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A B S T R A C T

Upscaled screw piles have been proposed as a novel silent foundation solution for both offshore jacket structures 
and anchoring in various renewable energy applications. Replacing conventional pitch-matched installation 
approaches by over-flighted installation approaches has been proposed for single-helix screw piles to reduce 
installation vertical crowd force and torque whilst enhancing in-service tensile capacity and stiffness. This study, 
using DEM modelling, extends the scope of investigation to consider multi-helix screw piles and investigates 
installation and tensile in-service response, addressing the effect of helix spacing and installation advancement 
ratio together. The findings suggest that a pile featuring smaller helix spacing may necessitate less vertical force 
and torque for installation than a single-helix pile if over-flighted installation approaches are used, although the 
first (bottom) helix needs to be ‘deeply’ embedded to avoid the reduction of tensile capacity induced by addi
tional helices. This differs from piles installed by pitch-matched approaches where additional helices typically 
increase installation force and torque. DEM micromechanical analyses help unveil the mechanisms behind the 
macroscopic response of such screw piles.

1. Introduction

Screw piles have been widely used onshore for anchoring guy lines of 
e.g. transmission towers and small wind turbines (Cerato and Victor, 
2014; Schiavon et al., 2019) and supporting residential and other 
structures e.g. traffic sign poles and solar panels (Feng et al., 2020; 
Perko, 2009). A screw pile typically consists of a straight shaft or core 
with one or more helices spaced at regular intervals up the core. Fig. 1
demonstrates typical geometrical properties of screw piles. L is the pile 
length, Ds and Dh are diameters of pile shaft and helix, respectively, ph is 
helix geometric pitch, Hn is embedment depth of the nth helix from the 
pile base/tip, and Sh is the spacing between two adjacent helices. 
Conventionally onshore Dh ranges from 200 mm to 800 mm with Ds 
being up to 300 mm and with L being up to 10 m creating up to hundreds 
of kN of tensile capacity (Perko, 2009). To install onshore screw piles 
typically requires torque up to hundreds of kNm. A correlation factor Kt 
between finally installation torque (T) and pile tensile capacity (Qt) is 
often used to verify installation or estimate capacity (British Standards 

Institution, 2015): 

Qt =KtT (1) 

Recently screw piles have been suggested for use as an alternative 
silent foundation/anchoring solution for offshore renewable energy 
applications e.g. as foundations for jacket structures supporting wind 
turbines or as anchors for floating systems in deeper water (Al-Baghdadi, 
2018; Cerfontaine et al., 2023c; Spagnoli and Tsuha, 2020). In contrast 
to onshore practice, the piles for the offshore applications may require 
upscaling to sizes where both Dh and Ds are measured in terms of meters 
and L is tens of meters, where the installation requires torque up to tens 
of MN (Cerfontaine et al., 2022; Davidson et al., 2022). Compared to 
conventional driven-in straight-shafted piles, the installation of screw 
piles, which involves rotation and pushing-in, is more environmentally 
friendly due to the reduced noise and vibration for marine animals 
(Herbert-Read et al., 2017). Also, it has a potential of easier decom
missioning, by reverse rotation (Ding et al., 2019), and higher axial 
capacity if the same shaft diameter is adopted as in a straight-shafted 
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pile (Al-Baghdadi, 2018).
Current standards e.g. BS8004 (British Standards Institution, 2015) 

recommend that a pitch-matched installation (advancement ratio, AR =
1.0, Bradshaw et al., 2019) should be employed with a tolerance of ±
0.15 to minimize the ‘disturbance’ of the in-situ soil. AR is defined as Eq. 
(2): 

AR=
2πv
ωph

(2) 

where v is the vertical penetration velocity, ω is the rotation rate, and ph 
is the pitch of the helical plate. However, increasing the pile size for 
offshore applications has been shown to result in potentially prohibitive 
vertical (crowd) installation forces if the process follows the ‘pitch- 
matched’ approach (Davidson et al., 2022; Sharif et al., 2021a). One 
solution to reduce the large vertical installation forces is over-flighting 
(AR < 1.0) as this displaces soil upwards through the helix resulting 
in an increase and decrease of soil stress above and below the helix, 
respectively (Cerfontaine et al. 2021, 2023a; Sharif et al., 2021a). This 
soil stress variation also reduces the required torque during installation 
and improves post-installation monotonic tensile response at expense of 
monotonic compressive behaviour (Cerfontaine et al. 2019, 2021; Sharif 
et al., 2021a; Wang et al., 2023b). The improved tensile response is 
favourable for offshore applications where tensile behaviour may typi
cally be more critical than the compressive requirements. However, the 
AR effects discussed above have only been observed for single-helix piles 
and not studied for piles with more than one helix.

Adopting a second helix may have the potential to increase uplift 
capacity due to greater bearing surface area although increased pile 
surface area is normally associated with increased installation vertical 
force and torque (Davidson et al., 2022; Tsuha and Aoki, 2010; Ullah 
et al., 2023). Previous studies have suggested that a multi-helix pile 
causes more disturbance of the soil during installation because each 
helix shears the soil in sequence (and more than once) as shown in Fig. 2, 
and therefore tensile resistance of the upper helices is likely to be 
reduced for both sand and clay (Lutenegger et al., 2014; Tsuha et al., 
2012). However, the effects of introducing extra helices on installation 
requirements and soil disturbance have not been investigated when 
considering variation of installation AR.

Additionally, under tensile loading two different theoretical failure 
mechanisms can occur between helices depending on helix spacing 

(Sh/Dh). When Sh/Dh is large, individual bearing mechanisms occur 
where the helices mobilise soil individually as separate plate anchors 
(Fig. 3a). While for smaller Sh/Dh, the development of failure mecha
nism of the lower helix is restricted by the upper helix and in this case 
the helices mobilise the soil trapped between them forming a cylindrical 
soil-soil shear surface (Fig. 3b). Due to the restricted failure mechanism, 
the cylindrical shearing resistance (Qcs) is expected to be lower than the 
individual bearing resistance (Qib). The over-flighting effects on the two 
mechanisms are potentially different and need to be investigated.

To investigate the efficacy of including more than one helix as well as 
helix spacing combined with the effect of installation AR in sand, 
discrete element modelling (DEM) was used to simulate installation and 
tensile loading tests of a single-helix pile and two piles which have two 
helices at different spacings. The piles were installed at varying AR 
values. Overall response and the response of pile components (e.g. base, 
shaft and each helix) during installation and tensile loading are dis
cussed with the aid of localised stress/strain development and particle 
movement extracted from the simulations.

Fig. 1. Schematic diagram of screw piles and the typical terminology (left: 
single helix, right: dual helix).

Fig. 2. Schematic diagram of soil disturbance post-installation of a multi-helix 
pile (after Tsuha et al. (2012)).

Fig. 3. Schematic diagram of theoretic failure mechanism of screw piles in 
tension (a) individual bearing (b) cylindrical shearing and bearing above 
upper helix.
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2. Numerical investigation

Commercial software package PFC3D 7.00.159 (Itasca, 2023) was 
used to simulate screw pile installation and testing in dry soil beds under 
50g conditions. This was to allow direct comparison and validation with 
related model centrifuge testing as described in more detail by Sharif 
et al. (2021a). Testing in dry sand aimed to simulate drained saturated 
conditions resulting in the same effective stress regime at 80g in satu
rated sand such that the scaling factor in this study was set at 80, as per 
previous centrifuge tests (Davidson et al., 2022; Li et al., 2010) The 
computing platform adopted was based upon a desktop PC with an 
Intel® Core CPU i9-10940X @4.1 GHz 14 cores, 32 GB RAM.

