𝐵 ∙ 𝜃
 (14) 

where 𝜏𝑠 and 𝜃 are mobilised torsional shear resistance and rotation angle, respectively, and 𝜏𝑠,𝑓 346 

is the limiting torsional shear resistance. Parameter B is linked with the initial slope of the 𝜏𝑠-𝜃 347 

curve and can be determined from:  348 

 
𝑑𝜏𝑠

𝑑𝜃
|
𝜃=0

= 𝐾𝐼 = 𝜏𝑠,𝑓 ∙ 𝐵 (15) 

The initial stiffness is pressure-dependent and can be expressed by: 349 

 
𝐾𝐼 = Γ ∙ (

𝐺𝑝

𝐺0
) ∙ (

𝜎𝑛
′

𝑃𝑎
)

𝑛

 
(16) 

where 𝑛  and Γ  are dimensionless stiffness parameters and 𝐺0  is sand’s maximum shear 350 

modulus. The term 𝐺𝑝 𝐺0⁄  represents pile-sand relative stiffness. Higher 𝐺𝑝 𝐺0⁄  leads to higher 351 
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initial stiffness of the torsional load transfer curve. As discussed earlier and shown in Figure 14, 352 

relative density (𝐷𝑅) has limited effects on the initial stiffness and is therefore not included in the 353 

above expression. Its influence on ultimate resistances is reflected in the Eq. 14. 𝐺0 may be 354 

estimated from sand’s mass density (𝜌) and shear wave velocity (𝑉𝑠) as expressed in Eq. 17, or 355 

from mean effective stress (𝑝′) and void ratio (𝑒) (Eq. 18) as suggested by Hardin (1978).  356 

 𝐺0 = 𝜌 ∙ 𝑉𝑠
2 (17) 

 𝐺0 = 𝐶𝑔 ∙ 𝑃𝑎

1−𝑚𝑔 ∙
(𝑒𝑔 − 𝑒)2

1 + 𝑒
𝑝′ 𝑚𝑔 (18) 

where 𝐶𝑔, 𝑒𝑔 and 𝑚𝑔 are fitting constants depending solely on soil type. 357 

Figure 16 shows the back-calculated parameters Γ and exponent 𝑛 in Eq. 16 from the earlier 358 

parametric study cases. Parameter Γ generally decreases with soil depth from 9.8 at 1.0 mbgl. to 359 

0.08 at 10.0 mbgl., whereas the exponent 𝑛 remains largely constant in a small range of 1.5-1.8.  360 

The performance of the proposed model is assessed by comparing the predictive 𝜏𝑠-𝜃 curves with 361 

those from the numerical analyses, as shown in Figure 17. Satisfactory agreements can be 362 

observed, confirming the proposed model’s capability in capturing the major non-linear features of 363 

the 𝜏𝑠-𝜃 curves. However, it is noteworthy that the proposed model is based on limited cases in 364 

dense sands at constant loading rates. Further investigation is needed to cover wider ranges of 365 

soil conditions and build in more advanced features in the model, for example rate effects.  366 

 367 

SUMMARIES & CONCLUSIONS 368 

This paper presents 3D numerical analyses for TPJ foundations in dense sands subjected to 369 

torsional loading. A modified Mohr-Coulomb model was employed that captures the key shearing 370 

characteristics of dense sands under drained conditions, linking the evolution of shearing 371 
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resistance and dilation angles with strains and the variation of initial soil stiffness with mean 372 

effective stress. The FEM analyses were verified against centrifuge tests reported in the literature 373 

and a comprehensive parametric study was undertaken to investigate the effects of pile diameter, 374 

sand’s relative density and potential coupling effects with lateral loading. The following findings can 375 

be drawn: 376 

• Torque imposed at the head of TPJ foundation simultaneously triggers torsional force and 377 

horizontal force at the heads of corner piles. The contributions by these two soil reaction 378 

components are likely affected by sand density, pile spacing and diameter.  379 

• The derived local torsional shear resistances at shallow depths develop rapidly at small twist 380 

angles, followed by slightly softening trends before approaching stable ultimate values. In 381 

contrast, at greater depths the torsional resistances keep increasing at large rotation angles 382 

