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Abstract 32 

Upscaled screw piles have been proposed as anchors for offshore floating wind applications, but this upscaling can result 33 

in a significant increase in vertical installation forces. Previous studies have shown that the use of over-flighting techniques 34 

during installation (installation advancement ratio, AR < 1.0) can reduce or eliminate these forces and improve the capacity 35 

and stiffness of screw piles under monotonic tensile loading conditions. However, the impact of over-flighting installation 36 

on the cyclic response of screw piles has not received adequate attention. To address this, a series of drained cyclic uplift 37 

tests in a geotechnical centrifuge were conducted. The tests involved different AR values during installation and varying 38 

one-way cyclic tensile loading amplitudes. The results revealed that reducing the installation AR can significantly decrease 39 

displacement accumulation and improve cyclic loading stiffness, resulting in a more stable cyclic response. The cyclic 40 

axial loading stiffness tends to stabilize or slightly decrease with cycling for stable cases, whilst unstable and meta-stable 41 
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cases exhibit an initial reduction of loading stiffness followed by a stabilization or slow recovery. The post-cyclic 42 

monotonic uplift tests also show that capacity degradation was predominately due to the displacement accumulation itself 43 

rather than any additional cyclic effects. The cyclic stability of the screw pile investigated was found to be comparable 44 

with straight-shafted and screw piles from previous studies and beneficial installation effects were maintained under cyclic 45 

loading. A predictive framework for displacement accumulation and capacity degradation is also presented and developed 46 

within this paper. 47 

Author keywords: screw pile; helical anchor; cyclic loading; installation effect 48 

Introduction 49 

Screw piles (also referred as to helical piles) consist of one or several helices connected to a central straight shaft or core 50 

(Perko 2009) and are typically installed by applying torque and vertical (crowd) force simultaneously at the pile head. 51 

Screw piles have been widely used onshore (Cerato and Victor 2014; Lutenegger 2011; Schiavon et al. 2019b) and have 52 

been suggested as an innovative solution for foundations/anchors for offshore wind turbines (Cerfontaine et al. 2023b; 53 

Davidson et al. 2022; Spagnoli and Tsuha 2020). Compared to driven straight shafted piles, screw piles have three main 54 

advantages. Firstly, the bearing mechanism formed due to the helix potentially leads to improved tensile/compressive 55 

capacity compared to straight shaft piles with the same shaft diameters (Cerfontaine et al. 2021b). Secondly, the rotational 56 

installation is more environmentally friendly as it can reduce noise and vibration which is considered potentially 57 

detrimental to marine animals (Herbert-Read et al. 2017). Finally, screw piles have the potential to be decommissioned by 58 

reverse rotation (Ding et al. 2019). 59 

Based on rotation speed and vertical penetration rates, the installation of screw piles can be described using the term 60 

advancement ratio (AR) (Sharif et al. 2021a), which is defined as the ratio of the vertical penetration per rotation to the 61 

helix pitch: 62 

𝐴𝑅 =
∆𝑧

𝑝ℎ

 1 

where ∆𝑧 is the vertical displacement per rotation and 𝑝ℎ is the pitch of the helical plate i.e. the vertical distance between 63 

the top and the bottom of a single helix (see Figure 1). Current standards e.g. BS8004 (British Standards Institution 2015) 64 

recommend that, for optimized in-service performance, a pitch-matched installation (AR=1) should be employed with a 65 
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tolerance of ±0.15 to minimize the ‘disturbance’ of the in-situ soil as ‘disturbance’ is typically considered to be detrimental 66 

to pile performance. 67 

To enable offshore application for wind energy, screw piles need to be upscaled over and above the sizes typically used 68 

onshore. Davidson et al. (2022) suggested that the typical helix diameter ranging from 150 to 600 mm onshore (Perko 2009) 69 

may need to increase to over 3 m for offshore use to replace single driven piles in fixed wind turbine jacket structures. This 70 

upscaling, however, may lead to prohibitively high vertical installation force of up to tens of MN, if pitch-matched 71 

installation is used. Fortunately, recent studies in sand have shown that over-flighting (AR < 1.0) during installation has 72 

the potential to reduce the required vertical installation force and, contrary to the published guidance, may improve the in-73 

service tensile response, although probably at the expense of compressive performance (Cerfontaine et al. 2022; 74 

Cerfontaine et al. 2021a; Sharif et al. 2021a). This phenomenon makes over-flighted screw piles attractive for use as 75 

anchors in sand for floating wind where tensile loads predominate. However, the improved tensile capacity due to over-76 

flighted installation has only been observed in sand to date and further verification for other soil conditions e.g. clay is 77 

required (Ullah et al. 2023). 78 

Figure 1 illustrates how the state of the soil around the screw pile changes during pitch-matched and over-flighted 79 

installation in sand. The pitch-match installation (Figure 1a) theoretically causes least displacements of soil particles around 80 

the pile, but previous studies using DEM (Cerfontaine et al. 2021a; Sharif et al. 2021a) and experiments with image-based 81 

technologies (such as Schiavon (2016) who 3D scanned the soil bed after the installation of a screw pile) have shown that 82 

soil within a radial distance of two helix diameters (𝐷ℎ) from the pile is significantly loosened when the helix penetrates 83 

through it. This loosening results in a reduction of relative density (𝐷𝑟) and average effective stress (𝜎𝑝′) of the soil above 84 

the helix. In addition, Figure 1(a) shows that, similar to pushing in a straight-shafted pile, a zone with increased 𝐷𝑟  and 𝜎𝑝′ 85 

is generated below the helix and pile tip (Zhang and Wang 2015). In contrast, as shown in Figure 1(b), by over-flighting 86 

(same pile head penetration rate but greater rotation rate), similar to a screw conveyor or Archimedes screw, the helix picks 87 

up particles and displaces them upward. This installation approach does ‘disturb’ or displace the surrounding soil more but 88 

leads to densification and stress increase of the soil above the helix (Cerfontaine et al. 2023a; Sharif et al. 2021a). This 89 

process can partially recover the degradation of soil due to the helix penetration and may even improve the soil above the 90 

helix compared to the virgin conditions before pile installation. However, upward soil movement through the helix due to 91 

over-flighting installation can reduce 𝐷𝑟  and 𝜎𝑝′ of the zone below the helix. From a mechanical point of view, it is the 92 

increase of stress in the soil above the helix combined with the decrease of the stress in the soil below the helix that results 93 

in a reduction of compressive resistance during installation. Therefore, less installation vertical force is required for over-94 
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flighting installation than pitch-matched installation. In terms of in-service tensile performance, both the shaft and helix 95 

component can be improved by over-flighting. For the helix response, the greater tendency of dilation associated with 96 

increased relative density, 𝐷𝑟  leads to a wider failure mechanism at the soil surface (Sharif et al. 2021a) and the increased 97 

normal stress on the failure surface enhances the unit friction resistance (Cerfontaine et al. 2019). Furthermore, the 98 

increased 𝐷𝑟  along with the enhanced radial stress around pile shaft can improve the shaft response. However, the effects 99 

of installation AR have not been considered in any design methods to date. 100 

Offshore foundations/anchors also need to be able to perform under cyclic loading from wind, waves and loads induced by 101 

the operation of the specific structural application. Therefore, any cyclic loading induced displacement accumulation and 102 

capacity evolution is a concern for design and application in offshore renewable energy anchoring applications. Cyclic 103 

tensile response of (straight shafted) driven piles for offshore wind has been widely reported and it has been suggested that 104 

the pile response to cyclic loading depends on multiple factors e.g. loading scenarios (cycle number N, loading amplitude 105 