2.1. Pile geometry

The geometric parameters of the piles investigated in this study are 
listed in Table 1. In the pile identification nomenclature, ‘nH’ indicates 
helix number being n (S = single, 2 = two) and ‘sD’ indicates helix 
spacing, Sh/Dh = s. The single helix pile (SH) has been widely used at the 
University of Dundee as a benchmark case for experimental (Cerfontaine 
et al., 2023a; Davidson et al., 2022; Wang et al., 2023b) and in validated 
numerical studies (Cerfontaine et al., 2021; Sharif et al. 2021a, 2021c; 
Wang et al., 2023a). This pile was originally designed, by Davidson et al. 
(2022) (referred to as U1VDB pile), as a single prototype pile at the 
corner of a four-leg jacket structure in 80 m water depth to support an 8 
MW turbine. The double-helix piles in the current study have similar 
geometry to the single helix pile except with an additional helix (Helix 2, 
H2) of the same diameter at varying vertical spacing above the first helix 
(Helix 1, H1) at the bottom. The 2H2D pile was also originally designed 
and experimentally tested by Davidson et al. (2022) (referred to as 
U2VD pile). The 2H4D pile had a larger helix spacing. Previous studies 
suggested a typical critical Sh/Dh = 2–3, representing the transition 
point between individual bearing and cylindrical shearing (Al-Baghdadi, 
2018; Ghazavi et al., 2022; Lutenegger, 2011; Wang et al., 2013). 
Therefore, between H1 and H2, a cylindrical shearing and individual 
mechanism were expected for 2H2D and 2H4D, respectively. A helix can 
be defined as ‘shallow’ or ‘deep’ based on if the failure mechanism can 
develop to the ground surface or not (Ghaly et al., 1991). Based on 
Cerfontaine et al. (2019), H/Dh = 7.5 for H1 in the current study is just 
deeper than the transition value from a shallow to deep mechanism in 
tensile loading. While H/Dh = 5.5 and 3.5 for H2 correspond to shallow 
mechanism. Note that the installation and helix embedment depth dis
cussed above and listed in Table 1 is only for ‘standard’ cases. It may 
differ in some cases and is highlighted in the paper where this is rele
vant. See Section 2.4 for more detail.

Considering solid steel piles adopted in previous experiments 
(Davidson et al., 2022; Wang et al., 2023b), the piles in DEM were 
modelled using rigid wall elements in PFC3D (Itasca, 2023). The pile 
shaft was divided into eight segments (separate walls) of equal length of 
20 mm (1.6 m at prototype scale). Fig. 4 illustrates the reference scheme 

for each shaft segment and their arrangement relative to the positions of 
helices. Each helix was modelled using a single wall and another circular 
plate wall was incorporated at the base of the shaft to simulate the closed 
end (pile base). All the walls used to model the pile shaft and helices 
were subjected to the same vertical and rotational velocities throughout 
the simulation to model the pile as a single entity. The “splitting up” of 
the pile was undertaken to enable the directional contact forces on each 
of the parts to be assessed independently, similar to an instrumented 
physical pile.

2.2. Soil bed and contact parameters

The model soil bed generated in this study was based upon the 
HST95 sand which is widely used at the University of Dundee centrifuge 
testing and has been extensively characterised through element tests 
(Al-Defae et al., 2013; Lauder, 2010). Table 2 shows the physical 
properties of this sand derived from physical characterisation testing. 
This kind of sand can be described as a uniformly graded with rounded 
particles.

With respect to DEM simulation based upon the HST95 sand, Sharif 
et al. (2019) firstly calibrated the particle-particle contact parameters 
for this type of sand in DEM triaxial simulations that were compared to 
the results of lab triaxial element tests. Particle shape in DEM models can 
be considered explicitly by clumping spherical particles (Coetzee, 2017) 
or implicitly by introducing rolling resistance of spherical particles 
(Arroyo et al., 2011; Ciantia et al., 2016; Rorato et al., 2021). The latter 

Table 1 
Geometric parameters for the three piles at prototype scale (installation depth 
may differ in some cases).

Parameters Value

SH 2H2D 2H4D

Shaft diameter, Ds (m) 0.88 0.88 0.88
Helix diameter, Dh (m) 1.7 1.7 1.7
Helix pitch, ph (m) 0.56 0.56 0.56
Helical plate thickness, pt (m) 0.11 0.11 0.11
Installation depth, L (m) 12.8 12.8 12.8
Embedment depth of the first helix, 

H1 (m)
12.24 
(7.5Dh)

12.24 
(7.5Dh)

12.24 
(7.5Dh)

Embedment depth of the second 
helix, H2 (m)

– 9.12 
(5.5Dh)

5.72 
(3.5Dh)

Helix spacing ratio, Sh/ Dh (− ) – 2 4

Fig. 4. Arrangement of pile shaft segments relative to the position of helices 
(each pile only has a maximum of two helices but figure shows both possible 
positions for Helix H2).

Table 2 
Physical properties of HST95 sand (Al-Defae et al., 2013; Lauder, 2010).

Properties Symbol Value Value at Dr =

50%

Effective particle size [mm] d10 0.090 –
Mean particle size [mm] d50 0.141 –
Largest particle size [mm] d100 0.213 –
Uniformity coefficient [-] Cu 1.5 –
Particle roundness [-] R 0.53 –
Particle density [g/cm3] ρ 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

Peak friction angle [◦] φp 29 + 20 × Dr 39
Peak dilation angle [◦] ψp − 4.4 + 26 ×

Dr

8.6

Critical state friction angle [◦] φc 32 –
Steel-sand interface friction angle 

[◦]
δ 24 –
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approach allows for the low computational cost usage of a large number 
of particles that would not be feasible if non-spherical particles were 
used. In this study, particle shape was introduced by prohibiting rotation 
of spherical particles as per Arroyo et al. (2011) and Ciantia et al. 
(2016). Fig. 5 shows a good match between the DEM and experimental 
triaxial compression response for the soil simulated in this study when 
adopting this approach. However, for practical application, site specific 
triaxial test data would be required to calibrate the contact model of the 
spherical particles if the particle shapes and size distribution varied 
significantly from those of HST95 sand (see Table 2) that the simulations 
are based upon. This set of contact parameters was later used for 
modelling straight-shafted and helical pile testing and particle-pile 
contact parameters were calibrated by comparison with results of 
centrifuge tests using HST95 sand (Cerfontaine et al. 2021, 2023b; 
Sharif et al. 2021a, 2021b, 2021d). Table 3 lists the contact parameters 
adopted in this study which are consistent with Cerfontaine et al. 
(2021). The particle-pile (ball-wall) interface friction coefficient μp 
adopted the steel-soil interface friction coefficient was determined using 
laboratory direct shearing tests by Lauder (2010). This study aims to 
model a quasi-static condition (da Cruz et al., 2005). In such a case in
ertial effects are negligible and use of damping is not required (Kozicki 
et al., 2012). Thus viscous damping was not used in the contact models 
and critical local damping was set to zero.