and no obvious ultimate is observed.  383 

• Results from the parametric studies show that TPJ foundation’s torsional capacity and local 384 

shear resistances at the corner piles are affected significantly by sand’s density. Increasing pile 385 

diameter while keeping pile spacing leads to modest increase in torsional capacity. Higher pile 386 

spacing-to-diameter ratios mitigate the influence of torsional loads, as the applied torque is 387 

largely reacted by horizontal forces developed in the corner piles.   388 

• A pressure-dependent pile shaft torsional load transfer model is proposed that caters for the 389 

effects of pile-sand relative stiffness and sand’s relative density. The model can be employed 390 

to predict TPJ’s response under torsional loading and inform its practical design.  391 

The current numerical study has capitalised on published centrifuge testing results. However, it is 392 

noted that the model calibration and verification were still constrained by the lack of high-quality 393 
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large-scale testing on TPJ foundations under torsion. Further investigation is needed to cover wider 394 

ranges of soil conditions and build in more advanced features in the model, including rate effects.  395 
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NOTATIONS 

𝐴𝜓   = Slope of (𝜑𝑝
′ − 𝜑𝑐

′) versus 𝐼𝑅 

𝑐′   = Coefficient 

𝐷   = Pile outer diameter 

𝐷𝑅   = Sand’s relative density 

𝐸𝑠   = Young’s modulus 

𝐺0   = Small strain shear modulus of sands 

𝐺𝑝   = Shear modulus of the pile 

𝐻   = Lateral load at TPJ head 

𝐻𝑝   = Horizontal force component at pile head 

𝐼𝑅   = Dilatancy index 

𝐽   = Polar moment of inertia 

𝐾𝑜   = Lateral stress coefficient 

𝑘𝜓   = Slope of (𝜑𝑝
′ − 𝜑𝑐

′) versus 𝜓𝑝  

𝑙   = Length of a pile segment 

𝐿   = Pile length 

𝑚, 𝐶1, 𝐶2 = Soil parameters 

Μ   = Interface friction coefficient 

𝑝0
′    = Initial mean effective stress 

𝑝′   = Mean effective stress 

𝑝𝑎
′    = Atmospheric pressure 

𝑝    = Lateral resistance 

𝑄   = A fitting parameter dominated by sand’s intrinsic properties 

𝑞   = Deviatoric stress 

𝑆𝑥   = Bending moment in x direction 

𝑆    = Pile spacing 

𝑇ℎ   = TPJ head torque 

𝑇𝑝   = Torsional force component at pile head 

𝑡𝑤   = Pile wall thickness 

𝑦𝑥   = Pile lateral displacement in x direction 
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𝑧   = Depths 

 

𝛾′   =  Effective unit weight 

𝛾𝑝   = Plastic shear strain 

∆𝛾𝑝   = Shear strain increment 

𝛾𝑝
𝑝
   = 𝛾𝑝 required to mobilized 𝜑𝑝

′  

𝛾𝑐
𝑝
   = Strain-softening parameter 

𝜀𝑎   = Axial strain 

𝜃ℎ   = TPJ head rotation 

𝜃   = Local twist angle over pile shaft 

𝜇   = Pile-soil interface friction coefficient 

𝑣𝑝   = Poisson’s ratio of pile shaft 

𝜐𝑠   = Poisson’s ratio of sands 

𝜎𝑛    = Normal stress at pile-soil interface 

𝜏𝑚𝑎𝑥   = Limiting stress controlling the slipping behaviour at the interface 

𝜏𝑠   = Mobilised local torsional resistances 

𝜏𝑠,𝑓   = Ultimate local torsional resistances 

𝜑𝑖𝑛
′    = Initial 𝜑′ at the start of plastic deformation 

𝜑𝑝
′    = Peak friction angle 

𝜑𝑐
′    = Critical state friction angle 

𝜓𝑖𝑛
′    = Initial 𝜓′ at the start of plastic deformation 

𝜓𝑝
′    = Peak dilation angle 

𝜓𝑐
′    = Dilation angle at critical states 

Γ, 𝑛   = Fitting parameter in the proposed model 

TPJ   = Tetrapod piled jacket foundation 

OWT  = Offshore wind turbine 

FEM  =  Finite element analysis 

MMC  = Modified Mohr Coulomb 
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torsional force over pile shaft; (c) 𝜏𝑠-𝜃 curves at different depths 