𝑄𝑐𝑦𝑐  and mean loading 𝑄𝑚𝑒𝑎𝑛) (Puech and Garnier 2017). For straight-shafted piles, there are many studies that have 106 

revealed that high amplitude axial force cycles can cause considerable reduction of capacity and loading stiffness at the 107 

pile shaft-soil interface, as well as permanent pile displacement, due to the pile shaft-soil interface contraction with 108 

increasing cycle numbers. As well as the magnitude of cyclic loading, the cyclic behavior has also been shown to be 109 

affected by pile geometry and ground conditions (Mortara et al. 2007; Rimoy et al. 2022). For example, pile shaft - sand 110 

interface element tests undertaken by Mortara et al. (2004) showed that higher initial normal stress led to lower shaft 111 

capacity degradation rates. Poulos (1989) and Puech and Garnier (2017) suggested that displacement piles, where enhanced 112 

stresses is created as a result of the mode of installation, are more stable than non-displacement piles in sand. These 113 

observations on straight-shafted piles imply that the enhanced radial stress around the shaft of a screw pile due to over-114 

flighting (Sharif et al. 2021a) may also improve the cyclic stability. The cyclic end bearing performance of a solid pile in 115 

compression could be assumed as an analogue to some elements of the helix behavior. For example, for closed ended 116 

straight shafted piles the end resistance tends to reduce with fixed-amplitude displacement cycles due to a gap created 117 

between the pile end and soil below (Galvis-Castro et al. 2023; Le Kouby et al. 2004). Whilst in force-controlled regimes 118 

it has been found that the end bearing resistance component tends to increase due to a reduction in the shaft resistance as 119 

mentioned above to achieve a constant target total force (Le Kouby et al. 2004), although cyclic performance is likely to 120 

be dominated by the pile shaft as would be expected based upon the differences in stiffness and mobilization behavior 121 

between shaft and end bearing (or helix in this case) (Fleming et al. 2009). In terms of a screw pile this may suggest that 122 

under cyclic force loading regimes there will be load transition from the shaft to the helix. 123 
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In contrast to straight-shafted piles, only a limited number of studies have evaluated cyclic performance of screw piles. For 124 

example, Newgard et al. (2015) performed 1g experiments on model single-helix screw piles (helix diameter 𝐷ℎ > 152 mm) 125 

at shallow installation depths (𝐻/𝐷ℎ = 3.0 to 5.5, where 𝐻 is helix embedment depth ranging from 460 mm to 840 mm) in 126 

saturated medium dense sand. Schiavon et al. (2019a) undertook centrifuge tests on single helix screw piles installed in 127 

very dense sand (𝐷𝑟 ≈ 99%) at a greater depth (𝐻/𝐷ℎ  = 7.4, 𝐷ℎ =330 mm and 𝐻 = 2440 mm at prototype scale). Both 128 

studies concluded that higher cyclic amplitudes 𝑄𝑐𝑦𝑐 lead to greater displacement accumulation rates. Hao et al. (2022) 129 

undertook 1g experiments on small model single-helix screw piles (𝐷ℎ = 50 mm) deeply embedded (𝐻/𝐷ℎ = 12). They 130 

suggested significant increase of axial loading stiffness for the first or first tens of cycles if the accumulated pile uplift 131 

displacement (𝑑𝑧𝑎) did not exceed 0.1𝐷ℎ within 100 cycles. In addition, they showed that the post-cyclic tensile capacity 132 

𝑄𝑡_𝑝𝑜𝑠𝑡𝑐𝑦𝑐  fluctuated between 85% and 110% of pre-cyclic tensile capacity 𝑄𝑡  as long as 𝑑𝑧𝑎  remained lower than 133 

approximately 0.12 𝐷ℎ . However, with further displacement accumulation, 𝑄𝑡_𝑝𝑜𝑠𝑡𝑐𝑦𝑐  tended to decrease. Similar 134 

observations regarding loading stiffness and post-cyclic capacity were also made by Schiavon et al. (2019a). These studies 135 

focused on smaller onshore piles and only pitch matched installation (or did not address the control of installation) was 136 

investigated. 137 

The effects of advancement ratio on cyclic performance have also received some limited attention. Wang et al. (2021) 138 

numerically investigated cyclic performance of a screw pile installed in sand (𝐷𝑟  = 52%) at varying AR using discrete 139 

element modelling (DEM). The results suggested that installing screw piles at lower AR values (0.5 and 0.25) can reduce 140 

displacement accumulation caused by one-way cyclic tensile loading compared to pitch-matched installation (AR = 1.0). 141 

Wang et al. (2023b) conducted limited centrifuge experiments to validate the reduction in cyclic displacement accumulation 142 

due to over-flighting. In these experiments, the piles were subjected to 𝑄𝑐𝑦𝑐 = 𝑄𝑚𝑒𝑎𝑛  = 28.6% of tensile capacity 𝑄𝑡 at AR 143 

= 1.0. The pile installed at AR = 1.0 only required 8 cycles to reach an accumulated displacement of 𝑑𝑧𝑎 = 0.1𝐷ℎ, while 144 

the pile installed at AR = 0.25 required 900 cycles to reach the same displacement. 145 

As Wang et al. (2023b) only investigated a certain absolute magnitude of cyclic loading when varying AR it remains 146 

unclear if the observed improvement in cyclic response was only related to the improved tensile capacity or over-flighting 147 

affects the resulting mechanisms under cyclic loading. Therefore, additional studies are required to address the dearth of 148 

information with respect to screw pile cyclic performance and installation effects and to demonstrate this piling technology 149 

and how it can be optimized for field deployment. To give more confidence in the beneficial effects of over-flighting on 150 

cyclic and post-cyclic performance, a series of drained centrifuge tests were used to study the cyclic response of a single-151 

helix screw pile, which was installed at AR varying from 0.25 to 1.0 in dry medium-dense sand. The overall cyclic response 152 
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was investigated in terms of accumulated uplift displacement, loading stiffness, and post-cyclic capacity. Cyclic stability 153 

is also discussed with respect to the performance of straight shafted piles and smaller diameter screw piles typically used 154 

in onshore practice. Initial prediction frameworks for accumulated displacement and capacity loss induced by cyclic 155 

loading are proposed as part of this study. 156 

Methodology 157 

Centrifuge Setup 158 

Pile testing was conducted in a strong box filled with dry sand on the University of Dundee’s 3m radius geotechnical beam 159 

centrifuge. The aim of this study was to model drained behavior of piles in high permeability soil (i.e., no excess pore 160 

pressure development around the pile during installation or loading). Therefore, these experiments were conducted in dry 161 

sand. Effective stress at 80g conditions in saturated sand was simulated by operating the centrifuge at 50g in dry sand, so 162 

the dimensional scaling factor in this study was set at 80 (Davidson et al. 2022; Li et al. 2010). This approach is explained 163 

in more detail as per Li et al. (2010) where in saturated sand, the effective vertical stress of soil is expressed as: 164 

𝜎𝑣
′ = 𝜌′𝑔𝑠𝑎𝑡𝑧 2 

where 𝑔𝑠𝑎𝑡  is the acceleration in a centrifuge test in saturated sand e.g. 𝑔𝑠𝑎𝑡  = 80g; 𝜌′ is the buoyant density of the saturated 165 

sand (1013 kg/m3) and 𝑧 is the depth of the soil in an 1/80 scale model. To achieve the equivalent soil conditions, the 166 

vertical stress of dry sand expressed in Eq. 2 should be equal to the effective vertical stress of saturated sand in Eq. 3: 167 

𝜎𝑣
′ = 𝜌𝑑𝑔𝑑𝑧 3 

where 𝑔𝑑 is the acceleration to be imposed in a centrifuge test on dry sand; 𝜌𝑑= the dry density of the sand (1631 kg/m3), 168 

and z = the depth of soil in scale model. Thus, the 𝑔𝑑 value is 50g, obtained by equation 3: 169 

𝑔𝑑 =
𝜌′

𝜌𝑑

. 𝑔𝑠𝑎𝑡 = 50𝑔 4 

This approach was further validated and adopted by Klinkvort and Hededal (2013) who undertook centrifuge testing of 170 

monopiles in both dry and saturated soil beds and report virtually no difference between the two approaches to testing. 171 
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Since the installation effect is the focus of this study, ensuring the correct post-installation stress field is a major concern 172 

for correct modelling. Previous centrifuge studies considered wished-in-place (WIP) piles (Hao et al. 2019) where 173 

installation effects were not accounted for. Installation of piles at 1g and then loading the pile in-flight in the centrifuge 174 

has also been adopted e.g. Rafsanjani et al. (2021), but this leads to a significantly “softer” in-service loading response and 175 

reduced capacity (Al-Baghdadi 2018; Ko et al. 1984) as insertion occurs under very different stress conditions. To create 176 

a realistic post-installation stress field and maintain this during load testing, installation and loading were undertaken in 177 

one continuous centrifuge operation (inflight) using a purpose built two axis actuator controlled by two servo-motors which 178 

precisely control the rotational and vertical displacement of the model piles. During installation and loading events both 179 

forces and torques were continuously measured by a combined axial force – torque load cell (F310-Z, Novatech 180 

Measurements Ltd.) rigidly connected to the pile head. The load cell was capable of measuring torque to ±30 Nm and axial 181 

force to ±20 N. More details of the actuator can be found elsewhere (Davidson et al. 2018; Wang et al. 2023b). 182 

Soil Bed Preparation 183 

Medium-dense soil beds (𝐷𝑟  ≈  50%, 434 mm deep) were created by dry pluviation of HST95 sand (Lauder 2010) in a 500 184 

mm × 800 mm × 550 mm strong box used for the tests. HST95 sand is a fine-grained quartz sand that has been extensively 185 

used and characterized at the University of Dundee for laboratory testing. Properties of HST95 sand are given in  Table 1. 186 