Target soil bed porosity in this study was 0.383, which corresponds 
to HST95 sand in a medium dense state (experimental relative density 
Dr = 50%). The generation of the soil bed followed the procedure pro
posed by Sharif et al. (2019) who adopted the particle refinement 
method (PRM) (McDowell et al., 2012) and periodic cell replication 
method (PCRM) (Ciantia et al., 2018). PRM was employed to reduce the 
particle number and consequently overall computational cost. As shown 
in Fig. 6a, the particle size scaling factor (SF) increased radially in each 
subzone by 1.4. This chosen value results in d50 of an inner zone (i.e. 
smaller SF) being greater than d10 of an adjacent outer zone, to reduce 
the possibility of particle migration between zones The radius of the 
central zone was 2.5 Dh allowing for a sufficient zone for the penetrating 
object and the transference of force from the pile through the various 
scaled regions. The chosen value was greater than 1.3Dh, within which 
soil is significantly sheared during installation of a screw pile as shown 
by Schiavon (2016). The SF in the central zone was 15 leading to Ds/ d50 
(where d50 is the mean particle diameter) being equal to 5.8 and the 
effective helix width wh = (Dh − Ds)/d50 = 2.7. The adopted SF is 
adequate to avoid unacceptable particle size effects on installation 
response and ensures manageable particle numbers (Cerfontaine et al., 
2021). Further reduction in SF, say to 10, can lead to prohibitive 
numbers of particles. The use of PCRM allows faster soil bed generation 
and improved soil bed homogeneity. This method created the soil bed by 
assembling representative elementary volumes (REV), which each had 
radius equal to the size of the final soil bed and a height equal to 3.5 

times the diameter of the largest particle in the model as per Sharif et al. 
(2019). A reduced height would result in arching effects in the radial 
direction between zones and stress in inner zones being smaller than that 
in outer zones, as shown by McDowell et al. (2012). The initial single 
REV was generated at a stress condition matching that at the bottom of 
the final complete soil bed (e.g. vertical stress σv = 310 kPa and radial 
stress σr = 122 kPa in this study) (Fig. 6b). The initial REV was radially 
confined by frictionless wall elements, while in the vertical it was 
restricted by periodic domain boundaries (particles falling outside of the 
upper boundary are translated back to the lower boundary and vice 
versa) (Itasca, 2023), which allowed the initial REV to be replicated 
vertically to the final whole model height (Fig. 6c) without introducing 
any unbalanced force into the system. After the replication, the vertical 
periodic domain was cancelled and movements of particles located at 
the bottom of the model were prohibited to simulate the bottom of a 
model box. Finally, the contact force and virtual distance (the virtual 
contact distance is only for contact force calculation, rather than the 
physical distance between two objects in contact, see the section titled as 
linear model in PFC3D user’s manual for further information (Itasca, 
2023)) was scaled based upon the contact laws and desired stress field at 
50g conditions (to match the conditions in centrifuge testing) (Fig. 6d) 
before activating 50g gravity in the model and solving.

In the final soil bed model, frictionless rigid boundaries were created 
at the bottom of the soil bed and surrounding the circumference. The 
pile centre was 12Dh from the radial boundary of the soil bed and the 
pile base (tip) at the end of installation was 11Dh from the bottom 
boundary to avoid boundary effects as per previous studies (Arroyo 
et al., 2011; Peng and Yin, 2023).

2.3. Post-processing of localised soil bed stress states

To process localised stress states, the whole soil bed was partitioned 
into several annular coaxial cylinders delimited by radial and vertical 
positions as undertaken by Ciantia et al. (2019) (Fig. 7b). Similar 
annular and cubic region division approaches for post-processing were 
also adopted by other previous studies (Rycroft et al., 2009; Theuerkauf 

Fig. 5. Comparison of triaxial compression response between DEM and experiments of HST95 sand at Dr = 50% (a) stress – strain response (b) volumetric 
strain response.

Table 3 
Hertz contact model parameters used in the DEM simulation of HST95 sand 
(Cerfontaine et al., 2021).

Properties Symbol Value

Shear modulus [GPa] G 3.0
Ball friction coefficient [-] μ 0.264
Poisson’s ratio [-] ν 0.3
Interface friction coefficient of pile [-] μp 0.445
Local damping [-] – 0.0
Particle rotation [-] – Fixed
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et al., 2006). Compared to the spherical division approach built into PFC 
(Itasca, 2023) (Fig. 7a), the approach adopted herein has no overlap 
between the annular divisions which are assembled to fill the whole 
model domain, allowing each wall-ball contact on the curved pile-soil 
interface to be included in one of the measuring regions (Fig. 7b). This 
method is more suitable for dealing with curved rigid boundaries such as 
the pile-soil interface in this study. The stress within a region is calcu
lated as the sum of contact force within the region divided by the region 
volume as is adopted in the PFC measuring sphere approach (Itasca, 
2023) and polar coordinates were used instead of Cartesian coordinates. 
Fig. 7c shows an axisymmetric cross section of the model near to the 
2H2D pile as an example, in which each box represents a single annular 
measuring region adopted in this study. It should be noted that the screw 
pile is not perfectly axisymmetric due to the helix pitch, therefore in 
Fig. 7c the pile ‘helix’ is a projection on the r-y plane. The choice of 
measuring annulus size was set to have a minimum number of 100 
particles in any annuli to achieve a statistically representative volume, 
as well as fit the pile geometry. The width of measuring region in the first 
column was equal to 0.5Dh, and it was equal to the helix width, w for the 
second and third columns. This choice of measuring zone width allows 
calculation of the stress on the cylindrical shearing surface between the 
two helices, which will be discussed in Section 4.2, by simply averaging 
the stress in the three measuring regions on both sides of the cylindrical 

shear mechanism (Fig. 7c). Fig. 8 shows that stress of the generated soil 
bed reasonably matches the theoretical in-situ states.

Fig. 6. (a) Half of a soil bed with a screw pile installed (prototype scale in brackets), and (b) schematic representing procedure of periodic cell replication method: 
generation of the initial REV, (c) cell replication, (d) scaling contact force and contact distance.

Fig. 7. Schematic comparison between (a) spherical and (b) annular measurement regions applied around a pile and (c) adopted axisymmetric cross section (r is the 
radial distance from the pile centre, y is the vertical distance from the ground surface).

Fig. 8. Stress states of generated soil bed varying with depth at two radial 
distances compared to the theoretical increase with depth.
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2.4. Pile installation and tensile loading tests

To evaluate the effects of AR, pile installation in this study adopted a 
displacement-controlled approach, where the ratio of pile rotation rate 
to vertical penetration rate was maintained as constant during a single 
installation (i.e. constant AR, see Eq. (2)).

Screw pile installation in the field is typically carried out at a rotation 
rate ranging from 5 to 20 revolutions per minute (Spagnoli and Tsuha, 
2020). In previous the centrifuge test, the rotation rate ranged from 2 to 
7 revolutions per minute (Schiavon, 2016; Ullah et al., 2023; Wang 
et al., 2023b). However, within a DEM environment where typical 
timesteps range between 1 × 10− 8 to 1 × 10− 6s (2 × 10− 7s in this study) 
adopting such a small rotation rate would lead to prohibitively long 
simulation times. To overcome this intrinsic limitation, the applied 
rotation rate was maximised while ensuring a quasi-static condition to 
avoid undesired dynamic effects. Thus, the inertial number I (da Cruz 
et al., 2005), which represents the ratio of inertial forces of grains to 
imposed forces and quantifies the significance of dynamic effects on the 
flow of a granular material, was restricted to 0.01 as recommended by 
Cerfontaine et al. (2021) who showed further reduction of I had minimal 
effect on installation response: 

I= γ̇d50

/
̅̅̅̅̅̅̅̅̅̅̅
ρ/p0ʹ

√
< 0.01 (3) 

where γ̇ is shear strain ratio, d50 the mean particle diameter, ρ the par
ticle density, and p0

ʹ the mean effective stress. The quasi-static threshold 
I = 0.01 was also adopted by studies of straight-shafted piles or CPT 
(Janda and Ooi, 2016; Khosravi et al., 2020).