Figure 15 Back-calculated coefficients β for the estimation of ultimate torsional shaft resistance 

Figure 16 Fitting parameters in the proposed 𝜏𝑠-𝜃 model 

Figure 17 Comparison of the local torsional response from the proposed model and the numerical analyses 
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Tables 

 
Table 1 MMC model parameters calibrated against dense sands 

 

Parameter Value Parameter Value 

𝐴𝜓 4.2 Initial-yield friction angle, 𝜑𝑖𝑛
′ (°) 29 

𝑘𝜓 0.47 Critical-state friction angle, 𝜑𝑐
′(°) 33 

𝐶1 0.06 Stiffness parameter, 𝐾 700 

𝐶2 0.04 Stiffness parameter, 𝜆 0.55 

𝑚 0.25 Poisson’s ratio, 𝑣𝑠 0.3 

Unit Buoyant weight, 𝛾′ (kN/m3) 9.36 Cohesion*, 𝑐′ (kN/m2) 0.1 

* Cohesion, as a mandatory input parameter in Abaqus, is assumed to be a very small value (0.1 kN/m2) 
for cohesionless dense sand in this study 

 
 
 

Table 2 Dimensions of aluminum alloy pipes used in the centrifugal TPJ model (Zhu et al. 2019) 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Jacket Component M1 M2 M3 M4 

Numerical 

Model 

Outer diameter [m] 4.8 1.2 1.6 0.8 

Number × Length [m] 1 × 7 4 × 9 4 × 17.3 8 × 13.6 
8 × 16 

Axial Stiffness [MN] 215000 60960 51120 7850 

Centrifuge 

model 

Outer diameter × Wall 

thickness [m × m] 

0.048 × 

0.0025 

0.012 × 0.02 

× 0.002 

0.016 × 

0.0015 
0.008 × 0.0005 

Number × Length [m] 1 × 0.07 4 × 0.09 4 × 0.173 
8 × 0.136 

8 × 0.16 

Axial Stiffness [MN] 24.6 6.06 4.71 0.81 
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Figuresss 

 

Figure 1. Environmental loading on TPJ foundations supporting offshore wind turbines
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Figure 2 Stress ratio and volumetric strain trends for dense Leighton Buzzard sand 

from triaxial testing (Yang et al., 2016) against predictions by the conventional and 

modified Mohr Coulomb models   

 

 



 

33 
 

  

Figure 3 Layout and mesh for the numerical model of TPJ foundation
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Figure 4. A flow chart for implementing MCC model in FE analysis 
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Figure 5 Verification of the established numerical model against the centrifuge tests 

by Kong and Zhang (2007)  

 

 

 

 

 

    

 

Figure 6 Top view of the four corner piles under torque and the force diagram of a 

representative pile shaft element  
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Figure 7 Torsional loads against head rotation of TPJ foundation 
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Figure 8 Profiles of torque and bending moment over the shaft of Pile No.4 when TPJ 

head is under various rotation angles 
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Figure 9 Profiles of local twist angle and lateral x-displacement for Pile No.4 when 

TPJ head is under various rotation angles  

 

 



 

38 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)             (b) 

Figure 10 Evolution of local lateral displacement of four corner piles during continuous torsional 

loading at TPJ head: (a) z = 0.0 m; (b) z = 9.9 m 
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Figure 11 Derived 𝜏𝑠-𝜃 curves at different depths 
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Figure 12 Parametric studies on the L/D ratios; (a) Torque-rotation curves; (b) profile of rotation 

over pile shaft; (c) derived 𝜏𝑠-𝜃 curves 
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Figure 13 Parametric study on the effect of lateral loads 
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(c)  

Figure 14 Parametric studies on sand relative density 𝐷𝑅: (a) Torque-twist angle curves; (b) Profile 

of torsional force over pile shaft; (c) 𝜏𝑠-𝜃 curves at different depths 
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Figure 15 Back-calculated coefficients β for the estimation of ultimate torsional shaft resistance 
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Figure 16 Fitting parameters in the proposed 𝜏𝑠-𝜃 model 
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Figure 17 Comparison of the local torsional response from the proposed model and the 

numerical analyses 

 


