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Wing ratio effect on the failure mechanism and uplift behaviour of helical 
anchors in sand
Hamed Nuri a, Hossein Salehzadeh a, Ali Akbar Heshmati Rafsanjani a, 
Cristina de Hollanda Cavalcanti Tsuha b and Amin Askarinejad c

aSchool of Civil Engineering, Iran University of Science and Technology, Narmak, Iran; bDepartment of Geotechnical Engineering, University of 
São Paulo at São Carlos São Carlos, Brazil; cFaculty of Civil Engineering and Geosciences, Delft University of Technology Delft, The Netherlands

ABSTRACT
Helical anchors are load-resisting elements, installed vertically or inclined to resist uplift or 
combined loads. The geometry of these anchors significantly impacts their uplift resistance. 
Wing Ratio (i.e. helix diameter/shaft diameter) is a notable aspect of anchor geometry because 
of its influence on installation requirements and uplift capacity. This study is aimed at exploring the 
impact of WR on anchor uplift capacity and failure mechanisms. Through a series of centrifuge tests 
on small-scale half-models of helical anchors, it was observed that increasing WR led to corre
sponding increase in uplift capacity. However, this was accompanied by decrease in both peak 
helix pressure (peak uplift capacity/helix area) and the breakout factor Nqu, indicating reduced 
load-bearing efficiency. This decline is attributed to increased soil disturbance resulting from larger 
WRs. Additionally, while WR did not influence the formation of failure mechanisms, it exhibited 
some influence on determining the critical embedment depth in medium-dense sand.
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Introduction

Screw anchors are load-bearing components compris
ing a central shaft with one or more helices welded to it. 
These anchors have numerous onshore applications, 
including foundations for guyed tower cables and trans
mission power lines. A new application for these 
anchors in the offshore environment was introduced 
by (Spagnoli et al. 2015) and studied in detail by many 
researchers such as (M. J. Brown et al. 2019; Cerfontaine 
et al. 2020; Davidson et al. 2019, 2022) and (Spagnoli 
and de Hollanda Cavalcanti Tsuha 2020).

Although several studies have examined the axial and 
lateral capacity of screw anchors and their installation 
demands, relatively few have explored the specific fail
ure mechanisms of these structures under axial or lateral 
loading in sandy soils. Moreover, industry practices and 
prior experience highlight that configuration of helices 
plays a pivotal role in both installation requirements and 
the peak uplift capacity of anchors. Among these geo
metric factors, the wing ratio (WR) stands out as 
a critical parameter that has not yet been thoroughly 
researched. The WR has been shown to affect the ver
tical installation force (crowd), torque, and peak uplift 
capacity of helical anchors (Spagnoli et al. 2015).

Further research is therefore necessary to deepen our 
understanding of how the WR influences installation 
demands, peak uplift capacity, and governing failure 
mechanisms. Such comprehensive insights are vital for 
improving the predictive accuracy of uplift capacity 
models for helical anchors and ensuring their suitability 
for large-scale industrial applications.

Wing ratio

To date, only a limited number of studies have evaluated 
the effect of the wing ratio (WR) on the uplift capacity of 
helical anchors. WR, defined as the ratio of the helical 
plate diameter to the shaft diameter, WR ¼ D

d

� �
, is 

a crucial design parameter for offshore screw anchors. 
This enables engineers to design screw anchor geome
tries that provide the required uplift capacity while 
minimizing the installation torque (M. Brown 2019).

One of the earliest studies to examine the influence of 
WR on the failure mechanisms of helical anchors was 
conducted by (Nagata and Hirata 2005) where they 
examined the effects of WR, helix embedment and dia
meter on the uplift capacity and failure surface of helical 
anchors in dense sand (84% relative density). The tests 
were conducted on reduced-scale models under 1g 
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gravity conditions with (H/D) = 1 ~ 13. The study found 
that increasing the WR led to higher uplift capacity but 
resulted in a decrease in uplift pressure on the helices. 
Additionally, the observed failure surface was reported 
as a reversed truncated cone, with a reduced inclination 
(with vertical) at the upper portion of the failure cone.

(Urabe et al. 2015) investigated the impact of WR on 
the cyclic and monotonic axial responses of wing piles 
using centrifuge modelling, focusing on four distinct 
WRs in very dense Toyoura sand. The wing piles con
sisted of a shaft and a flat plate attached to it near the tip 
and were installed in the soil as wished-in-place. Their 
findings indicated that WR has a substantial influence 
on the cyclic pullout capacity of the piles, whereas the 
cyclic compression response is largely governed by shaft 
resistance. The failure surface, however, was not visua
lized in these tests.

(Spagnoli et al. 2015) conducted experiments on 1/10 
scale single-helix screw piles with varying WRs to assess 
the effects of WR on installation torque and uplift capa
city. The experiments were carried out in a 1 × 1 × 1 m 
tank under 1 g conditions, with piles installed using an 
electric drill to the intended depth. Results showed that 
WR values of 1.5 and 2 yielded the lowest installation 
torque-to-capacity ratios, suggesting these WRs offer 
optimized installation efforts with regards to uplift 
capacity.

In an experimental study (Nazir et al. 2014), con
ducted monotonic uplift tests on small-scale helical 
anchor models to investigate the influence of the shaft- 
to-helix diameter ratio ( 1

WR) on the uplift capacity and 
failure mechanisms of single-helix piles. The helical 
plate diameter was kept constant, while the shaft dia
meter was varied to achieve different shaft-to-helix dia
meter ratios. The piles were installed as wished-in-place 
in a sand container and tested under 1 g conditions. The 
results indicated a wide range of Nqu values (Nqu = 2 ~  
92) for the H/D ranges examined (1 ~ 5) in both loose 
and dense sand conditions. The shaft-to-helix diameter 
ratio exhibited negligible influence on Nqu which was 
attributed to the limited contribution of shaft skin fric
tion to uplift resistance Alternatively, this outcome may 
also be explained by the absence of installation effects, 
which can loosen the soil above the helix and influence 
uplift capacity.