As detailed in Cerfontaine et al. (2021) the soil shear strain rates γ̇ for 
pile installation related to the pile shaft vertical penetration were 
assumed using Eq. (4) and Eq. (5) (Ciantia et al., 2019; Sharif et al., 
2021a): 

ω= 2πγ̇Lpω
/
Dh (4) 

v= γ̇Lpv (5) 

where ω is rotational velocity and v vertical velocity of installation, Lpω 
and Lpv are representative dimensions of the plastic deformation zones 
induced by rotation and vertical movement during the installation and 
estimated to be 4Dh (Galindo et al., 2018) and 3Dh (Lu et al., 2004), 
respectively. Expressing γ̇ in terms of these quantities, the maximum 
rotation rate ωmax to maintain a screw pile insertion in a quasi-static 
condition was: 

ωmax =min
(

8π, 6πDs

ARph

)
I

d50

̅̅̅̅̅̅
p0

ʹ

ρ

√

(6) 

where inertial number I was assumed to be 0.01 as per above. As ωmax is 
a function of mean effective stress and a centrifuge environment at 50g 
was modelled, the rotation rate adopted for pile installation increased 
with depth in order to decrease simulation time.

Fig. 9 shows the ωmax corresponding to I = 0.01 calculated from Eq. 
(6). It is compared to the adopted rotational rate, which is increased in a 
step-wise manner with increase of installation depth. This resulted in a 
maximum rotation rate during installation of 449 rad/s. The zero stress 
at soil bed surface results in ωmax = 0 at the beginning of installation 
(when installation depth = 0). To instigate the simulation, I > 0.01 was 
allowed for the first 1 mm (model scale) installation i.e. rotation rate ω 
for dz = 0–1 mm was equal to ωmax at installation depth dz = 1 mm as 
shown in Fig. 9. Once the rotational rate is determined, the vertical 
penetration rate can be obtained from Eq. (2) based upon the pile ge
ometry and the target AR values. The maximum vertical penetration rate 
ranged from 0.125 to 0.5 m/s with AR increasing from 0.25 to 1.0. 
Butlanska et al. (2010) simulated cone penetration tests in a calibration 
chamber condition (average stress = 72 kPa) and showed the results 

were insensitive to penetration rate within a comparable range of 
0.02–0.5 m/s.

After the piles penetrated to the target depth, tensile loading tests 
were undertaken in which the piles were uplifted monotonically at a 
constant velocity of 0.1 m/s (model scale) to a vertical displacement of 
0.1Dh.

2.5. Summary of simulations conducted

In this study, the three piles were installed at AR = 1.0, 0.5 and 0.25. 
Table 4 summaries simulations conducted. The pitch-matched installa
tion (AR = 1.0) is recommended by current standards but may not be 
practical for offshore application due to requirement of large compres
sive installation forces (Davidson et al., 2022). Installation at AR = 0.25 
was suggested to create a tensile installation force, which allows the pile 
to effectively pull itself into ground and create optimal tensile capacity 
for the single-helix pile SH (Cerfontaine et al., 2023a). Installation at AR 
= 0.5 (Test 7) was only used for the 2H2D pile to allow discussion of the 
cylindrical shearing between two helices and the results are only pre
sented in Section 4.2. In Simulation 1 to 8, piles were installed to a 
standard depth where the first (bottom) helix embedment depth ratio 
H1/ Dh = 7.5. The SH pile was installed to shallower depth at both AR =
1.0 and 0.25 (Test 8–11), to evaluate soil disturbance induced by mul
tiple helix passage (Section 4.3). The SH and 2H2D piles were installed 
to a greater depth at AR = 0.25 in Test 12 and 13 to discuss the effect of 
deep/shallow failure transition with respect to helix number on tensile 
capacity (Section 5).

3. Helix spacing effect on installation

3.1. Overall installation requirements

Fig. 10 shows the overall installation requirements for single-helix 
pile SH and double-helix piles 2H2D and 2H4D in DEM, alongside the 
installation requirements measured for SH by Wang et al. (2023b) in 
centrifuge tests referred to as EXP. For installation vertical force in this 
study, a positive value is assigned to compressive forces. Although tor
que for SH installed at AR = 0.25 is slightly underestimated, DEM 
reasonably reproduces AR effects on installation requirements. That is, 
reducing AR results in reduced vertical compressive force (and can even 
create tensile force on the loading rig) and torque (Cerfontaine et al. 
2021, 2022, 2023a; Sharif et al. 2021a, 2021c; Wang et al., 2023b).

Fig. 10 also suggests that both installation vertical force and torque 
vary with helix number and spacing. For piles installed following the 
pitch-matched approach (AR = 1.0), introduction of the second helix 
(H2) leads to an increase in both vertical force and torque during 

Fig. 9. Rotation rate adopted during installation compared to the allowance 
calculated by Eq. (6) (at model scale).
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installation. The extent of these increments diminishes as the helix 
spacing widens due to decrease of embedment depth of H2. Davidson 
et al. (2022) investigated SH and 2H2D at AR = 1.0 but in denser HST95 

sand (Dr = 82%) and suggested that installation compressive force of 
2H2D is marginally higher (8%) than SH at the end of installation, 
comparable to the 11% increase predicted in the current DEM study 

Table 4 
Summary of simulations conducted.

Simulation 
number

Pile ID AR First (bottom) helix embedment depth ratio, 
H1/ Dh

Final installation force, F 
(MN)

Final installation torque, T 
(MNm)

Tensile capacity, Qt 

(MN)

1 SH 1.0 7.5 10.8 2.62 7.25
2 SH 0.25 7.5 − 1.75 3.48 10.63
3 2H2D 1.0 7.5 12.04 3.76 8.23
4 2H2D 0.25 7.5 − 1.48 3.23 8.46
5 2H4D 1.0 7.5 11.31 3.04 8.62
6 2H4D 0.25 7.5 − 2.17 3.49 10.04
7 2H2D 0.5 7.5 2.23 3.55 9.5
8 SH 1.0 3.5 5.27 1.04 2.71
9 SH 0.25 3.5 0.08 0.55 3.95
10 SH 1.0 5.5 8.55 1.70 6.41
11 SH 0.25 5.5 − 1.0 1.72 7.30
12 SH 0.25 10.4 − 3.82 6.57 12.5
13 2H2D 0.25 10.4 − 3.22 6.02 13.8

Fig. 10. Overall installation requirements for single and dual-helix piles (a) vertical force, (b) torque.

Fig. 11. Helix spacing effects on displacement of particles around screw piles at the end of installation for (a) pitch-matched installation at AR = 1.0 (b) over-flighted 
installation at AR = 0.25.
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(Fig. 10a). In terms of torque, Fig. 10b shows that required installation 
torque of 2H2D and 2H4D is 20% and 15% higher than SH, respectively. 
The torque increase by 20% from SH to 2H2D also reasonably matches 
Davidson et al. (2022) who suggested 20% although the soil relative 
density was higher than in this study.