The soil beds were created by dry pluviation using a slot pluviator (Ueno 1998). The pluviator was automated and designed 187 

to move back and forth at a constant speed on rails with the pluviator set 1.5 m above the bottom of the strong box and 1.1 188 

m above the final soil surface. The slot width of 4.5 mm and pluviator sweeping speed of 160 mm/s were adopted to achieve 189 

the target 𝐷𝑟  = 50% based upon previous calibration studies. The soil density was checked by means of density pots 190 

installed during pluviation and recovered after testing for verification. The sand was pluviated to slightly above the target 191 

height, and then the sand surface was carefully levelled near surface only. 192 

Pile Model 193 

The steel screw pile used comprised of a solid core with 11 mm diameter (𝐷𝑠), a 21.25 mm diameter helical plate (𝐷ℎ) and 194 

7 mm helix pitch (𝑝ℎ) (model scale) (Figure 2). The solid pile core (shaft) was adopted to avoid structural failure and to 195 

simulate an assumed worst-case scenario of the pile plugging during installation. The helix plate thickness was set at 1.4 196 

mm as a compromise between true scaling and structural integrity. This pile geometry has been widely used as a benchmark 197 

for AR effects studies at the University of Dundee (Cerfontaine et al. 2023a; Cerfontaine et al. 2021a; Davidson et al. 2022; 198 

Sharif et al. 2021a; Sharif et al. 2021b). Using a single helix pile minimizes torque requirements for installation and enables 199 
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a preliminary understanding of AR effects on cyclic performance to be obtained without potentially complicated interaction 200 

between helices occurring during installation and loading tests (Wang et al. 2023a). The pile installation depth was L = 160 201 

mm, resulting in helix embedment depth of H = 7.4𝐷ℎ which corresponded a shallow mechanism in uplift but was close to 202 

the transition from a shallow to a deep failure mechanism (Cerfontaine et al. 2019). 203 

The ratio of pile shaft diameter to mean sand particle diameter 𝐷𝑠/𝑑50 was 57, which is larger than recommendation of 44 204 

for straight-shafted piles (Garnier et al. 2007). The ratio of effective helix width ((𝐷ℎ - 𝐷𝑠) / 2) to 𝑑50 was 36, which is also 205 

higher than recommendation of 16 for screw piles (Rafsanjani et al. 2021; Schiavon et al. 2016). 206 

Two tests were conducted in each box. After the first test, the centrifuge was spun down followed by the pile removal at a 207 

constant velocity of 50 mm/min (at 1g). Then the actuator was repositioned manually, before centrifuge spin up for the 208 

second test. The shortest distance from the pile to the box boundary was 250 mm (11.8𝐷ℎ) and the distance between the 209 

two installation positions was 300 mm (14.1𝐷ℎ), which were chosen to avoid boundary or pile interaction effects (Bolton 210 

et al. 1999). 211 

Pile Installation 212 

After spinning up to 50g, the force and torque values induced by the pile self-weight were set to zero (Figure 3a and b). 213 

This was then followed by pile installation at a constant rotation rate (3 revs/min) and a constant vertical velocity was 214 

chosen to impose the desired AR. Once the pile helix reached the target depth, the vertical and rotational movements were 215 

stopped simultaneously. Then the applied torque was released, which in turn modified the vertical force measured at the 216 

end of the installation. Rotation of the pile was then fixed again, and subsequent loading tests were conducted. 217 

The pile was installed at AR=1.0, 0.5 and 0.25 to cover a broad range of AR and cover the critical AR and pitch matched 218 

situation. AR = 1.0 corresponded to conventional pitch-matched installation. Assuming the soil is incompressible and based 219 

upon the condition where the pile shaft (core) penetration volume is equal to soil volume displaced upwards by the helix 220 

(Viggiani 1989), Cerfontaine et al. (2023a) proposed a critical AR value (ARcr, Eq. 5) : 221 

𝐴𝑅𝑐𝑟 = [1 − (
𝐷𝑠

𝐷ℎ

)
2

] (1 −
𝑡ℎ

𝑝ℎ

) 5 

The ARcr calculated for the pile in this study is 0.64 which suggests that at an AR = 0.5 the pile would be able to create 222 

tensile forces during installation and will be able to effectively pull itself into the ground creating minimal crowd force 223 

requirements. 224 



9 

 

Loading Tests 225 

To determine the original monotonic tensile capacity of the pile before subjecting it to cyclic loading 𝑄𝑡, monotonic tests 226 

were conducted on the pile installed at varying AR values, where the pile was monotonically uplifted to a maximum 227 

displacement of 40%𝐷ℎ (8.5mm) at a constant velocity of 1 mm/s (Figure 3a). 228 

To apply the vertical tensile cyclic loading to the screw pile (Figure 3b), a proportional-integral-derivative (PID) controller 229 

was used. More details of the PID system can be found elsewhere (Wang et al. 2023b). For the pile loaded cyclically 230 

(Figure 4), the applied cyclic loading in this study was force controlled and followed a sinusoidal wave form with a period 231 

of 10s. As the target application is offshore floating wind applications, only tensile one-way loading regimes were 232 

investigated. For simplification, the amplitudes 𝑄𝑐𝑦𝑐  of all loading regimes studied were equivalent to the mean value of 233 

loading 𝑄𝑚𝑒𝑎𝑛hence minimum loading 𝑄𝑚𝑖𝑛 = 0 (Figure 4). After the cyclic loading phase, a monotonic pullout test, to 234 

determine the post-cyclic capacity 𝑄𝑡_𝑝𝑜𝑠𝑡𝑐𝑦𝑐, was performed using the same procedure used to determine 𝑄𝑡 as illustrated 235 

in Figure 3b. 236 

Cyclic Stability Criteria and Testing Program 237 

Jardine and Standing (2012) summarized the ICP (Imperial College Pile) field tests on straight shafted piles and 238 

characterized the overall cyclic response of piles using cyclic interaction diagrams (also referred to as cyclic stability 239 

diagrams). Similar to Jardine and Standing (2012) and Schiavon (2016), the current study defines the three modes of overall 240 

cyclic response as: 241 

I) Unstable (US): pile head accumulated displacement 𝑑𝑧𝑎  (see Figure 5) increases rapidly and reaches an 242 

ultimate displacement of 10%𝐷ℎ within 100 cycles. 243 

II) Stable (S): pile sustained at least 1000 cycles, displaced by less than ultimate displacement of 10%𝐷ℎ at rates 244 

no more than ∆𝑑𝑧𝑎 = 0.003%𝐷ℎ (see Figure 5), without noticeable loss in tensile capacity. 245 

III) Meta-stable (MS): pile head displacement accumulates to 10%𝐷ℎ in 100 to 1000 cycles at rates no more than 246 

∆𝑑𝑧𝑎 = 0.03%𝐷ℎ. 247 

Table 2 summarizes loading regimes and main results of all the cases studied. In the pile identification nomenclature, letter 248 

‘C’ and ‘M’ indicate monotonic and cyclic loading tests respectively, followed by value of installation AR and where 249 

relevant the loading amplitude in MN at prototype scale if it was a cyclic test. Three AR values were investigated, and a 250 

single monotonic test was conducted at each AR value to determine the monotonic (M) tensile response (M1.0, M0.5 and 251 

M0.25). Cyclic (C) tests C1.0-1.6, C0.5-1.6 and C0.25-1.6 had an equal absolute loading amplitude 𝑄𝑐𝑦𝑐  of 1.6 MN (21.2% 252 
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to 28.6% normalized by monotonic capacity 𝑄𝑡 ), which was adopted based upon previous centrifuge tests and DEM 253 

simulations (Wang et al. 2021; Wang et al. 2023b) as it led to unstable behavior of screw piles installed at AR = 1.0 and 254 

meta-stable behavior of AR = 0.5 and 0.25, for the specific pile geometry and ground conditions studied. Since the variation 255 

of AR creates different monotonic capacity, C0.5-1.92 and C0.25-2.17 had loading amplitudes of 1.92 MN and 2.17 MN, 256 

respectively, to match the equal normalized loading amplitude of 𝑄𝑐𝑦𝑐  = 28.6%𝑄𝑡 adopted in the pitch-matched case C1.0-257 