More recently, da Silva and Tsuha (2021) conducted 
tests on the helix portion of helical anchors to examine 
the influence of WR and confining pressure on installa
tion forces and load-bearing performance. In these tests, 
anchors were installed under pitch-matched conditions 
in a calibration chamber. Pitch-matched installation 
(also referred to as perfect installation) is defined as 
a mode in which the anchor advances one pitch per 

revolution into the foundation soil. The study reported 
that increasing WR reduced the peak uplift pressure, 
while peak compressive pressure remained unchanged. 
In this context, uplift/compressive pressure was defined 
as the peak uplift/compressive load divided by the helix 
bearing area. The authors also observed the formation 
of a cylindrical failure surface above the helix.

Given the scarcity of research on the effects of WR on 
the uplift capacity of helical anchors and the inconsis
tency between different studies e.g. between the results 
of Tsuha et al. (2019) and Nazir et al. (2014), establish
ing a clear correlation between WR and anchor uplift 
capacity is essential for improving helical anchor design.

Failure mechanism

Previous research efforts have explored the general fail
ure mechanisms of helical anchors through physical 
modelling. More recent studies, such as those by 
(Nazir et al. 2014) and (Hao et al. 2019) have focused 
on specific conditions to isolate installation effects and 
evaluate the influence of other key parameters. Gaining 
insight into governing failure mechanisms and their 
influencing factors (such as WR) is expected to improve 
the accuracy of anchor design methods and clarify how 
individual helices interact with each other and with 
nearby anchors. Therefore, investigating the failure 
mechanisms of helical anchors across different geome
trical configurations and geotechnical conditions is 
essential for advancing both their design and practi
cal use.

In single-helix anchors, two primary failure modes 
are commonly observed: shallow and deep (Perko  
2009). The shallow failure mode is characterized by 
a failure surface resembling a truncated inverted cone 
and is typically accompanied by soil swelling near the 
ground surface. In contrast, the deep failure mode 
involves a failure surface that does not reach the ground 
surface, remaining localized around the anchor, accom
panied by the development of a flow-around 
mechanism.

Several studies have investigated the failure mechan
isms of helical piles and anchors under various condi
tions, utilizing both experimental and numerical 
approaches. Ghaly, Hanna, and Hanna (1991) con
ducted experiments on medium-scale helical anchor 
models in a test tank with different sand densities. 
They observed a truncated cone failure surface inclined 
at approximately 2φ/3 to the vertical within the tested 
range (H/B = 2 ~ 16).

Liu, Liu, and Zhu (2012) performed small-scale tests 
on model plate anchors embedded in poorly graded 
loose and dense sand, observed through a Perspex 
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window, under 1 g conditions without any surcharge. 
The authors noted that the failure plane exhibited 
a conical shape for all tested anchors (H/D = 1 ~ 9), 
inclined at φ/4 to the vertical.

Giampa, Bradshaw, and Schneider (2017) conducted 
an experimental study on medium-scale helical anchors 
(helix diameter D = 152 and 254 mm) installed in dense 
sand, comparing the findings with results from finite 
element analyses. They concluded that the failure sur
face was a truncated cone with an inclination of ψ (with 
ψ representing dilation angle of the sand at the corre
sponding confining stress and relative density) for the 
tested H/D range (H/D = 1.8 ~ 7.1).

Nagai, Tsuchiya, and Shimada (2018) reported the 
results of tests on small-scale helical anchors installed in 
loose and dense sand under 1 g conditions. They 
explored the impact of installation methods on helical 
anchor performance and failure surfaces, using anchors 
with a WR of 2 within a 1 × 1 × 1 m calibration chamber. 
Anchors were embedded to a depth of 5D using for
ward, reverse, and boring installation techniques. The 
findings revealed that forward installation produced 
a cylindrical failure surface, whereas boring installation 
resulted in a bowl-shaped profile.

(Chen et al. 2020) conducted experimental and DEM 
studies on the compressive bearing capacity of 
a partially screwed shaft in medium-dense sand, 
observed through a Perspex window without consider
ing installation disturbances. It was concluded that the 
screw sections made a significant contribution to the 
shaft’s compressive capacity, and a bubble-shaped fail
ure surface surrounding these sections was reported. 
Cerfontaine et al. (2023) carried out a numerical study 
on helical anchors using the discrete element method 
(DEM) to investigate the effect of the installation 
advancement rate (AR) on the resulting failure mechan
isms. The study revealed that the failure surface exhib
ited a wedge shape in the shallow failure mode, while 
a flow-around mechanism developed in the deep mode 
(H/D = 7.6 ~ 8.5).

Understanding the failure mechanisms and para
meters influencing them is essential, especially consid
ering the significant soil disturbance induced during 
anchor installation and the necessity of a robust analy
tical framework for predicting anchor uplift capacity 
(Schiavon, de Hollanda Cavalcanti Tsuha, and Thorel  
2016). Therefore, in light of the knowledge gap concern
ing the failure mechanisms of helical anchors with vary
ing geometries, particularly those with different WRs, 
this study aims to examine this aspect in greater depth.

In the present research, anchor-induced soil distur
bance during installation was simulated using a simple 
and reproducible technique. This approach, as 

employed by (Salehzadeh, Nuri, and Rafsanjani  
2022), is intended to provide a deeper understanding 
of the failure mechanisms of helical anchors with 
varying geometries.