For the piles installed using the over-flighted approach (AR = 0.25), 
Fig. 10 indicates that the torque and tensile force required during 
installation of 2H2D is lower than the rest of two cases. For instance, 
torque for 2H2D at the end of installation is 1.44 MNm and 26% lower 
than SH. The potential of reduced installation requirements induced by 
inclusion of additional helices during over-flighting contrasts with pitch- 
matched installation where installation requirements typically increase 
with helix number as per the current and previous studies (Davidson 
et al., 2022; Tsuha and Aoki, 2010; Ullah et al., 2023).

3.2. Post-installation particle movement and stress field

To understand the controlling mechanisms during installation, the 
particle displacement and post-installation stress field are analysed. 
Fig. 11 depicts the displacement vectors of particles within a radial 
distance of 1 Dh from the pile centre, extending from 1 Dh below the pile 
base to 1 Dh above H2 of 2H4D. For the piles installed at AR = 1.0 
(Fig. 11a), particles are displaced downwards and outwards and no 

significant difference is seen with varying helix spacing. In terms of 
over-flighted piles (Fig. 11b), installation at AR = 0.25 displaces parti
cles upwards as observed by Cerfontaine et al. (2021) and Sharif et al. 
(2021a), and, compared to AR = 1.0, there is less scatter among 
displacement vectors and more of an outwards displacement trend. It is 
also noticeable that helix spacing has an effect on particle displacements 
when over-flighting. For the dual helix piles, the particle displacement 
between the first helix (H1) and the second helix (H2) is comparable to 
the single-helix case but the particles above H2 exhibit greater upwards 
and outwards displacement.

The variation of particle displacement modes due to AR and helix 
spacing results in variation of stress field. Figs. 12 and 13 depict vertical 
stress (σz) and radial stress (σr) fields, respectively, around the three 
piles after installation at both AR = 1.0 and 0.25. The influence of AR 
and helix number/spacing on the stress fields is similar for both σz and 
σr. Therefore, in this section, ‘stress’ refers to both σz and σr if not 
specified separately. The impact of variation of AR on the single-helix 
pile (SH) is consistent with Sharif et al. (2021a). During installation at 
AR = 1.0, soil particles are pushed downwards (Fig. 11a), increasing the 
stress beneath and adjacent to the helix and creating a low stress zone 
above it. It is possible to mitigate this phenomenon by over-flighting 
(AR < 1.0) since soil particles are translated upward as shown in 
Fig. 11b. This is also true for dual-helix piles but the helix spacing makes 

Fig. 12. Post-installation vertical stress (σz) field around piles with varying helix spacing installed at varying AR (AR = 1.0 and 0.25): (a) SH, (b) 2H2D, (c) 2H4D for 
AR = 1.0 and (d) SH, (e) 2H2D, (f) 2H4D for AR = 0.25 (r is the radial distance from the pile centre, y is the vertical distance from the ground surface).
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a difference. Based upon the stress fields, the 2H4D pile behaves very 
similarly to the single helix pile (for both AR = 1.0 and 0.25), and the 
zone influenced by second helix (H2) does not propagate all the way to 

the first helix (H1). However, in case of 2H2D, H1 “constrains” the 
global stress fields and draws the stress down to H2. Specifically, for the 
case of 2H2D, AR = 0.25, the stress above H1 is significantly reduced by 

Fig. 13. Post-installation radial stress (σr) field around piles with varying helix spacing installed at varying AR (AR = 1.0 and 0.25): (a) SH, (b) 2H2D, (c) 2H4D for 
AR = 1.0 and (d) SH, (e) 2H2D, (f) 2H4D for AR = 0.25 (r is the radial distance from the pile centre, y is the vertical distance from the ground surface).

Fig. 14. Installation vertical force measured at the helices (a) AR = 1.0 (b) AR = 0.25.
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H2 when compared to the single helix case.

3.3. Installation requirements measured on pile components

With the aid of the post-installation stress field, it is possible to 
explain the variation of installation vertical force and torque measured 
on each pile component and provide insights into how to aid optimised 
installation. Both installation vertical force and torque on the pile base is 
significantly reduced by reducing AR in line with Sharif et al. (2021c), 
but it is not affected by helix number and spacing therefore is not pre
sented here.

3.3.1. Vertical force and torque measured on the helices
Fig. 14a and (b) presents the installation vertical force on the helices 

for AR = 1.0 and AR = 0.25, respectively. For dual-helix piles, the force 
on each helix and the total force are shown separately.

For the pitch-matched cases (AR = 1.0, Fig. 14a), the second helix 
(H2) does not induce variation of vertical force on the first helix (H1). 
Therefore, the limited difference in total force (Fig. 10a) between the 
two cases is a result of the late involvement of H2, resulting in higher 
total helix force at a given penetration depth for the 2H2D case.

In terms of the over-flighted cases (AR = 0.25, Fig. 14b), the presence 
of the second helix (H2) does not affect vertical force on the first helix 
(H1) for the larger helix spacing (2H4D). When Sh/Dh reduces to 2 
(2H2D), however, vertical force on H1 is lower than SH and 2H4D and 
the final vertical force on H2 exceeds that on H1. Although the deeper 
H2 of 2H2D results in higher tensile force on itself compared to 2H4D, 
the total vertical helix force on 2H2D is lower than 2H4D and even SH 
(Fig. 10a). This is consistent with the low stress zone between the two 
helices of 2H2D, AR = 0.25 (Figs. 12e and 13e).

The helix spacing effect on installation torque, as shown in Fig. 15, is 
similar to that on vertical force. At AR = 1.0 there appears to be little 
effect of the second helix (2H) on the behaviour of the first helix (H1) for 
either spacing (2H2D and 2H4D). However, for AR = 0.25, torque on H1 
is reduced, in line with the low stress zone between the two helices of 
2H2D (Figs. 12 and 13). When Sh/Dh = 4 (2H4D) the torque on H1 re
mains almost unaffected compared to the single helix case (SH).

3.3.2. Torque measured on shaft at varying depths
Figs. 16 and 17 present installation torque on three selected shaft 

segments (Fig. 4) of the three piles installed at AR = 1.0 and 0.25, 
respectively. For AR = 1.0, the presence of the second helix (H2) en
hances and reduces torque on the shaft segments below and above it, 
respectively, associated with the variation of soil radial stress (Fig. 13). 
For 2H2D, the torque on the shaft segment S2, which is between the first 

helix (H1) and H2, is enhanced compared to the single helix case (SH), 
while for 2H4D where S2 is 2Dh below H2 there is no significant dif
ference (Fig. 16a). When considering segment S4, it is notable that the 
passage of H2 of 2H2D reduces the torque at S4 over that of the single 
helix case (SH), while for the 2H4D case the S4 torque is increased over 
the SH case as H2 pushes soil downwards to this zone (Fig. 11a) and 
increases the soil radial stress (Fig. 13c). Segment S6 (Fig. 16c), which is 
above all of the helices, exhibits generally similar torque readings 
although the additional helix cases have slightly lower torque than the 
SH.

For the AR = 0.25 case there is a reversal of behaviour that instal
lation torque on the segments below H2 tend to decrease while above 
tends to increase. The torque reduces in S2 for the 2H2D case and minor 
changes are seen for the 2H4D case (Fig. 17a). This is a result of reduced 
stress in this zone as H2 over-flights and removes material from this area 
to push it up above H2 (Figs. 11b and 13e). This also results in increased 
torque on segment S4 above H2 of 2H2D (Fig. 17b). For 2H2D this 
segment is below H2 therefore the torque is reduced as particles are 
removed resulting in reduced radial stress. In terms of S6 which is above 
all helices, the torque is slightly increased over the single-helix case 
(SH).