1.6. Tests C1.0-0.77, C0.5-0.88, C025-1.03 and C1.0-0.39 with lower 𝑄𝑐𝑦𝑐 = 13.5%𝑄𝑡, were designed to observe stable 258 

behavior. As C1.0-1.6 exhibited an unstable behavior, a pitch-matched case with even lower 𝑄𝑐𝑦𝑐  = 6.7%𝑄𝑡 (C1.0-0.39) 259 

was added. As suggested by Zheng et al. (2019) the larger 𝑄𝑐𝑦𝑐 (20% ~ 30%𝑄𝑡) tends to represent design storm conditions, 260 

whilst the lower 𝑄𝑐𝑦𝑐  (6.7%~13.5%𝑄𝑡) would correspond to normal wave conditions for a straight shafted pile. Except for 261 

test C1.0-0.77, in which the pile was pulled out as the pile capacity dropped to below the applied loading and head 262 

accumulated displacement 𝑑𝑧𝑎 reached 0.4𝐷ℎ at the end of cycling, the remaining cases were stopped once 𝑑𝑧𝑎 reached 263 

the ultimate value of 0.1𝐷ℎ or the cycle number N reached 1000. 264 

Results and Discussion 265 

Installation and Monotonic Uplift Tests 266 

Figure 6(a) shows a noticeable reduction in vertical installation force required as AR decreases. By reducing AR from 1.0 267 

to 0.25, the input vertical force at the end of the installation decreased from 8.3 MN to – 2.9 MN, indicating that the pile 268 

was in tension and that the motor did not push the pile down but instead needed to resist the downward pull-in force from 269 

the pile to maintain the installation velocity. Whilst for AR = 0. 5 the nearly net zero force throughout installation suggests 270 

that the pile was neither in tension nor compression. This is close to a condition where the pile is rotating itself into ground 271 

with torque input under its own self-weight where this value is close to the critical value predicted by Eq. 5. 272 

In terms of magnitude, installation torque (Figure 6b) varied less with AR but the over-flighting had an impact on the shape 273 

of the of torque-installation depth relationship. For the pitch-matched case (AR = 1.0), torque linearly increased with depth. 274 

However, reducing AR resulted in non-linear relationship between torque and depth, leading to lower torque at shallow 275 

depth and higher torque at greater depth. 276 

Figure 7(a) shows the monotonic uplift response with varying AR. It indicates that the tensile capacity 𝑄𝑡, which is defined 277 

as the maximum or peak resistance, increased with reducing AR. The tensile capacity 𝑄𝑡 was 5.66 MN, 6.79 MN and 7.58 278 

MN for AR = 1.0, 0.5 and 0.25, respectively. In addition, the initial stiffness increases significantly with reducing AR. For 279 

AR = 1.0, the tensile resistance increased gradually and reached the maximum at the displacement of 0.15𝐷ℎ. Whilst for 280 
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AR = 0.5 and 0.25, the tensile resistance reached the maximum almost immediately as the pile was subjected to the 281 

monotonic tensile and the resistance was maintained up to a displacement of 0.1𝐷ℎ, after which the resistance started to 282 

reduce significantly. Similar observations on installation requirements and monotonic tensile response have been made by 283 

others (Cerfontaine et al. 2022; Cerfontaine et al. 2023a; Sharif et al. 2021a; Sharif et al. 2021b; Wang et al. 2023a; Wang 284 

et al. 2023b).  285 

Cyclic Displacement Accumulation 286 

Figure 8 presents the accumulated displacement response with cycles. Figure 8(a) compares the response of the pile 287 

subjected to an equal absolute loading (𝑄𝑐𝑦𝑐  = 1.6 MN, 21.2% to 28.6%𝑄𝑇  for AR = 0.25 to 1.0, respectively), showing 288 

that the pitch-matched pile reached ultimate displacement within 10 cycles exhibiting an unstable behavior (US), whereas 289 

the pile installed at AR = 0.5 (lasting 500 cycles) and 0.25 (lasting 900 cycles) exhibited better meta-stable (MS) 290 

performances. However, this improvement is at least partially attributed to the enhanced tensile capacity due to over-291 

flighting because the applied cyclic normalized loading amplitude reduces with over-flighting (reducing AR). By 292 

comparing the displacement response of the pile subject to the same normalized loading (𝑄𝑐𝑦𝑐  = 28.6%𝑄𝑇 , 1.6 MN to 2.17 293 

MN for AR = 1.0 to 0.25, see Figure 8b), it is suggested that the displacement accumulation of AR = 0.5 and 0.25 was still 294 

significantly smaller than that of AR = 1.0, reaching the ultimate displacement after 88 cycles (US) and 400 cycles (MS), 295 

respectively. Thus, some caution is required with screw piles when normalizing cyclic behavior as the ultimate resistance 296 

changes depending on the installation approach used. 297 

Figure 8(c) indicates that, when the applied loading amplitude was reduced to 𝑄𝑐𝑦𝑐  = 13.5%𝑄𝑇 , the pitch-matched pile still 298 

accumulated displacement quickly and could not last for more than 60 cycles. However, in contrast, reducing AR to 0.5 299 

and 0.25 can significantly improve the behavior since only minimal displacement (<0.01𝐷ℎ) was accumulated after 1000 300 

cycles, exhibiting stable behavior (S). Further reducing 𝑄𝑐𝑦𝑐  to 6.7%𝑄𝑇  resulted in stable behavior for AR = 1.0. 301 

As per Newgard et al. (2015) and Buckley et al. (2023), a power law is employed to fit the displacement accumulation with 302 

cycle numbers as per Eq. 6: 303 

𝑑𝑧𝑎/𝐷ℎ = 𝛼𝑁0.8 6 

𝛼 = 𝑚𝑎𝑥[0, (𝛽 + 0.1 × 𝑄𝑐𝑦𝑐/𝑄𝑡)/ 𝜂] 7 

𝛽 = −0.014 + 0.0013 × (𝐴𝑅/𝐴𝑅𝑐𝑟)3.9 8 
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𝜂 = 0.42 + 45 × 0.07(𝐴𝑅/𝐴𝑅𝑐𝑟) 9 

where 𝑑𝑧𝑎/𝐷ℎ  is the normalized accumulated displacement, 𝑁  cycle number, 𝛼 the power law coefficient, which is a 304 

function of 𝑄𝑐𝑦𝑐  and 𝐴𝑅/𝐴𝑅𝑐𝑟, 𝛽 and 𝜂 are fitting parameters related to 𝐴𝑅/𝐴𝑅𝑐𝑟, and 𝐴𝑅𝑐𝑟 the ‘critical’ AR calculated 305 

using Eq. 5. The value of 𝛽 adjusts the threshold at which displacement will not be accumulated if 𝑄𝑐𝑦𝑐/𝑄𝑡  is less than this 306 

value. The predicted displacements are shown as dashed lines in Figure 8. It shows a globally good fit although a single 307 

case (C0.5-1.6) exhibits a considerable overestimation. 308 

Figure 9 presents the displacement accumulation rate ∆𝑑𝑧𝑎, which is defined in Figure 5. It is interesting to note that for 309 

most of the unstable and metastable cases (Figure 9a and b), evolution of ∆𝑑𝑧𝑎 with N can be characterized by two phases. 310 

In the first phase, ∆𝑑𝑧𝑎  increased with cycling, followed by the second phase where ∆𝑑𝑧𝑎 tended to decrease to relatively 311 

stable values. The reduction of ∆𝑑𝑧𝑎  in the second phase which can last for tens and even a few hundred of cycles is 312 

consistent with observations made by other studies on straight-shafted piles (Jardine and Standing 2000) and onshore or 313 

smaller diameter screw piles (Hao et al. 2022; Schiavon et al. 2017). The increasing ∆𝑑𝑧𝑎 at the beginning of cycling is 314 

similar to an unstable straight-shafted pile prior to failure, indicating a sharp reduction of radial stress on the pile shaft. 315 

When assessing the stable cases (Figure 9c), ∆𝑑𝑧𝑎is limited and relatively stable throughout cycling as per stable straight-316 

shafted piles. 317 

Evolution of Cyclic Stiffness 318 

The experiments also revealed how cyclic axial loading stiffness 𝑘𝑛 (see Figure 5 for definition) evolved with number of 319 

cycles. Inspecting the magnitude of loading stiffness (Figure 10b, d and f), it is shown that 𝑘𝑛 decreases with increase of  320 

𝑄𝑐𝑦𝑐  and lower AR values leads to improved 𝑘𝑛 compared with AR = 1.0. 321 

When assessing the evolution of 𝑘𝑛 with cycling, similar patterns to those of displacement accumulation rate ∆𝑑𝑧𝑎 (Figure 322 

9) are seen. For the stable cases (Figure 10a and b) 𝑘𝑛 shows a trend of stabilization or low-rate reduction. Comparison 323 

with model test for straight-shafted piles shows a similar stabilization or reduction with cycle number for stable tests as for 324 

the screw piles investigated here (Rimoy et al. 2022; Zheng et al. 2019). In terms of the meta-stable and unstable cases 325 