Accordingly, six centrifuge tests were conducted to 
investigate the failure mechanism, the mobilized soil 
mass during pullout, and peak uplift capacity of helical 
anchors in medium-dense sand, with an emphasis on 
WR effects under monotonic loading conditions. 
Additionally, the uplifting performance was further ana
lysed by comparing helix pressure and dimensionless 
breakout factor (Nqu) with findings from two pertinent 
previous studies. The geometry of the resulting gaps was 
also examined, potentially valuable for future investiga
tions into the cyclic loading behaviour of helical anchors.

Materials and methods

Model soil

#161 Firoozkooh sand was used in the current study as 
a standard test soil, employed in numerous previous 
studies such as Baziar, Shahnazari, and Kazemi 2018; 
Heshmati Rafsanjani, Salehzadeh, and Nuri (2021) and 
Sabermahani and Nuri (2021). The tested sand has 
a mean grain size diameter of 0.25 mm and is classified 
as SP according to the USCS. The mechanical and 
physical properties together with the grain size distribu
tion of this soil are presented in Figure 1 and Table 1, 
respectively.

The sand was prepared using the pluviation techni
que in a medium-dense state (Dr = 60%) inside 
a rectangular box with dimensions of 500 × 280 ×  
240 mm (L×W×H). Sand density was measured in 
each test using two small calibration cylinders placed 
at the bottom of the strongbox. The peak internal fric
tion angle (φpeak) of the sand was determined according 
to the results of triaxial tests performed by previous 
researchers such as Hasanlourad, Khatami, and 
Ahmadi (2018). The median sand density and confining 
pressure (at the level of the helix) were 60% and 30 ~ 50 
kPa, respectively.

Loading and data acquisition system

The loading and data acquisition system elaborated in 
Heshmati Rafsanjani, Salehzadeh, and Nuri (2021) was 
used to apply the loads and record the output data. The 
loading system comprised a screw jack connected to the 
stepper motor via a pulley that transferred the load to 
the test anchor head through a hook. Forces were also 
measured using a SEWHA-CNM SM603 loadcell. 
Figure 2 shows a schematic diagram of the test setup.
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Particle image velocimetry (PIV)

The Particle Image Velocimetry (PIV) technique, ori
ginally introduced for fluid flow experiments, was 
adapted for geotechnical testing (White, Take, and 
Bolton 2003) and further developed by (Stanier and 
White 2013) and others. PIV analysis offers a rapid 
and precise method for measuring displacements of 
objects within the field of view (FOV). In the present 
study, model video footage during testing was recorded 
using a SONY DSC-TX30 camera, and relevant frames 
were extracted and processed with the GeoPIV-RG code 
in MATLAB. A row of LED lights ensured adequate 
illumination of the Perspex window.

Helical anchor model

The anchor models were fabricated from aluminium to 
match the roughness properties of those used in 
(Heshmati Rafsanjani, Salehzadeh, and Nuri 2021). 
The shaft diameter was kept constant across all anchors, 
while the helix diameter was varied to achieve different 
WRs. To obtain realistic results, the pitch of the helix 
was simulated using an inclined half-helix. Friction at 
the Perspex–anchor interface was minimized by apply
ing silicone oil, as described by Stanier, Black, and Hird 
(2014) and Chen et al. (2018). Detailed specifications of 
the models are provided in Table 2.

The present study specifically focuses on the geotech
nical aspects of soil–structure interaction, without 
accounting for the potential structural buckling or fail
ure of the anchor system. Post-test inspections of the 
anchors following each pullout test confirmed this 
assumption, revealing no visible signs of buckling or 
failure in either the plate or the plate-shaft connection.

Particle size effects on the uplift capacity were also 
minimized by considering W/d50 > 16 according to 
(Heshmati Rafsanjani, Salehzadeh, and Nuri 2021) 
who reported no scale effects on the net uplift capacity 
of helical anchors for W/d50 > 16. Furthermore, the D/ 
d50 ratio in the present study varied between 64 and 96, 
exceeding the recommendations of (Garnier et al. 2007) 
for plate anchors, which suggest D/d50 > 48 to minimize 
scale effects.

Installation procedure and verification of the 
testing method

Accurately reproducing installation disturbances 
remains a significant challenge in the modelling of heli
cal anchors. In this study, the installation disturbance 
was not fully replicated (e.g. stress redistribution due to 
installation was not reproduced) due to several limita
tions, including the absence of a stress regeneration 
system, such as those used in calibration chamber tests 
and uncertainties regarding critical parameters, such as 
the precise stress distribution around the anchor post- 
installation and its dependence on anchor geometry.

While certain limitations may have had a minor 
influence on the observed failure mechanisms, the PIV 
results still provide valuable insights. Moreover, the 
findings of this study align with trends reported in 
previous model studies conducted under field-like stress 
conditions such as Nagata and Hirata (2005) and da 
Silva and Tsuha (2021). Study (Nagata and Hirata  
2005) demonstrated that Nqu decreases with increasing 
WR at a given relative embedment depth Figure 9b). In 
da Silva and Tsuha (2021), although Nqu values were not 
compared at the same H/D ratio, Figure 9a shows that 
a WR of 2 under 50 kPa yielded a higher Nqu than a WR 
of 4 under 100 kPa. A similar trend is observed in the 
present study (Figure 8), further supported by the PIV 
analysis.

The alteration in sand density, a primary conse
quence of the installation process in the surrounding 
soil, was modelled by pluviating the sand at a relative 

Figure 1. The grain size distribution of the #161 firoozkooh sand.

Table 1. Mechanical and physical properties of #161 Firoozkooh 
sand (Dr ¼ 60%Þ.

USCS 
grade Cc Cu

d50 

(mm) emin emax Gs

c 
(kPa) φcs (

°) φpeak(°)

SP 0.88 1.87 0.25 0.55 0.87 2.658 0 29 35
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density distinct from that of the rest of the model. The 
variation in sand relative density during installation is 
governed by its initial state; dense sand tends loosen 
within the disturbed zone, whereas loose sand may 
densify (Sharif, Brown, et al. 2021).