4. Helix spacing effect on monotonic tensile response

4.1. Failure mechanism and tensile resistance measured on each helix

As well as the need to optimise installation, in-service performance 
also needs to be considered as this is expected to be influenced by helix 
spacing/number and as previously shown AR. Fig. 18 compares the 
failure mechanism of each pile installed at AR = 1.0 and 0.25, by plot
ting particle vertical displacements at a tensile displacement of 0.1 Dh i. 
e. 0.17 m (at prototype scale). For comparison, the potential shallow 
failure wedge propagating upwards inclined at the dilation angle ψp 

assumed by Giampa et al. (2017) is also shown as red dashed lines.
When assessing the single-helix piles (SH) installed at AR = 1.0 

(Fig. 18a), the failure appears not to be fully developed to the ground 
surface suggesting a predominantly deep mechanism. However, when 
AR is reduced to 0.25 (Fig. 18d), the failure mechanism widens, in 
agreement with Sharif et al. (2021a), and tends towards the assumed 
shallow failure mechanism, showing a transitional state between deep 
and shallow mechanisms. The failure mechanism transfer supports the 
assumption that the helix embedment depth is close to the transitional 
depth (Section 2.1).

For the dual-helix piles, for both AR = 1.0 and 0.25, the intensive and 
relatively uniform displacement between H1 and H2 at a spacing of 

Fig. 15. Installation torque measured at the helices (a) AR = 1.0 (b) AR = 0.25.
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Sh/Dh = 2 suggests a cylindrical shear mechanism (Fig. 18b and e), while 
when the helix spacing is greater (2H4D) the individual bearing mech
anism is seen (Fig. 18c and f). This is in line with the transition of 
mechanisms noted by several other previous studies which often refer to 
transition between 2–3 Sh/Dh as discussed previously.

Table 5 summaries tensile capacity Qt , defined as resistance at the 
ultimate uplift displacement of 0.1Dh, of each case with different 
installation AR values and helix spacings. The tensile capacity measured 
on helices and pile shaft separately, along with its proportion of the total 
capacity, is also listed. The scenario of AR = 0.5, 2H2D will be confined 
to the discussion of cylindrical failure mechanisms between the two 
helices (Section 4.2) and will not be utilised elsewhere in this paper.

Fig. 19a shows helix spacing effects on tensile capacity Qt . In terms of 
AR = 1.0, dual-helix piles have larger Qt than the single helix pile (SH). 
While for AR = 0.25 introduction of the second helix is not necessarily 
beneficial as the tensile capacity is not enhanced and can even be lower, 
although the installation benefits from reduced AR (see Fig. 10) which 
might offset this reduction depending on the application. The reverse 
observation between AR = 1.0 and 0.25 is attributed to the different 
failure mechanism of SH as shown in Fig. 18. The deep failure 

mechanism of SH installed at AR = 1.0 (Fig. 18a) allows an additional 
upper helix to mobilise more soil (Fig. 18b and c) and subsequently 
enhance the overall tensile capacity (Fig. 19a). While for AR = 0.25, the 
shallow or transitional failure mechanism of the first helix developing to 
the ground surface (Fig. 18d) prevents the second helix from increasing 
the volume of the failure mechanism (Fig. 18e and f), resulting in a 
similar tensile capacity to the single-helix case (Fig. 19a). Even for the 
smaller Sh/Dh, the form of cylindrical shearing mechanism between H1 
and H2 decreases the overall failure mechanism and reduces the overall 
tensile capacity. However, it can be inferred that if the over-flighted 
piles are installed to a greater depth where H1 can exhibit a deep 
mechanism, an improved tensile capacity of the dual-helix piles over the 
single-helix pile can be observed. It also suggests that it is necessary to 
consider the deep/shallow mechanism transition induced by adopting 
different installation AR values when trying to enhance tensile capacity 
of screw pile by adopting additional helices. For either AR = 1.0 or 0.25, 
2H2D has a lower tensile capacity than 2H4D. It suggests that lower 
helix-spacing may be avoided for optimised tensile capacity of multi- 
helix piles.

Fig. 19b evaluates the tensile capacity of the two helices separately. 

Fig. 16. Installation torque on selected shaft segments for AR = 1.0 (a) Segment 2, (b) Segment 4 and (c) Segment 6.

Fig. 17. Installation torque on selected shaft segments for AR = 0.25 (a) Segment 2, (b) Segment 4 and (c) Segment 6.
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A dimensionless helix resistance factor (or breakout factor) Nγ is used 
(Meyerhof and Adams, 1968): 

Nγ =
4Qh

πDh
2Hγʹ (7) 

where Qh is tensile capacity of a helix, Dh is the helix diameter, H is the 
helix embedment depth, and γʹ is in-situ effective unit weight of soil 
above the helix (prior to installation). Fig. 19b indicates that, for the first 
helix (H1), there is a trend for reduction of Nγ with reducing Sh/ Dh in 
line with transfer from individual bearing to cylindrical shearing 
mechanism observed in Fig. 18. However, when Sh/Dh = 2, Nγ of AR =
0.25 is even lower than Nγ of AR = 1.0 which is the opposite of the 
observation made by previous studies which suggested increased Nγ due 

to reduction of AR (Cerfontaine et al., 2023a; Sharif et al., 2021a). This is 
attributed to the installation induced variation of stress field as shown in 
Figs. 12 and 13 as well as a transition from an individual bearing ca
pacity mechanism to a cylindrical one as is often assumed (Fig. 3) 
(further discussed in Section 4.2). When assessing the second helix (H2), 
reducing AR simply leads to higher Nγ in line with observation on 
single-helix piles made by Cerfontaine et al. (2023a) and Sharif et al. 
(2021a).

4.2. Over-flighting effects on cylindrical shearing resistance

As shown in Fig. 18(b and e) a cylindrical shearing mechanism oc
curs for the 2H2D pile for both AR = 1.0 and 0.25. The cylindrical 
shearing resistance is theoretically equal to the soil-soil friction resis
tance between the soil trapped between the two helices and surrounding 
soil such that the cylindrical shear resistance Qcs can be calculated as 
(Mitsch and Clemence, 1985): 

Qcs = σv
ʹKtanφp

ʹπDh(H1 − H2)= σr
ʹ tan φp

ʹπDh(H1 − H2) (8) 

where σv
ʹ and σr

ʹ are the effective vertical and radial stresses on the 
cylindrical shear surface, K is the coefficient of passive lateral earth 
pressure during uplift, φp

ʹ is the effective peak friction angle of the soil, 
Dh is the helix diameter, and H1 − H2 is the vertical distance between the 
two helices. For a given pile geometry, Qcs is a function of σr

ʹ and φp
ʹ. In 

typical design, σv
ʹ is considered as the in-situ value and K is derived from 

empirical relationships which may consider installation effects to some 
degree (Das and Shukla, 2013). Mitsch and Clemence (1985) suggested 
K can be calculated from: 

K=0.6 + mH2/Dh (9) 

where m is an empirical factor presented in Table 6. For φp
ʹ = 39◦ in this 

study (Table 2), the corresponding K = 1.98.
Fig. 20a shows the Qcs directly measured in DEM (resistance below 

Fig. 18. Comparison of failure mechanism of screw piles with varying helix spacing Sh and installed at AR = 1.0 and 0.25 (a) SH, AR = 1.0; (b) 2H2D, AR = 1.0; (c) 
2H4D, AR = 1.0; (d) SH, AR = 0.25; (e) 2H2D, AR = 0.25; (f) 2H4D, AR = 0.25 (H1 installed to H/Dh = 7.5 s).