(Figure 10a - f), 𝑘𝑛 tends to decrease at the first tens or even hundreds of cycles and then experiences slow recovery. This 326 

increase, or recovery, of stiffness is not normally observed for straight-shafted piles. In contrast, the testing of small 327 

diameter screw piles by Schiavon et al. (2017) and Hao et al. (2022) (helix/shaft diameter ratios 𝐷ℎ/𝐷𝑠 = 3.3 and 4.0 328 

respectively), showed an initial increase in cyclic stiffness followed by a plateau of constant stiffness. Thus, the general 329 

behavior observed in this study with much larger diameter pile shafts (𝐷ℎ/𝐷𝑠 =1.9) is initially similar to piles relying on 330 
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shaft resistance (stable) followed by a recovery phase for the higher magnitude tests (unstable and metastable). This 331 

difference in apparent behavior from previous screw pile tests is thought to be due to the geometry of the piles coupled 332 

with the cyclic magnitudes. Where the screw piles in this study appear to show some recovery is thought to be associated 333 

with reduction in shaft stiffness with mobilization and a greater contribution or mobilization of the helix as this is associated 334 

with the tests of high cyclic amplitude that are unstable or metastable (e.g. C0.5-1.92). These observations are consistent 335 

with the numerical study of the same pile used herein by Sharif et al. (2021b) who showed that that during a monotonic 336 

uplift test, the shaft behaved much stiffer (greater increase of resistance for a given displacement) than the helix before 337 

displacement 𝑑𝑧/𝐷ℎ reached 0.03. Schiavon et al. (2019b) also showed that, subject to cyclic tension, the proportion of 338 

loading taken by the helix increased from almost zero to around 60% when 𝑄𝑐𝑦𝑐  increased from 10%𝑄𝑡 to 50%𝑄𝑡 for the 339 

pile geometry investigated in their study (𝐷ℎ=305 mm, 𝐷𝑠= 101 mm, and H=15 m). 340 

Idealized pile component response and interpretation of overall pile response  341 

As an analogue to end bearing response in compression, the helix bearing response in tension is also typically softer than 342 

the shaft friction response, although the shaft resistance tends to reach the ultimate value and be fully mobilized at a lower 343 

displacement (Fleming et al. 2009; Schiavon et al. 2019b). Therefore, the shaft component of resistance tends to initially 344 

control the overall cyclic pile response at lower cyclic magnitudes as investigated in this study. 345 

Figure 11(a) idealizes the helix and shaft resistance normalized by total resistance against displacement for single cycles. 346 

For the stable cases associated with small 𝑄𝑐𝑦𝑐/𝑄𝑡, mobilization of both the helix and shaft resistance is limited and limited 347 

permanent displacement is accumulated, i.e. a displacement path similar to OAO. In these cases, the limited mobilization 348 

of shaft resistance (𝑞𝑠/𝑄𝑠, where 𝑄𝑠 is ultimate shaft resistance ) does not induce shaft resistance degradation, as suggested 349 

by Jardine and Standing (2012) who indicated that 𝑞𝑠/𝑄𝑡 less than 50% is unlikely to result in degradation. Therefore, 350 

overall cyclic response exhibits a constant limited displacement accumulation rate ∆𝑑𝑧𝑎  (Figure 9c) and constant or 351 

moderately declining stiffness 𝑘𝑛 (Figure 10a) as per stable straight-shafted piles (Rimoy et al. 2022; Zheng et al. 2019). 352 

When increasing 𝑄𝑐𝑦𝑐/𝑄𝑡, more displacement is required to mobilize both the helix and shaft resistance to achieve the 353 

target maximum total resistance (𝑞𝑠+𝑞ℎ). This may lead to a displacement path of OBC in Figure 11(a), where the shaft 354 

resistance is highly mobilized and a permanent displacement of C is accumulated. In this case the high mobilization of 355 

shaft resistance (𝑞𝑠/𝑄𝑠) is expected to result in significant degradation of shaft loading stiffness and ultimate resistance. 356 

Consequently, an increased permanent displacement is accumulated as per the displacement path CDE. This happens to 357 

meta-stable and unstable cases, where the displacement accumulation rate ∆𝑑𝑧𝑎  increases (Figure 9a and b) with 358 
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corresponding reduction of loading stiffness 𝑘𝑛 (Figure 10c and e) at the beginning of cycling. The significant increase of 359 

∆𝑑𝑧𝑎 and decrease of 𝑘𝑛 is similar to the unstable response of a straight-shafted pile prior to failure (Rimoy et al. 2022). 360 

However, the displacement accumulation can compress soil above the helix exhibiting a tendency of increasing the local 361 

stiffness of helix response as shown in Figure 11(a) where 𝑘2ℎ  > 𝑘1ℎ , in line with observations for small screw piles 362 

(Schiavon et al. 2017). This increase of helix stiffness can contribute to the increase of overall stiffness (Figure 10c and e) 363 

and reduction of displacement accumulation rate Figure 9 after the completion of the shaft resistance degradation at the 364 

beginning of cycling. 365 

Over-flighting can also reduce displacement accumulation as illustrated in Figure 11(b). Because of the improved cyclic 366 

displacement response due to over-flighting and the stiffer response of shaft resistance, it is assumed that over-flighting 367 

contributes an increased proportion of shaft component to the total capacity (𝑄𝑠 /𝑄𝑡) with reduced helix contribution, 368 

although the absolute magnitudes of both the helix and shaft resistance components are expected to be improved as 369 

discussed previously and suggested by (Sharif et al. 2021a). As shown in Figure 11(b), subject to the same total loading, 370 

the improved 𝑄𝑠 /𝑄𝑡  due to over-flighting allows the stiffer shaft to take an increased load proportion resulting in 371 

displacement path being changed from OAB (AR = 1.0) to OA’B’ (AR < 1.0) with reduced displacement accumulation, 372 

along with reduced load contribution from the softer helix. For lower 𝑄𝑐𝑦𝑐, over-flighting can even result in response 373 

modification from unstable (OAB) to stable (OA’B’) as shown in Figure 11(c). This corresponds to the stability changing 374 

from unstable (C1.0-0.77) to stable (C0.5-0.88 and C0.25-1.03) at 𝑄𝑐𝑦𝑐=13.5%𝑄𝑡 due to improved shaft resistance with 375 

reducing AR. 376 

Post-cyclic Monotonic Response 377 

Another consideration of cyclic screw pile behavior is how the pile capacity evolves with cycling. Figure 12 compares the 378 

pre-cyclic and post-cyclic monotonic uplift response. For C1.0-1.6 (Figure 12a), the post-cyclic uplift response appears 379 

slightly stiffer than the pre-cyclic response, which is indicated by the increasing cyclic loading stiffness shown in Figure 380 

10(c or e), although the post-cyclic capacity is lower (by 18%). In contrast, the enhanced stiffness was not observed in the 381 

rest of cases, which is also indicated by loading stiffness in Figure 10. 382 

Figure 13 shows the relative loss in capacity (ratio of tensile capacity loss Δ𝑄𝑡  = 𝑄𝑡_𝑝𝑜𝑠𝑡𝑐𝑦𝑐 − 𝑄𝑡 to pre-cyclic capacity 𝑄𝑡) 383 

that linearly increases with accumulated displacement during cycling and is dependent on installation AR. This linear 384 

function is fitted as Eq. 10: 385 
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Δ𝑄𝑡/𝑄𝑡 = −2.03𝑑𝑧𝑎/𝐷ℎ 10 

This suggests the potential to predict post-cyclic capacity simply by using accumulated displacement combined with pre-386 

cyclic capacity. In addition, regarding the reduced displacement accumulation as shown in Figure 8, it suggests that over-387 

flighted installation can mitigate capacity degradation caused by cyclic loading. 388 

Although the shaft resistance contributes to the cyclic response as discussed previously, its contribution to the total tensile 389 

capacity of the screw pile studied herein was suggested to be less than 20% (Sharif et al. 2021b), the ultimate capacity 390 

reduction is therefore predominately associated with the helix. Newgard et al. (2015) suggested that the loss of tensile 391 

capacity of a screw pile (or helical plate) due to cyclic loading can be related to loss of helix embedment depth and changes 392 

in soil state (e.g. reduction of density). The helix embedment depth and soil parameters are typical inputs for capacity 393 

prediction methods of screw piles. For instance, Giampa et al. (2017) proposed a theoretical solution (Eq. 11 ~ 13) to 394 

predict tensile capacity of single-helix screw piles with shallow embedment (𝐷ℎ/𝐻 typically below 5 to 12 but this is 395 

dependent on relative density) i.e. the failure mechanism can develop to ground surface as an uplifting wedge. 396 