In this study, because the sand was initially in 
a medium-dense state, a substantial reduction in sand 
density due to installation was not expected, consistent 
with observations reported by (Sharif, Brown, et al.  
2021). The use of weaker materials to replicate installa
tion disturbances has also been successfully applied by 
previous researchers, including (Garakani and Maleki  
2020; Pérez et al. 2018) and (Salehzadeh, Nuri, and 
Rafsanjani 2022).

The change in sand density was simulated by pluviat
ing the sand adjacent to the model anchor, referred to as 
the disturbed area, at a lower relative density than the 
rest of the model. This was accomplished by pluviating 
the sand from a reduced height using a half-cut tube and 
funnel. The pluviation was carried out in 2 cm incre
ments to ensure consistent relative density across the 
depth. The diameter of the disturbed area was set to 
1.2D (where D is the helix diameter), in accordance with 
observations reported in previous studies Nagai, 
Tsuchiya, and Shimada (2018), Pérez et al. (2018) and 
Salehzadeh, Nuri, and Rafsanjani (2022).

While this method of accounting for installation 
effects may not fully replicate the actual soil behaviour 
during anchor installation, it is considered sufficiently 
accurate for observing the failure mechanism, since the 
elevated gravity within the centrifuge generates vertical 
and consequently, lateral stresses comparable to those in 
actual installation conditions. The load response of the 
anchors, however, may be softer than expected, exhibit
ing smaller peak capacities compared to a similar soil 
under real installation conditions. This difference in 
peak capacity and hence, softer response was documen
ted in a prior study by the authors (Salehzadeh, Nuri, 
and Rafsanjani 2022) which reported nearly a 10% 
reduction in peak uplift capacity for the half-model 
load–displacement curve compared to the full-model 
curve. Notably, this discrepancy may be more 

pronounced in denser sands, as the difference in initial 
lateral in-situ stresses between the two cases becomes 
more significant.

The half-cut tube was carefully withdrawn vertically 
after the pluviation process. Coloured sand was placed 
around the Perspex sheet to enhance visualization of the 
failure surface. Once the models were prepared, they 
were pulled out at the target centrifugal acceleration. 
This process was repeated with different fall heights, and 
the optimal fall height for preparing the half-models was 
determined by comparing the resulting load–displace
ment curves with those of the corresponding full-mod
els, as reported in Heshmati Rafsanjani, Salehzadeh, and 
Nuri (2021).

It should be noted that the full-models in the referenced 
study were installed under pitch-matched conditions. 
Comprehensive details of the physical modelling proce
dures and verification results are provided in (Salehzadeh, 
Nuri, and Rafsanjani 2022) and are therefore not repeated 
here. The connection setup is shown in Figure 3.

Results and discussion

WR effect on the failure mechanism

The effect of WR on the vertical soil deformation con
tours is shown in Figure 4 for all models, as obtained 
through PIV analyses. A summary of the observations 
derived from the PIV analysis is presented in Table 3. As 
shown in the table, none of the deeply embedded 
anchors (H/D = 5) exhibited a shallow failure mode, 
confirming that H/D = 5 corresponds to deep embed
ment in medium-dense sand, in agreement with the 
observations of (Al Hakeem and Aubeny 2019; Liu, 
Liu, and Zhu 2012) and (Salehzadeh, Nuri, and 
Rafsanjani 2022).

Table 3 also indicates that helical anchors with deep 
embedment (H/D = 5) exhibit a flow-around failure 
mechanism, regardless of the WR. This behaviour arises 
because the force needed to uplift the soil overlying the 
helix exceeds the force required to shear the soil locally, 
leading to the formation of the flow-around mechanism 
(Hossain et al. 2005). The reason for this phenomenon can 

Table 2. Specifications of the tests.

Test case

Shaft 
diameter 

(d) 
(mm)

Prototype shaft 
diameter (mm)

Helix 
diameter 

(D) 
(mm)

Prototype helix 
diameter (mm)

WR 
(D/d)

Embedment 
depth ratio (H/ 

D)

Helix 
embedment 

depth 
(H) 

(mm)

Helix 
pitch 
(mm)

Helix 
thickness 

(mm)
g-level 

(g)

HA-W2-H3 8 120 16 240 2 3 48 4 1.2 15
HA-W2.5-H3 8 120 20 300 2.5 3 60 4 1.2 15
HA-W3-H3 8 120 24 360 3 3 72 4 1.2 15
HA-W2-H5 8 120 16 240 2 5 80 4 1.2 15
HA-W2.5-H5 8 120 20 300 2.5 5 100 4 1.2 15
HA-W3-H5 8 120 24 360 3 5 120 4 1.2 15
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be attributed to two factors: First, as the sand density 
decreased due to the installation process, the force required 
for the flow-around mechanism also decreased. Second, as 
the embedment depth increased, the confining stress and 
the required uplift force increased. These conditions favour 
local shear (deep failure) over general shear failure (shallow 
failure). It is worth noting that these failure mechanisms 
can be observed through the total displacement fields 
around the anchors, as presented in Figure 5.

Further, according to Table 3, in the shallow embed
ment cases, general shear failure characterized by 
a reversed truncated cone failure zone was the dominant 
mechanism, as expected. In the deep embedment cases, 
a flow-around failure mechanism was observed. All mod
els exhibited the anticipated failure mechanisms, except 
for the HA-W3-H3 model. For this model, which had the 
largest WR and was embedded at H/D = 3 (shallow 
embedment), a flow-around mechanism was observed, 
even though the failure surface reached the ground level, 
indicating a shallow failure mode. A close-up view of the 
total displacement vector field for HA-W3-H3 model is 
shown in Figure 6.