Table 5 
Tensile capacity of single-helix and double-helix piles installed at AR = 1.0 and 
0.25 (component proportions of total capacity in brackets, all shown at proto
type scale).

Installation 
mode

Pile Resistance measured on (MN) Total capacity, 
Qt (MN)

H1 H2 Shaft

AR = 1.0 SH 6.22 
(86%)

​ 1.03 
(14%)

7.25

2H2D 4.68 
(57%)

2.60 
(32%)

0.95 
(11%)

8.23

2H4D 6.41 
(74%)

1.09 
(13%)

1.12 
(13%)

8.62

AR = 0.25 SH 9.41 
(88%)

​ 1.22 
(12%)

10.63

2H2D 2.91 
(34%)

4.43 
(53%)

1.12 
(13%)

8.46

2H4D 7.72 
(77%)

1.38 
(14%)

0.94 
(9%)

10.04

AR = 0.5 2H2D 3.75 
(39%)

4.70 
(50%)

1.05 
(11%)

9.50
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H2, i.e. sum of tensile resistance measured on H1 and the shaft between 
H2 and H1), compared to Qcs predicted by Eq. (8) adopting different 
input parameters. As expected, adopting theoretical in-situ (prior to pile 
installation) σr

ʹ on the assumed cylindrical shearing interface leads to 
significant underestimation of Qcs (dot dashed line in Fig. 20a). Using 
the K value proposed by Mitsch and Clemence (1985) gives a more 
reasonable prediction with some attempt to reflect installation effects, 
although this method does not directly consider the influence of 
installation AR (dashed line in Fig. 20a). Alternatively, σr

ʹ directly 

extracted from DEM can be input into Eq. (8) to evaluate the AR effects 
(solid circle symbols). As expected, the DEM post-installation σr

ʹ prior to 
the tensile loading also underestimates Qcs as the loading induced stress 
state variation is not considered (i.e. passive lateral earth pressure is 
typically higher than lateral earth pressure at rest), although it re
produces the trend of decreased Qcs with reduction of AR. Adopting the 
DEM σr

ʹ at a tensile displacement at 0.1 Dh (where tensile capacity is 
measured) gives a better result (open circle symbols). Fig. 20b shows the 
m value back-calculated based on the measured resistance below H2 
(solid square data points in Fig. 20a), which also reduces with decreased 
AR as expected. It again suggests a necessity for consideration of AR for 
Qcs calculation.

4.3. Over-flighting effects on soil disturbance induced by extra helix 
passage

Previous studies have suggested that multi-helix screw piles tend to 
cause more disturbance of the soil than single-helix piles during instal
lation at AR = 1.0 (Lutenegger et al., 2014; Tsuha et al., 2012) as dis
cussed previously. Based on this assertion the tensile resistance of H2 of 
the dual-helix piles in this study should be influenced by penetration of 

Fig. 19. Effects of AR and Sh/ Dh on tensile response (a) total tensile capacity (b) resistance factor Nγ of each helix.

Table 6 
Values of m for various soil friction angles 
φp

ʹ, as derived by Mitsch and Clemence 
(1985).

φp
ʹ (◦) m

25 0.033
30 0.075
35 0.180
40 0.250
45 0.289

Fig. 20. Comparison of theorietical and measured cylindrical shear resistance between H1 and H2 with variation of AR (a) Qcs calculated adopting input parameters 
derived from emprical relationships and DEM, (b) back-calculated value of m factor based on DEM measurements.
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H1. To evaluate this effect, the single-helix pile (SH) was installed to the 
depth of H2 of 2H2D (5.5 Dh) and 2H4D (3.5 Dh) followed by tensile 
loading tests.

Fig. 21 compares post-installation vertical stress of the partially 
penetrated single-helix cases to the corresponding two-helix cases. It 
indicates, for both AR = 1.0 and 0.25, that the vertical stress in the case 
of dual-helicx pile exhibits a reduction compared to single helix. The 
disturbance of soil above the second helix (H2) induced by penetration 
of H2 can be also interpreted by variation of tensile resistance of the 
helix. Fig. 22 compares the helix resistance factor Nγ of H2 of the dual- 
helix piles (open symbols in Fig. 19b) to the single-helix piles with the 
same helix embedment depth of H2 (5.5Dh for 2H2D and 3.5Dh for 2H4D 
as shown in Fig. 21). It shows that multiple helix passage (H2) results in 
smaller Nγ than one passage. In addition, over-flighted installation leads 
to smaller Nγ reduction (2%–12%) from single to H2 than installation 
AR = 1.0 (30%–33%). But in the case of 2H2D, AR = 0.25, the reduced 
soil disturbance above H2 does not compensate for the detrimental ef
fects of the low stress between the helices (H1 and H2) which results in 
lower overall tensile capacity (Fig. 19). The lesser reduction of the 

tensile resistance of the second helix induced by over-flighting needs to 
be considered for design.

5. Effect of installation depth for over-flighted piles (AR ¼ 0.25)

It has been shown in Section 4.1 (H1/Dh = 7.5) that, at installation 
AR = 0.25, the dual-helix (2H2D and 2H4D) piles do not develop 
improved but lower tensile capacity than the single helix pile (SH), 
because the first helix H1 already develops a shallow failure which 
cannot be extended by additional helices (Fig. 18). However, as shown 
in Fig. 23, if the piles are installed deeper to H1/Dh = 10.4 where the SH 
exhibits a deep failure mechanism, for example the 2H2D pile can 
mobilise more soil and create an improved tensile capacity. In addition, 
the decreased installation torque of 2H2D compared to SH remains. 
Thus, it is also possible to improve tensile capacity and reduced instal
lation torque of over-flighted piles by inclusion of additional helices if 
the H1 failure mechanism is deep.

Fig. 21. Effect of installation AR on variation of post-installation vertical stress field induced by penetration of one more helix (a) AR = 1.0, SH at H = 3.5 Dh vs 
2H4D; (b) AR = 1.0, SH at H = 5.5 Dh vs 2H2D; (c) AR = 0.25, SH at H = 3.5 Dh vs 2H4D; (d) AR = 0.25, SH at H = 5.5 Dh vs 2H2D (the upper helix of the dual-helix 
pile and the helix of the single-helix pile are at the same depth in each subplot).
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6. Correlation between installation torque and tensile capacity

A capacity – installation torque (Kt , Eq. (1)) is usually used for 
estimation of screw pile capacity or verification that the installation is as 
designed. Perko (2009) suggested Kt being a function of shaft diameter 
Ds: 

Kt = 1.433
/
Ds

0.92 (10) 

where T is torque at the end of installation.
Fig. 24 shows Kt ranging 2 to 8 for the piles simulated here which is 

consistent with the findings of Sharif et al. (2021a) who found that Kt 
varied with installation approach (AR) for the SH pile (amongst other 
things). It is also notable for the SH, AR = 0.25 case that the results tend 
to those of Perko (2009) with increasing embedment depth which would 
be associated with the formation of a deep failure mechanism as per 
Figs. 18 and 23. This would seem logical in that most small onshore piles 
typically have low shaft and helix diameters and a relatively high 
embedment depth ratio which Eq. (10) was derived from. It should also 
be noted that fundamentally torque correlates with total pile surface 
area where shaft is the predominant component and capacity predom
inately correlates with helix diameter and the mechanism developed, in 
contrast to Eq. (10) where only Ds is considered. Thus, a more reasonable 
form of Eq. (10) may need to account for the effect of H/Dh and Dh/Ds, 

potentially as well as soil relative density as reported by Tsuha and Aoki 
(2010) and Sharif et al. (2021a)

Furthermore, as discussed previously, the mechanism during instal
lation and tensile loading varies with pile helix number and spacing, 
installation AR and embedment depth ratio. The value of Kt is related to 
the complex interaction of those factors and cannot be easily expressed 
using simple mathematic correlations. For instance, Kt for AR = 0.25 can 
be either larger or lower than Kt for AR = 1.0 depending on the helix 
arrangement and installation depth. Therefore, such approaches as using 
Kt values should be used with caution and not for pile capacity predic
tion but construction verification as per recommendations in BS8004 
(British Standards Institution, 2015).