𝜅 = 𝑡𝑎𝑛𝜓𝑝 + cos (𝜑𝑝 − 𝜓𝑝)(𝑡𝑎𝑛𝜑𝑝 − 𝑡𝑎𝑛𝜓𝑝) 11 
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where 𝜑𝑝 is the peak friction angle of the soil, 𝜓𝑝 is the peak dilation angle of the soil, 𝐻 is the embedment depth of the 397 

helix, 𝐷ℎ is the helix diameter. 398 

This method has been shown to give reasonable prediction of tensile capacity of shallow embedded pitch-matched screw 399 

piles (Cerfontaine et al. 2023a; Cerfontaine et al. 2021b) but does not consider installation effects and contribution of shaft 400 

resistance (as it is generally considered a minor contribution for onshore screw piles with low shaft diameter 𝐷𝑠  and high 401 

𝐷ℎ/𝐷𝑠 ratio that this method has been previously applied to). Figure 14 (a) shows the tensile capacity prediction by Eq. 11 402 

~ 13 using the soil parameters listed in  Table 1 compared to the measured capacities and Figure 14(b) shows the ratio of 403 

measured capacity to Giampa et al. (2017) prediction. The Giampa et al. (2017) method gives reasonably good capacity 404 

prediction for AR = 1.0 installation with a slight underestimation that is potentially due to ignoring the shaft component. 405 
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However, as it cannot capture the changes in the soil created by over-flighting installation (compared to pitch-matched 406 

installation), tensile capacity of both AR = 0.5 and 0.25 are significantly underestimated. Based on the measured capacity 407 

in this study, the post-installation reference soil parameters (relative density 𝐷𝛾_𝑟𝑒𝑓, peak friction angle 𝜑𝑝_𝑟𝑒𝑓 and dilation 408 

angle 𝜓𝑝_𝑟𝑒𝑓) were back-calculated using the Giampa et al. (2017) approach and the relationships between the parameters 409 

listed in  Table 1. 410 

The back-calculated values are shown in Figure 14(a). They are consistent with an inferred increased density of sand above 411 

the helix as a result of over-flighting. Relative density values are derived from peak friction angles for the HST 95 sand 412 

based upon the correlations between key parameters and density determined by Al-Defae et al. (2013). The back-calculated 413 

results, as shown in Figure 14(a), are obviously shown for indicative or reference purposes as they do not allow for or 414 

capture any stress changes around the pile that would occur due to installation. 415 

Figure 15 illustrates the post-cyclic uplift curves, which have been offset by the accumulated displacement during cycling. 416 

This means that the displacements of both pre-cyclic and post-cyclic tests are relative to the pile position at the end of 417 

installation. The figures also present the peak tensile capacity predicted using the Giampa et al. (2017) approach (Eq. 11 ~ 418 

13), which only considers variation of embedment depth without taking account of the potential change of soil properties 419 

during cyclic loading (i.e. the properties for each AR presented in Figure 14a were adopted). The predicted tensile capacities 420 

reduce with displacement, i.e. the Giampa et al. (2017) slopes with 𝑑𝑧/𝐷ℎ, owing to the loss of helix embedment depth 421 

(reduction of H in Eq. 11 ~ 13). Compared to the Giampa et al. (2017) capacity predictions where the input parameters are 422 

adopted from Figure 14a, the measured post-cyclic capacities are lower. The difference indicates that the soil state changes 423 

with strain or displacement accumulation due to cycling are not captured in the Giampa et al. (2017) approach as would be 424 

expected and would require further updated input parameters to capture the soil state changes. 425 

Figure 15 also illustrates that the maximum post-cyclic resistance is close to the resistance of the pre-cyclic response at the 426 

same offset displacement, and the post-peak behavior reasonably matches the pre-cyclic response. The post-cyclic 427 

monotonic response tracking the pre-cyclic monotonic behavior was also observed for end bearing resistance of straight-428 

shaft piles by Galvis-Castro et al. (2023). This indicates that the post-cyclic monotonic uplift behavior is correlated to the 429 

pre-cyclic monotonic uplift behavior and the accumulated displacement during cycling. This also indicates that the cyclic 430 

loading induced loss of tensile capacity is predominantly due to displacement/strain accumulation and the cyclic loading 431 

does not induce significant additional change of soil stress state and density compared to monotonic loading. It also 432 
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highlights again that the beneficial effects of installation at varying AR persists during cyclic loading as the pile effectively 433 

returns to pre-cyclic monotonic performance. 434 

Cyclic Stability Comparison 435 

Figure 16 shows the cases examined in this study in a cyclic stability diagram, alongside comparison to the zone boundaries 436 

proposed by other studies on driven straight shafted piles (Jardine and Standing 2012) and small onshore pitch-matched 437 

screw piles (Costa and Costa 2019; Schiavon 2016). The diagram shows improved cyclic stability can be achieved through 438 

a reduction in AR, as evidenced by the wider stable zones and narrower unstable zones. Particularly, the low cyclic stability 439 

of AR = 1.0 supports the necessity of over-flighting installation for offshore screw piles used as anchors. 440 

Figure 16 also illustrates that reducing AR to 0.25 for the screw pile studied led to similar cyclic stability to ICP field tests 441 

conducted on driven straight-shafted piles by Jardine and Standing (2012). However, direct comparisons between the two 442 

are not entirely appropriate due to the different mechanisms governing tensile resistance. While the tensile capacity of 443 

straight-shafted piles only relies on shaft friction, screw piles benefit from both shaft friction and helix bearing mechanism 444 

(Schiavon 2016; Sharif et al. 2021b). Consequently, screw piles have much higher tensile capacity (ultimate resistance) 445 

compared to straight-shafted piles with same shaft diameter and length, due to the additional resistance provided by the 446 

helix/helices (Al-Baghdadi 2018). For example, in this study and Figure 16 the screw piles experience significantly larger 447 

absolute loading than the straight-shafted piles for the same equivalent normalized cyclic loading. For instance, the tensile 448 

capacity of an ICP pile with a length of 19 m and shaft diameter of 457 mm was on average 1.5 MN, whereas the tensile 449 

capacity 𝑄𝑡 of the 12.8m long screw pile in this study ranged from 5.66 to 7.58 MN (AR = 1.0 to 0.25). The cyclic loading 450 

𝑄𝑐𝑦𝑐  = 𝑄𝑚𝑒𝑎𝑛  = 0.88 MN led to a stable behavior of the pile installed at AR = 0.5 (C0.5-0.88), but the ICP  straight-shafted 451 

pile (Jardine and Standing 2012) would not withstand a single cycle at this magnitude as the maximum loading 𝑄𝑚𝑎𝑥  = 452 

1.76 MN was beyond the tensile capacity 𝑄𝑡 = 1.5 MN. Therefore, although the cyclic stability of the piles in this study 453 

appears reduced when compared to Jardine and Standing (2012), they actually can tolerate cyclic loading with much higher 454 

absolute values. 455 

When compared to the pitch-matched small diameter onshore screw piles (Costa and Costa 2019; Schiavon 2016), cyclic 456 

stability of AR = 1.0 in this study appears reduced. By reducing the AR, any soil degradation during installation above the 457 

helix was partially recovered (Sharif et al. 2021a), resulting in comparable cyclic stability to the study by Costa and Costa 458 

(2019) in loose sand (𝐷𝑟  < 33%). However, the remarkably good cyclic stability observed by Schiavon (2016) in very 459 

dense sand (𝐷𝑟  > 95%) was not attained in this study. This observation suggests a potential relationship that higher soil 460 
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relative density may lead to better cyclic stability, but further investigation at a range of relative densities is needed to 461 

substantiate this relationship. However, due to the different orders of magnitude of tensile capacity 𝑄𝑡 (less than 0.2 MN 462 

for the small diameter onshore screw piles and more than 5 MN for large-sized screw piles tested herein) and the 463 

consequently different applications, the comparison of cyclic stability between the offshore and smaller onshore screw 464 

piles shown in Figure 16 may not be entirely appropriate and not do justice to the benefit of using much larger screw piles 465 

subjected to much greater loading. 466 

Prediction of Post Cyclic Capacity Loss 467 

It is possible to predict the post-cyclic capacity loss versus cycle number N and loading amplitude 𝑄𝑐𝑦𝑐  by combining the 468 

accumulated displacement prediction equations (Eq. 6 ~ 9) and relationship between capacity loss and accumulated 469 

displacement (Eq. 10): 470 

Δ𝑄𝑡/𝑄𝑡 = −2.03𝛼𝑁0.8 14 

where coefficient 𝛼 is obtained using Eq. 7. The form of equation is similar to the ICP capacity loss prediction approach 471 

for straight-shafted piles (Jardine and Standing 2012) and can be re-written as: 472 

Δ𝑄𝑡/𝑄𝑡 = (𝐵 + 𝐴𝑄𝑐𝑦𝑐/𝑄𝑡) × 𝑁𝐶 15 

where the A, B and C are fitting parameters. The values suggested by Jardine and Standing (2012) based on field tests of 473 

straight shafted piles and parameters fitted using data in this study for screw piles are shown in Table 3. The form has been 474 

modified to include the effects of installation and the values of AR are included for the screw piles. 475 