This is intriguing, as the flow-around failure mechan
ism is typically associated with deep embedment failure 
modes, while the extension of the failure surface to the 
ground level is linked to shallow failure modes. The 
failure mechanism observed in the HA-W3-H3 model 
clearly differs from both deep and shallow failure 
modes, suggesting a hybrid or combined failure 
mechanism representative of an intermediate embed
ment depth, indicating a transitional failure mode.

This is likely due to the single wing width (W) of the 
HA-W3-H3 model, which, combined with the largest WR, 
can mobilize a larger soil volume compared to other tested 
models, while its relatively shallow embedment depth facil
itates uplift of the overlying soil. This transitional failure 
mechanism can potentially be attributed to changes in 
overburden stresses and the principle of energy 
minimization.

On the one hand, as WR increased, the embedment 
depth (H) would also increase to maintain the embed
ment ratio at H/D = 3. The increased embedment (H) 
raises confining stress levels which can suppress soil 
movement to the surface and promote localized soil 
displacement (flow-around mechanism). On the other 
hand, large effective diameter (W) and hence bearing 
area of the plate has the potential to lift a substantial soil 
volume, especially since embedment depth remains 
shallow. Given the embedment is considered as shallow 
(H/D = 3), the soil wedge can still reach the soil surface, 
and hence the attributes of shallow failure mechanism 
become evident.

Another mechanism that could contribute to 
a combined failure mechanism is the energy minimization, 
as mentioned by (Hossain et al. 2005) which outlines that 
failure mechanisms develop in a way that minimize total 
work (or energy requirements). In cases where different 
failure mechanisms require comparable energy levels to 
develop, the minimum-energy governing failure mechan
ism may not develop easily, and transitional failure 
mechanisms may occur such as that observed for HA- 
W3-H3 model (H/D = 3, WR = 3).

Therefore, while characteristics of both failure 
mechanisms can be observed in this scenario, this 
failure mechanism might not be categorized strictly 
as shallow or deep; it represents a transitional fail
ure mechanism. It is likely that the energy required 
to mobilize either failure mechanisms (shallow or 
deep) would be comparable in this case, generally 
depending on soil conditions and anchor geometry 
including soil density, in-situ stresses, anchor wing 
ratio (WR) and embedment depth (H/D).

Figure 5 presents the displacement vector field for 
the anchors, illustrating the described failure mechan
isms. It is evident that the flow-around mechanism 
remains largely unaffected by variations in WR in the 
deep embedment cases. In contrast, for shallow 
embedment modes, a potential relationship between 

Figure 3. A)Embedded anchor, B) pluviated model and half-cut tube, C) pluviated disturbed zone, D) anchor geometry parameters.
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Figure 4. Vertical strain contours of the anchors obtained through PIV analysis.
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Figure 4. (Continued).
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WR and the critical embedment depth may exist, as 
discussed previously. Further investigation is needed 
to establish any definitive relationship between WR, 
changes in the failure mechanism, and the critical 
embedment depth.

Another key observation is the change in the failure 
mechanism with increasing embedment ratio. As the 
embedment ratio increased from H/D = 3 to H/D = 5, 
the failure mechanism shifted from general shear failure 
to the flow-around failure mode. This trend is 

consistent with the findings of previous studies, includ
ing Al Hakeem and Aubeny (2019); Liu, Liu, and Zhu 
(2012); Zhang (1999) and Ilamparuthi, Dickin, and 
Muthukrisnaiah (2002).

WR effect on the uplift capacity and pressure

The results of the peak uplift capacity (maximum 
load achieved during testing) of the anchors are 
presented in Table 4. The measured load values for 

Figure 5. Total displacement field and failure mechanism of the anchors. (U: anchor head displacement, D: helix diameter).
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Figure 5. (Continued).
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all tests were doubled to account for the halved helix 
and shaft, ensuring comparability with the existing 
literature. According to Table 4, the peak uplift 
capacity of the anchors generally increased with an 
increase in helix diameter, as the embedment ratio 
increased across different WRs, similar to the trend 
observed in Garakani and Maleki (2020) and Tsuha 
et al. (2012). 

A more detailed investigation into the effect of WR 
on the uplift capacity can be achieved by examining the 
peak helix pressure of the anchors. Because the peak 
uplift capacity (force) generally increases with the helix 
diameter, the peak helix pressure provides a more accu
rate measure of the load-bearing efficiency of the 
helices. The peak helix pressure, presented in Figure 7, 
is calculated by dividing the peak uplift force by the net 
projected area of the helix.

According to Figure 7, the peak helix pressure 
decreased as the WR increased for both deep and shal
low embedment depths, with the rate of decline being 
similar in both cases. This reduction in peak helix pres
sure is attributed to the larger disturbed zone in the 
sand. A larger WR corresponds to a greater volume of 
sheared sand and reduced density, as observed in pitch- 
matched installations by (Sharif et al. 2021). 
Consequently, increasing the WR results in greater soil 
disturbance, lower relative density in the sand, and 
a corresponding decrease in the peak helix pressure of 
the anchors.

A similar observation was reported by da Silva and 
Tsuha (2021) in their calibration chamber tests on pro
totype helical anchors. Nagata and Hirata (2005) also 
documented a similar trend in their 1 g tests on small- 
scale helical anchors. Additionally, as shown in Figure 7, 

Table 3. Summary of the PIV analysis results.

Model case
WR 

(D/d) Embedment depth ratio (H/D) Failure surface extension to the soil surface Flow-around mechanism

HA-W2-H3 2 3 Yes No
HA-W2.5-H3 2.5 3 Yes No
HA-W3-H3 3 3 Yes Yes
HA-W2-H5 2 5 No Yes
HA-W2.5-H5 2.5 5 No Yes
HA-W3-H5 3 5 No Yes

Figure 6. Close-up view of the HA-W3-H3 model (WR=3, H/D=3).