It is interesting though that for the multi-helix piles that they appear 
less sensitive to AR and H/Dh and tend to the Perko values. This is sur
prising based upon the tendency to predominantly shallow mechanisms. 
This may suggest that the torque of the upper helix during installation is 
offset by the increased disturbance and reduced relative contribution of 
the upper helix in uplift and that the Perko (2009) values reflect a lower 
bound disturbed/mixed capacity and that with better site control 
(especially of single helix piles) greater capacity contributions could be 
obtained.

7. Practical implications

Pitch-matched installation, although it is recommended by current 
standards, may require impractically high vertical force for large-sized 
offshore screw piles. This installation approach also leads to increased 
installation torque with helix number. In contrast, over-flighted instal
lation benefits from the reduced vertical force and the potential of 
decreased torque (up to 26% in this study) resulting from additional 
helices at a small spacing (Sh/Dh = 2).

Using either pitch-matched or over-flighted approaches, it is possible 
to enhance screw pile tensile capacity by inclusion of an additional 
(upper) helix when the first (bottom) helix is creating a deep failure 
mechanism. When the first (bottom) helix tends to develop a shallow 
failure mechanism, additional helices may be detrimental for tensile 
capacity. Thus, estimation of critical H/Dh, where shallow/deep failure 
mechanism transition happens, needs to be built into design and pile 
configuration when trying to use additional helices to improve pile ca
pacity. For estimation of the critical H/Dh, which is normally based upon 
soil relative density Dr, the effect of installation AR, i.e. over-flighting 
increases the critical H/Dh, also needs to be considered.

For optimised tensile capacity, lower helix-spacing may be avoided 

Fig. 22. Effect of installation AR on reduction of helix resistance induced by 
penetration of an extra helix.

Fig. 23. Tensile failure mechanism and capacity of SH and 2H2D piles at H1/ 
Dh = 10.4 and AR = 0.25 compared at a vertical uplift displacement of 0.1Dh.

Fig. 24. Summary of tensile capacity – installation torque correlation factor Kt 

compared to Perko (2009) (data points at H1/ Dh = 7.5 may be offset slightly 
for clarity).
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even though it may result in a decrease installation torque when over- 
flighted approaches are adopted. In general a balance between opti
mised capacity and installation torque needs to be considered if torque is 
a limitation of the installation equipment.

8. Conclusion

Discrete element modelling was employed to investigate the effect on 
installation and in-service response of dual-helix screw piles compared 
to a single-helix pile, with the effects of helix spacing (Sh/Dh = 2.0 and 
4.0) and advancement ratio being investigated. The piles were installed 
using pitch-matched (advancement ratio, AR = 1.0) and over-flighted 
(AR < 1.0, generally 0.25 in this study) approaches, as the latter may 
be necessary for installation of large size screw piles for offshore ap
plications to minimize excessive vertical push-in forces. The use of DEM 
revealed the interaction between the two helices during installation, 
where such insights may not be easily gained from physical modelling or 
field testing where instrumentation resolution may be relatively low.

Similar to the single helix pile, each helix of the dual-helix piles 
pushes soil particles downwards and creates relatively high soil stress 
below itself when installed at AR = 1.0 resulting in large installation 
compressive force, while when over-flighting each helix moves soil 
particles upwards and generates high soil stress above the helix resulting 
in tensile force during installation. The installation torque can also be 
reduced by adopting lower AR values for a given pile.

The interaction between the two helices during installation is a 
function of both helix spacing and AR. For installation at AR = 1.0, 
introduction of an additional (upper) helix leads to higher overall 
installation vertical force and torque without affecting installation 
resistance of the first (lower) helix. However, in terms of over-flighting 
(AR < 1.0), a second helix can displace soil between the two helices 
upwards again after the first helix passage, resulting in low stress above 
the first helix if the helix spacing is small (e.g. Sh/Dh = 2). As a result, the 
installation torque measured on the first helix and even the total 
installation torque is reduced over the single-helix case, in contrast with 
pitch-matched installation where additional helices typically increase 
installation force and torque.

The installation induced stress field variation also has effects on in- 
service tensile response. When installed at AR = 1.0 and H1/Dh = 7.5, 
the single-helix pile exhibits a deep mechanism. Therefore, an additional 
helix can improve the overall tensile capacity. While installation at =
0.25 and H1/Dh = 7.5 it tends to create a shallow mechanism for the 
single-helix pile, resulting in no potential of increased tensile capacity 
caused by an additional helix and even reduced tensile capacity asso
ciated with cylindrical shearing mechanism and decreased stress be
tween the two helices when helix spacing is small. However, this 
tendency of reduced tensile capacity can be removed by increasing 
installation depth to a value where a single-helix pile is likely to create a 
deep failure mechanism. It suggests that it is necessary to consider the 
deep/shallow mechanism transition induced by adopting different 
installation AR values when trying to enhance tensile capacity of screw 
pile by adopting additional helices.

By inspecting the results of both installation requirements and in- 
service response, it suggests, for screw piles installed using over- 
flighted approaches, that design of helix spacing needs to consider the 
balance between tensile capacity and installation torque. Smaller helix 
spacing can help to reduce installation torque at expense of reduced 
tensile capacity while larger helix spacing may be needed to maximise 
tensile capacity although it requires higher torque during installation.

In addition, increasing the number of helices can lead to increased 
disturbance of the soil and reduced tensile resistance of a helix posi
tioned such that a single depth sees passage of more than one helix. The 
soil disturbance induced by increased helix number can be reduced by 
using an over-flighted installation approach. This effect needs to be 
considered when estimating in-service response of upper helices.
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Glossary

AR: advancement ratio
Dh: pile helix diameter
Dr: soil relative density
Ds : pile shaft or core diameter
dz: uplift displacement of a screw pile during tensile loading
d50: mean soil particle diameter
Hn: embedment depth of the nth (from pile tip to head) helix
I: system inertial number during screw pile installation
K: coefficient of lateral earth pressure
L: pile length
Lpv, Lpω: representative dimension of the plastic deformation zone associated with the 

vertical rotation and vertical displacement of the helix
Nγ: dimensionless factor of helix tensile resistance
n: helix number of a screw pile
pt: thickness of helical plate
p0

ʹ: mean effective stress of soil
Qt: tensile capacity
Qh: tensile capacity of a single helix
Qcs: cylindrical shearing resistance
r: radial distance to the pile centre
SF: scaling factor of particle size
Sh: spacing between two adjacent helices
s: ratio of helix spacing Sh to helix diameter Dh
v: vertical velocity of screw pile installation
wh: effective width of a helix
y: vertical distance to the ground surface
z: penetration depth during installation
γ̇: shear strain rate
ρ: particle density
σr

ʹ: effective radial stress of soil
σv

ʹ: effective vertical stress of soil
ω: rotation rate of screw pile installation
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