Based on Eq. 15 and fitting parameters in Table 3 for screw piles, the prediction of capacity loss Δ𝑄𝑡/𝑄𝑡 against applied 476 

cyclic amplitude 𝑄𝑐𝑦𝑐/𝑄𝑡 at certain cycle numbers (N = 10, 100 and 100) and at AR =0.5 are shown in Figure 17, with a 477 

comparison to ICP capacity loss prediction for straight-shafted piles (Jardine and Standing 2012). As per Jardine and 478 

Standing (2012) the lines are constructed based upon: 479 

𝑄𝑡_𝑝𝑜𝑠𝑡𝑐𝑦𝑐 = 1 + Δ𝑄𝑡/𝑄𝑡 > 𝑄𝑚𝑎𝑥 = 𝑄𝑚𝑒𝑎𝑛 + 𝑄𝑐𝑦𝑐  16 

which requires the 𝑄𝑡_𝑝𝑜𝑠𝑡𝑐𝑦𝑐 to remain higher than applied 𝑄𝑚𝑎𝑥. Figure 17 indicates that the form of screw pile capacity 480 

degradation adopted is appropriate when compared to the ICP approach used for straight-shafted piles. 481 
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Limitations and Practical Implications 482 

This study makes a first step towards understanding the effects of installation on the cyclic performance of large screw 483 

piles deployed as anchors for floating wind and paves the way for further studies. It is noted though that the centrifuge tests 484 

presented in this paper are limited to installation and tensile cyclic loading regimes of a single screw pile in specific ground 485 

conditions (medium dense sand). In addition, it is acknowledged that the study here has adopted fully drained installation 486 

and loading cases under simple cyclic loading scenarios. This may not reflect the complexity of a particular deployment 487 

that would require site specific assessment of ground conditions, drainage regimes and cyclic pore pressure accumulation 488 

effects and consider loading events such as snatch loading and storm build up events. That said though, such site-specific 489 

studies can easily be incorporated in further centrifuge testing or centrifuge testing included as part of the design process 490 

as suggested in ISO 19901-4:2016 (International Organization for Standardization 2016). 491 

However, there are important practical implications for screw piles deployment for further floating wind anchorage. Firstly, 492 

this paper has shown that the over-flighting during installation, which may be necessary for large-sized screw piles 493 

(Davidson et al. 2022), is also beneficial for cyclic tensile loading regimes. Based upon this study and for the pile 494 

investigated herein an AR = 0.25 is associated with optimal behavior. For practical application, installation rigs would then 495 

need to be developed that have control on both rotational rate as well as penetration rate and have the ability to apply both 496 

tensile and compressive forces to the pile. It may be more ideal in an offshore setting to develop pile designs that allow 497 

optimal installation under self-weight penetration to avoid the need for heavy rigs required to create reaction to installation. 498 

Further characterization of the performance of piles installed in this manner would be required. 499 

As previously discussed, the cyclic tensile response under loading regimes considered in this study is more controlled by 500 

the shaft resistance, and the over-flighting induced improvement on cyclic tensile response relates to the enhanced shaft 501 

resistance component as previously observed for monotonically loaded piles (Sharif et al. 2021a). In addition, the 502 

mobilization of the helix resistance is likely to be accompanied with high cyclic displacement accumulation rates due to 503 

the lower loading stiffness of the helix bearing mechanism. Therefore, for design where lower magnitude cyclic loading 504 

regimes are considered, the helix resistance may need to be ignored for cyclic checks and the pile treated as a straight-505 

shafted pile. In this case, the helix is predominantly employed to allow the silent rotary installation and deal with large 506 

storm events and snatch loading events. 507 

This study also presents a method for predicting accumulated displacement and capacity loss due to cyclic loading, taking 508 

account of the effect of varying AR. This method can be used for initial cyclic design and pile sizing. In addition, 509 
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comparison between the proposed screw pile accumulated displacement and capacity loss prediction method and those 510 

previously developed for straight-shafted piles shows that over-flighted screw piles exhibit similar overall cyclic stability 511 

to straight-shafted piles. Due to the higher monotonic capacity, screw piles can take higher cyclic loading than straight-512 

shafted piles with same shaft diameter. Therefore, replacing straight-shafted piles with over-flighted screw piles could be 513 

an attractive solution for anchoring floating renewable energy structures. 514 

Conclusion 515 

A series of centrifuge tests were conducted to investigate the over-flighting effects on cyclic performance of a single-helix 516 

offshore screw pile. Over-flighting (AR<1) during installation has been shown to improve the monotonic uplift response 517 

of upscaled screw piles for offshore energy applications. The pile was installed at advancement ratios, AR = 1.0, 0.5 and 518 

0.25, which caused compressive, nearly net zero and tensile force, respectively, on the pile head during installation. The 519 

cyclic loading amplitudes, 𝑄𝑐𝑦𝑐  were varied from 6.7% to 28.6% 𝑄𝑡. Post-cyclic monotonic uplift tests were conducted on 520 

each pile to evaluate the effects of cyclic loading on the final post-cyclic tensile capacity. The main conclusions are as 521 

follows: 522 

a) It is possible to reduce uplift displacement accumulation by reducing AR during installation (over-flighting). For 523 

the offshore screw pile investigated, considering ultimate displacement as 10%𝐷ℎ, it could not tolerate more than 524 

100 cycles when subject to cyclic loading if the installation of pile followed a pitch-matched approach (AR = 1.0). 525 

However, when subjected to the same cyclic loading magnitude, the piles installed at AR = 0.5 and 0.25 could 526 

accommodate more than hundreds and even thousands of cycles exhibiting meta-stable or stable behavior. 527 

b) Compared to pitch-matched installation, screw piles installed at lower AR values exhibited higher cyclic loading 528 

stiffness, 𝑘𝑛. 529 

c) For stable cases associated with lower 𝑄𝑐𝑦𝑐 , the pile is assumed to behave similarly to a straight-shafted pile and 530 

exhibits decreased or stable loading stiffness 𝑘𝑛  with cycling. Larger 𝑄𝑐𝑦𝑐  leads to meta-stable and unstable 531 

response accompanied by degradation of shaft resistance and mobilization of helix resistance. The degradation of 532 

shaft resistance leads to an increased displacement accumulation rate (∆𝑑𝑧𝑎) and decreased 𝑘𝑛 within the first tens 533 

or hundreds of cycles, and the ∆𝑑𝑧𝑎  tends to decrease or become stable and 𝑘𝑛  tends to increase with the 534 

mobilization of helix resistance in further cycles. 535 

d) When displacement accumulation is low to moderate (<0.11Dh in this study), post-cyclic monotonic uplift 536 

response returns to the pre-cyclic monotonic uplift response when compared at the same accumulated 537 
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displacement level. This suggests that reduction of tensile capacity is predominately due to the displacement 538 

accumulation itself and the effect of loading history difference (monotonic or cyclic) is limited. 539 

e) Reducing the value of AR has been shown to give comparable cyclic stability performance to straight shafted 540 

piles and screw piles investigated in previous studies even where the screw piles tested herein have been tested to 541 

much greater load magnitudes. 542 

f) Prediction frameworks for displacement accumulation and capacity loss were developed considering the effect of 543 

AR values adopted for installation. The predictions show that the over-flighted screw piles, e.g. AR = 0.5 herein, 544 

would experience similar capacity degradation to straight-shafted piles. 545 
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Notation List 551 

The following symbols are used in this paper: 552 

𝐴𝑅 = advancement ratio 553 

𝐷ℎ = pile helix diameter 554 

𝐷𝑟  = soil relative density 555 

𝐷𝑟_𝑟𝑒𝑓 = soil reference relative density 556 

𝐷𝑠 = pile shaft diameter 557 

𝑑𝑧 = pile uplift displacement 558 

𝑑𝑧𝑎 = accumulated pile uplift displacement 559 

𝑑50  = mean diameter of sand grains 560 

𝑔𝑑 = centrifuge acceleration in a dry sand test 561 

𝑔𝑠𝑎𝑡  = centrifuge acceleration in a saturated sand test 562 

𝐻 = helix embedment depth 563 

𝑘𝑛 = loading stiffness in cycle N 564 

𝑘1 = loading stiffness in the first cycle 565 

𝐿 = pile length 566 

𝑁 = loading cycle number 567 

𝑝ℎ = helix geometric pitch 568 

𝑄𝑐𝑦𝑐  = cyclic loading amplitude 569 

𝑄𝑚𝑎𝑥 = maximum tensile force in a loading cycle 570 

𝑄𝑚𝑒𝑎𝑛  = mean value of cyclic loading 571 
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𝑄𝑚𝑖𝑛 = minimum tensile force in a loading cycle 572 