Table 4. Measured peak uplift capacity, pressure and sand density (prototype scale).

Model case
WR 

(D/d) Embedment depth ratio (H/D) Unit weight (kN/m3) Relative density (%) Peak uplift capacity (kN) Peak helix pressure (kPa)

HA-W2-H3 2 3 15.77 64 8.3 246
HA-W2.5-H3 2.5 3 15.72 63 13.1 221
HA-W3-H3 3 3 15.68 61 17.2 191
HA-W2-H5 2 5 15.51 56 11.8 349
HA-W2.5-H5 2.5 5 15.76 64 20.1 338
HA-W3-H5 3 5 15.73 63 27.5 304
Average – – 15.69 62% – –
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the peak helix pressure clearly increased with increasing 
embedment depth for a given WR. This increase is due 
to the higher uplift capacity resulting from greater over
burden pressure, while the projected area of the helix 
remained constant.

Figure 8 presents the dimensionless breakout fac
tor Nqu for the performed tests. The dimensionless 
breakout factor is commonly used to estimate the 
ultimate uplift capacity of helical anchors and 
embedded plates and is calculated using equa
tion (1): 

Where: Q is the peak uplift capacity of the helical 
anchor (kN), γ0 is the effective unit weight of the soil 
(kN/m3), H is the embedment depth (m) and Ah is the 
net projected helical plate area (m2).

According to Figure 8, the dimensionless breakout 
factor Nqu, is influenced mainly by the WR of the helical 
anchors, with a relatively smaller effect from embed
ment depth ratio. Figure 8 illustrates that Nqu decreased 
substantially as WR increased, regardless of the failure 
mode or embedment depth. This observation somewhat 
contrasts the prevailing understanding in the literature, 
which suggests that Nqu depends solely on the soil fric
tion angle and embedment depth and is independent of 
anchor geometry. Further research is necessary to vali
date and improve understanding of the effect of anchor 
geometry on Nqu.

This observation suggests that while Nqu is generally 
considered to be influenced mainly by soil friction angle 
(Φ) and embedment depth (H/D) for most anchor types 
including helical anchors, a third parameter, wing ratio 
(WR), might also affect Nqu. A potential explanation for 

this influence of WR is that the annular disturbed soil 
zone above the helix which governs the anchor capacity, 
increases in size with increasing WR. This leads to 
a greater reduction in radial stresses and consequently, 
a more pronounced reduction in both anchor uplift 
capacity and Nqu. It is noted that radial stresses were 
not measured in the present study, however, such 
a relationship between WR and anchor uplift perfor
mance was reported in (da Silva and Tsuha 2021) 
through measurements of soil lateral stresses in calibra
tion chamber tests on model helical anchors.

Another reason why WR may influence the capacity 
of helical anchors (in addition to soil friction angle (Φ), 
and embedment depth H/D, which are typical influen
cing factors for most anchor types) is the higher levels of 
soil disturbance induced during installation of helical 
anchors in sand. The extent and size of this disturbed 
zone depend on anchor geometry, particularly the helix 
and shaft diameters, which are collectively expressed 
through WR. Larger WR values are associated with 
greater disturbance, leading to reduced uplift resistance 
and lower values of both Nqu and bearing capacity of the 
anchors. Therefore, WR should be considered as an 
additional design parameter when evaluating helical 
anchors for uplift loads. This consideration becomes 
especially critical when anchors are intended to resist 
large tensile forces, such as mooring loads applied by 
tension leg platforms (TLPs) in offshore environments.

It is noted that overflighting has been introduced as 
an alternative installation method (Cerfontaine et al.  
2023) to reduce soil disturbance to improve the anchor 
capacity and reduce installation torque compared with 
the traditional pitch-matched installation method.

Another noteworthy observation from Figure 8 is 
that the influence of embedment depth on the Nqu 

Figure 7. Peak helix pressure and WR of the tests.
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factor diminished as the WR increased. For instance, at 
WR = 2, the difference in Nqu between shallow and deep 
modes was 17%, whereas this difference decreased to 
only 4% when WR increased to 3. This trend suggests 
that for larger WRs, the Nqu factor likely converges to 
similar values across different embedment depths, 
unlike higher variation observed at smaller WRs.

This observation was further corroborated by the 
results of tests on helical anchors reported by (da Silva 
and de Tsuha 2021), where monotonic uplift tests were 
performed on prototype models with varying WRs. 
Their findings demonstrated a decline in peak uplift 
pressure with increasing WR, however, the study did 
not explicitly examine the Nqu factor. Subsequent calcu
lations of Nqu based on their experimental data revealed 
a comparable trend: Nqu values corresponding to differ
ent embedment ratios (represented by vertical sur
charges in this case) progressively converged as WR 
increased from 2 to 4, as illustrated in Figure 9a. 

Notably, a significant reduction in Nqu by 30–50% was 
observed as WR increased from 2 to 4.

This finding offers valuable insight into the discre
pancies in Nqu factors reported across various studies in 
literature. The potential dependency of Nqu on WR 
needs further in-depth investigation to advance the 
understanding of this critical aspect of helical anchor 
design and analysis. Again, it is essential to underscore 
that Nqu is distinct from the peak helix pressure, despite 
both parameters exhibiting a similar decreasing trend 
with increasing WR.

The correlation between the WR and Nqu factor was 
further investigated by verifying it against the experi
mental results reported by Nagata and Hirata (2005). 
These authors conducted calibration chamber tests on 
medium-scale models, from which Nqu factors were 
derived based on the test specifications and experimen
tal outcomes, as presented in Figure 9b. As shown, the 
Nqu factor exhibited a consistent decline with increasing 

Figure 8. Breakout factor Nqu and WR of the tests.