𝑄𝑠 = tensile capacity of pile shaft 573 

𝑄𝑡 = tensile capacity of pile 574 

𝑄𝑡_𝑝𝑜𝑠𝑡𝑐𝑦𝑐 = post-cyclic tensile capacity of pile 575 

𝑞ℎ = mobilized helix resistance 576 

𝑞𝑠 = mobilized shaft resistance 577 

𝑧 = soil depth 578 

𝜌𝑑 = dry soil density 579 

𝜌′ = buoyant density of saturated soil 580 

𝜎𝑝′ = mean soil effective stress 581 

𝜎𝑣′ = vertical component of soil effective stress 582 

𝜑𝑝 = soil peak friction angle 583 

𝜑𝑝_𝑟𝑒𝑓 = soil reference peak friction angle 584 

𝜓𝑝 = soil peak dilation angle 585 

𝜓𝑝_𝑟𝑒𝑓 = soil reference peak dilation angle 586 

𝛥𝑑𝑧𝑎 = uplift displacement accumulation rate 587 

𝛥𝑄𝑡 = difference of tensile capacity of piles before 𝑄𝑡 and after 𝑄𝑡_𝑝𝑜𝑠𝑡𝑐𝑦𝑐 cyclic loading 588 

∆𝑧 = vertical displacement per rotation during installation 589 
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Table 720 

 Table 1 Properties of the HST95 sand (after Al-Defae et al. (2013)) 721 

Properties Symbol Value Value of 𝐷𝑟 = 50% 

Effective particle size [mm] 𝑑10 0.090 - 

Mean particle size [mm] 𝑑50 0.141 - 

Particle specific gravity [-] 𝐺𝑠 2.63 - 

Minimum void ratio [-] 𝑒𝑚𝑖𝑛 0.467 - 

Maximum void ratio [-] 𝑒𝑚𝑎𝑥 0.769 - 

Dry unit weight [kg/m3] 𝛾𝑑𝑟𝑦 14.5+3×𝐷𝑟 16.0 

Saturated unit weight [kg/m3] 𝛾𝑠𝑎𝑡 18.8+1.8×𝐷𝑟 19.7 

Critical state friction angle [°] 𝜑𝑐 32 - 

Peak friction angle [°] 𝜑𝑝 29+20×𝐷𝑟 39.0 

Peak dilation angle [°] 𝜓𝑝 -4.4+26×𝐷𝑟 8.6 

Steel-sand interface friction angle [°] 𝛿 24 - 

 722 

  723 



28 

 

Table 2 Summary of tests conducted 724 

Test ID AR Loading regime Cycle number, 

N 

𝒅𝒛𝒂/𝑫𝒉 𝑸𝒕  

(MN) 

𝑸𝒕_𝒑𝒐𝒔𝒕𝒄𝒚𝒄 

(MN) 

Stability 

M1.0 1.0 Monotonic uplift - - 5.66 - - 

M0.5 0.5 Monotonic uplift - - 6.79 - - 

M0.25 0.25 Monotonic uplift - - 7.58 - - 

C1.0-1.6 1.0 Qcyc = Qmean = 1.6 MN (28.6%Qt) 8 0.09 - 4.61 US 

C0.5-1.6 0.5 Qcyc = Qmean = 1.6 MN (23.8%Qt) 500 0.1 - 5.48 MS 

C0.25-1.6 0.25 Qcyc = Qmean = 1.6 MN (21.2%Qt) 900 0.1 - 6.38 MS 

C0.5-1.92 0.5 Qcyc = Qmean = 1.92 MN (28.6%Qt) 88 0.11 - 5.37 US 

C0.25-2.17 0.25 Qcyc = Qmean = 2.17 MN (28.6%Qt) 400 0.1 - 6.35 MS 

C1.0-0.77 1.0 Qcyc = Qmean = 0.77 MN (13.5% Qt) 120 0.4 - 0.94 US 

C0.5-0.88 0.5 Qcyc = Qmean = 0.88 MN (13.5% Qt) 1000 -0.002 - 6.98 S 

C0.25-1.03 0.25 Qcyc = Qmean = 1.03 MN (13.5% Qt) 1000 -0.009 - 7.35 S 

C1.0-0.39 0.25 Qcyc = Qmean = 0.39 MN (6.7% Qt) 1000 0.006 - 5.53 S 

 725 

  726 
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Table 3 Fitting parameters for cyclic capacity degradation: ICP straight-shafted piles and screw piles in this study 727 

Datasets A B C 

Jardine and Standing (2012) -0.126 0.0126 0.45 

Screw piles (this study) −0.2

0.42 + 45 × 0.07AR/AR𝑐𝑟
 

0.14 + 0.013 × (AR/AR𝑐𝑟)3.9 0.8 

 728 

  729 
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Figure caption 730 

Figure 1 Schematic showing idealization of screw pile installation effects on in-situ soil conditions (a) pitch-matched and (b) over-731 

flighting (not to scale) 732 

Figure 2 Screw pile model (a) whole pile model; (b) local detail of the helix region (prototype dimensions in brackets) 733 

Figure 3 Typical testing procedure in a single centrifuge test: (a) monotonic test on a pile (b) cyclic and post-cyclic monotonic test on 734 

a pile (installation at AR = 0.25) 735 

Figure 4 Definition of cyclic loading parameters 736 

Figure 5 Schematic illustration of cyclic displacement and stiffness parameters 737 

Figure 6 Installation requirements with varying advancement ratio (AR) (a) vertical force and (b) torque 738 

Figure 7 Comparison of the monotonic uplift response of the screw pile installed at different AR 739 

Figure 8 Comparison of normalized accumulated uplift displacement 𝑑𝑧𝑎/𝐷ℎ during cyclic loading with varying AR: measurements and 740 

predictions from Eq. 6: (a) 𝑄𝑐𝑦𝑐 = 1.6 MN; (b) 𝑄𝑐𝑦𝑐 = 28.6%𝑄𝑡; (c) 𝑄𝑐𝑦𝑐 < 13.5%𝑄𝑡  (US, MS and S refer to unstable, metastable and 741 

stable respectively as defined previously) 742 

Figure 9 Comparison of displacement accumulation rate ∆𝑑𝑧𝑎 with varying AR and 𝑄𝑐𝑦𝑐: (a) unstable cases (b) meta-stable cases; (c) 743 

stable cases 744 

Figure 10 Effect of AR on cyclic loading stiffness: (a) 𝑘𝑛/𝑘1 and (b) 𝑘𝑛 for 𝑄𝑐𝑦𝑐 ≤ 13.5%𝑄𝑡; (c) 𝑘𝑛/𝑘1 and (d) 𝑘𝑛 for 𝑄𝑐𝑦𝑐 = 1.6 MN; 745 

(e) 𝑘𝑛/𝑘1 and (f) 𝑘𝑛 for 𝑄𝑐𝑦𝑐 = 28.6%𝑄𝑡 746 

Figure 11 Idealized helix and shaft cyclic force-displacement response of a screw pile (a) a stable cycle subject to a lower loading 747 

amplitude and two unstable (or meta-stable) cycles subject to a higher loading amplitude; (b) reduced displacement accumulation in an 748 

unstable (or metastable) cycle with over-flighting; (c) transition from an unstable to a stable cycle by over-flighting (ultimate helix 749 

resistance is not presented as its value is out of the y-axis range) 750 

Figure 12 Monotonic uplift reponse after (post) cyclic loading regimes with comparison to pre-cyclic monotonic uplift reponse (a) AR 751 

= 1.0, (b) AR = 0.5, (c) AR = 0.25 752 

Figure 13 Relationship between apparent cyclic loss in capacity and displacement accumulated during cycling 753 

Figure 14 (a) Pre-cyclic tensile capacity of varying AR values compared to Giampa et al. (2017) prediction and reference soil parameters 754 

back calculated using the Giampa et al. (2017) approach (b) ratios of measured capacity to predictions 755 
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Figure 15 Displacement corrected post-cyclic monotonic uplift reponse with comparison to pre-cyclic monotonic uplift reponse and 756 

Giampa et al. (2017) capacity predictions (a) AR = 1.0, (b) AR = 0.5, (c) AR = 0.25 757 

Figure 16 Cyclic stability diagram with comparison to previous studies of both straight shafted piles (Jardine and Standing 2012) and 758 

screw piles (Costa and Costa 2019; Schiavon 2016) (datapoints slightly offset for clarity) 759 

Figure 17  Capacity based interaction diagram. Comparison between experimental data and predictions by Eq. 16 using parameters 760 

calibrated in this study and the ICP Dunkirk tests (Jardine and Standing 2012) (a) AR = 0.5 (b) AR = 0.25 761 
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