Figure 9. Breakout factor Nqu and WR correlation for previous studies.
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WR in their study, further reinforcing the observed 
relationship between WR and Nqu.

The reduction in Nqu observed in (Nagata and Hirata  
2005) as WR increased from 2 to 3 was particularly 
noteworthy. It is important to highlight that 
a decreasing correlation between plate diameter and 
Nqu factor was previously reported by (de Hollanda 
Cavalcunti Tsuha et al. 2019). However, the reductions 
in Nqu factors reported in that study were moderate, 
amounting to approximately 20% in dense sand and 
30% in medium-dense sand for anchors with compar
able D/d and H/D ratios. These findings underscore the 
potential significance of WR in influencing the breakout 
factor of helical anchors. Further research is essential to 
provide a deeper understanding of the influence of WR 
on the Nqu factor and its implications for anchor design 
and analysis.

WR effect on the formed gaps and displacement 
fields

The horizontal displacement contours around the 
anchors at peak uplift load are presented for two 
models in Figure 10. A summary of the observations 
and measurements is also given in Table 5. The influ
ence distance of the failure surface in vertical direc
tions is determined by considering a minimum 
threshold strain. This minimum strain was taken at 
0.5% to account for small movements within samples 
due to anchor pullout. For horizontal influence dis
tance, however, a maximum strain of ±3% was con
sidered. It should be noted that choosing smaller 
strain threshold values would have captured very 
small movements within the soil mass which might 
not represent the actual influenced zone. According to 
Table 5 and Figure 10, in the deep failure conditions 
(H/D = 5), as the helix diameter and WR increased, 
the normalized horizontal influence zone around the 
anchor (at the peak uplift load) decreased. This is 
probably because the effective vertical and lateral 
earth pressure increased with the increase of the 
helix diameter (to maintain H/D = 5) and therefore, 
the increased confining pressure prevented further 
expansion of influence zone.

In the shallow mode of failure (H/D = 3), this trend 
was reversed. As the WR and helix diameter increased, 
the extent of the lateral influence zone increased. The 
normalized vertical influence zone (vertical strain con
tours are shown in Figure 4) was similar ( = 3D) for all 
shallow anchors because of the limited embedment 
depth. However, the normalized horizontal influence 
zone ranged from 1.5D to 2.4D as the WR increased 
from 2 to 3. A similar influence zone was observed in the 

results of Sharif, Brown, et al. (2021). These authors 
simulated screw pile tensile loading in different sand 
densities using discrete element method (DEM). The 
results indicated that the soil was influenced by 
a distance of 2D and 3D from the pile vertical axis for 
the deep and shallow modes of failure, respectively 
(pitch-matched installation). These authors tested 
screw piles with WR = 2 only.

The difference in influenced zone extent between the 
shallow and deep modes was due to different failure 
mechanisms. In the deep mode, the dominating failure 
mechanism was the flow-around mechanism, while in 
the shallow mode, the general shear failure (or reversed 
truncated cone failure) prevailed. This observation 
emphasizes the importance of proper failure mechanism 
detection for valid consideration of the interaction of 
adjacent anchors.

The sequence of gaps development and influencing 
parameters are of interest for evaluating cyclic perfor
mance. An experimental study by (Urabe et al. 2015) 
indicated that gaps presence and infilling affect the 
cyclic axial performance of the anchors during compres
sive/tensile loading, mainly due to presence of disturbed 
soil above/beneath the plate. The gaps infilling was also 
suggested to be influenced by anchor WR and wing area.

In a separate study, Schiavon et al. (2019) commen
ted that gap development depends on the accumulated 
displacement (Uacc) to d50 (Uacc/d50). The ratio of 
monotonic uplift displacement to the average diameter 
of soil particles (U/d50) was studied in the current 
research to provide insight into the development of 
gaps beneath the anchor for future studies.

At the start of the test, the gaps were not present 
beneath the test anchors since no uplift occurred. After 
certain uplift displacement, three separate gaps devel
oped beneath the wings and the anchors’ shaft. The 
gaps’ size began to grow until formed voids started to 
fill. It is noteworthy that the gaps never were filled 
completely because of the constant pulling and absence 
of cohesion or suction within the tested sand.

The formed gaps for WR = 2 and WR = 3 are shown 
for different embedment in Figure 11. It is interesting to 
note that the height of the gaps beneath the wings was 
dependent on WR; as the WR increased, the gap height 
also increased. A geometrical correlation was also 
observed for the average gap height. For WR = 2, the 
average gap height beneath the two edges of the helix 
was almost 6d50, while this was 12d50 for WR = 3. The 
WR = 2 had a single wing width (D� d

2 Þ of 4 mm, while 
WR = 3 had a single wing width of 8 mm. The results of 
the average gap height and single wing width for all 
models are presented in Table 6. Therefore, the average 
gap height (G) was on average 40% (4/10) of the single 
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wing width in the current study and it did not have 
a unique relationship with either WR or the embedment 
ratio (H/D). It should be noted that the observed corre
lation between the average gap height and WR is specific 
to the tested sand and may not be used for other soil 
types without proper verification.

The gaps start to fill at different normalized displace
ments. Table 5 Indicates the required displacement to 
initiate gaps filling (U/d50) for tested anchors. It should 
be noted that the presented U/d50 values indicate the 
displacement required for the constant flow of the sand 

particles into the gap, i.e. angle of repose of the sand in 
the gaps’ base reaches a constant value which is close to 
the critical state friction angle (φcs) of the tested sand 
(see Table 1).

According to Table 5, the U/d50 increased with 
increasing WR while it decreased with increasing H/D. 
The reason for the U/d50 increase with the WR is that 
with larger WR, the created voids beneath the helix are 
larger and thus, more sand particles from above and 
around the helix are required to fill the gaps, meaning 
that the helix can move more freely in the pulling 

Figure 10. Horizontal strain contours at peak uplift load for two models: a)HA-W3-H3, b) HA-W3-H5.

Table 5. Summary of the observations through PIV analysis.

Model case
WR 

(D/d)
Embedment 
ratio (H/D)

Failure surface vertical influence distance 
(D:helix diameter)

Failure surface horizontal 
influence distance (U/D)peak

(U/d50)infilling 

initiation

HA-W2-H3 2 3 3D 1.5D 0.15 6.2
HA-W2.5-H3 2.5 3 3D 1.9D 0.14 9.8
HA-W3-H3 3 3 3D 2.4D 0.17 13.1
HA-W2-H5 2 5 3.25D 2.1D 0.16 5.5
HA-W2.5-H5 2.5 5 3.5D 1.75D 0.16 8.2
HA-W3-H5 3 5 2.75D 1.6D 0.16 10.9
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direction. This resulted in increased required displace
ment to fill the gap with increased wing length and WR.

It is also believed that the reverse correlation of U/d50 
with the embedment ratio was the result of increased 
overburden pressure which in turn pushed the sand 
particles to fill the gaps at smaller displacements. 
Schiavon et al. (2019) tested helical anchors and 
reported that gaps were filled at different displace
ments for different d50 of the sand. Schiavon, Tsuha, 
and Thorel (2017) performed cyclic loading tests on 
centrifuge models of helical anchor and reported that 
formed gaps were quickly filled with sand grains due 
to the cyclic movement of the helix. They suggested 
that the formed gap would have filled earlier and the 
anchor response would be less stiff, had the sand d50 
been smaller (because of reduced lateral pressure). 
Therefore, it can be concluded that gap size and the 
required displacement to fill the gaps depends on the 
WR and embedment depth of the helix in addition to 
the d50 of the soil.

Conclusions

A total of 6 centrifuge tests were performed on model 
helical anchors installed in medium-dense sand to eval
uate the effect of WR on the failure mechanism and 
uplift performance of the anchors. The installation dis
turbance was simulated by a novel technique that repro
duced the density change but did not capture the stress 

redistribution, which are both the results of installation 
disturbance. The main findings of this study include:

● The failure mechanism in the deep failure mode 
(H/D = 5) was a flow-around mechanism regard
less of the WR of the anchor. In the shallow mode 
(H/D = 3), the failure mechanism was reversed 
truncated cone; although the failure mechanism 
changed to a combination of reversed truncated 
cone and flow-around mechanism at WR = 3 in 
this mode, resulting in a flow of soil particles 
around the helix near the ground surface. This 
was probably due to the large wing of the model 
that mobilized a large soil mass while the small 
embedment of the helix made it easy to uplift the 
soil overlying the helix.

● The uplift capacity of the anchors increased with 
increasing the embedment depth and WR. Though 
the peak helix pressure (defined as peak uplift 
capacity/helix surface area) reduced with increased 
helix diameter and WR. This is attributed to the 
larger disturbed zone in the soil above the helix as 
a result of installation. This indicates

● The dimensionless breakout factor Nqu had 
a declining correlation with WR and this was true 
in both shallow and deep embedment conditions. 
This observation was also verified for other studies 
and a similar trend was noticed. This is rather 
different from the previous perception that Nqu 
factor is only dependent on the helix embedment 

Figure 11. Formed gaps beneath HA-W2-H3 (left) and HA-W3-H5 (right).

Table 6. Summary of observations through PIV analysis.

Model case
WR 

(D/d) Average gap height (G) Single wing width (mm) (D� d
2 Þ

G
D� d

2

� �
Ratio

HA-W2-H3 2 6×d50 (1.5mm) 4 0.37
HA-W2.5-H3 2.5 10.5×d50 (2.65mm) 6 0.44
HA-W3-H3 3 12×d50 (3mm) 8 0.37
HA-W2-H5 2 6.5×d50 (1.6mm) 4 0.40
HA-W2.5-H5 2.5 10×d50 (2.55mm) 6 0.43
HA-W3-H5 3 12×d50 (3.1mm) 8 0.38
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depth ratio and friction angle of the soil. Further 
tests are required to fully capture the effects of WR 
on Nqu and improve analytical prediction of 
anchors uplift capacity with consideration of 
anchor geometry.

● The large disturbed sand area above the helices 
(due to installation) which gets even larger with 
higher WR ratios could mean larger WRs do not 
necessarily improve uplift capacity efficiency of the 
anchors. This requires further attention when 
designing these anchors to withstand large uplift 
mooring loads (such as those applied through TLP 
mooring lines)

● The dimensionless uplift distance required to fill 
the gaps (U/d50) increased with increasing WR and 
decreasing embedment depth. The reasons for such 
observation were larger helix, resulting in a wider 
gap beneath the helix, and increased embedment, 
resulting in higher confining and lateral pressures 
and thus, more pushing force behind the particles 
to fill the gaps. The gaps infilling can influence the 
cyclic capacity and accumulated displacements of 
the anchors and understanding of how the infilling 
develops beneath the anchors can improve design 
of the anchors to withstand large vertical cyclic 
loads.

● The influence zone around the helix in the hori
zontal direction was affected by the WR and 
embedment depth. In the shallow failure mode, 
increasing the WR resulted in an extension of the 
horizontal influence zone while in the deep mode, 
the horizontal influence zone shrank as the WR 
increased. Furthermore, the average ratio of gap 

height to single-wing width G
D� d

2

� �
was nearly 40% 

in the current study, irrelevant of the WR or H/D. 
Understanding the influence zone around the 
anchors can improve the design of helical anchor 
groups by optimizing their distance to minimize 
interaction and improve individual bearing 
capacities.
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