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Abstract: Helical anchors have been extensively employed as foundation systems for carrying tension
loads due to their installation efficiency and large uplift capacity. However, the installation influences
of helical anchors are still not well understood, especially for multi-helical anchors. The matrix
discrete element method was used to model the process of helical anchor penetration and pull-out
in dense sand to investigate the effects of the anchor geometry and advancement ratio (AR, the
relative vertical movement per rotation) on soil disturbance, the particle flow mechanism, and the
uplift capacity. For shallow helical anchors, the overall disturbance zone is the shape of an inverted
cone after installation, while for deep helical anchors, it is funnel-shaped. The advancement ratio
has significant effects on the soil particle movement and uplift capacity of helical anchors. The soil
particle flow mechanism around helical plates has been identified for single-helix anchors at various
advancement ratios, and for double-helix anchors, the influence of the top plate on particle movement
during installation was investigated. The uplift capacities of both single- and double-helix anchors
increase with the decrease in the AR (AR = 0.5~1), and the influence decreases with the anchor
embedment ratio. The efficiency of double-helix anchors induced by installation is close to 1 at
pitch-matched installation (AR = 1), indicating that the impact of the top plate during installation is
minimal in this case.

Keywords: DEM; helical anchor; installation effect; particle movement; uplift capacity

1. Introduction

A helical anchor, consisting of one or more helical plates welded to a steel shaft, is a deep
foundation system used to support or resist any load or application. It has been extensively
employed in many engineering systems, such as offshore platforms, pipelines, transmission
towers, slopes and embankments, due to its rapid installation and immediate service, relatively
large load-bearing capacity, and no associated environmental damage [1–4]. It is a form of
displacement pile or anchor, screwed into the ground by applying a torque at the top of the
anchor together with a crowd force [5–7]. There exists a coupling effect of compression and
shear on the surrounding soil during the installation process. The installation effects cannot
be ignored in practical engineering.

In recent years, research on the installation effect and required load of helical anchors
has been increasing, including studies on the disturbed zone, density change, soil parame-
ters after disturbance [8–10], lateral earth pressure and uplift or compressive performance
after disturbance [11–14], installation requirements, particle motion during screwing and
the torque correlation factor [15–18]. Some studies have investigated the impact of the
installation advancement ratio (AR) on the load-bearing performance of single-helix an-
chors, where the AR is defined as the ratio of vertical displacement per one rotation ∆z to

J. Mar. Sci. Eng. 2024, 12, 422. https://doi.org/10.3390/jmse12030422 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12030422
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-6935-3128
https://doi.org/10.3390/jmse12030422
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12030422?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 422 2 of 22

helix pitch ph [16,19,20]. Cerfontine et al. [16,20] found that a lower vertical displacement
per rotation can significantly reduce the necessary crowd force during installation or even
generate some pull-in, and the uplift stiffness and capacity of the pile were enhanced by
this installation process, but the torque remained relatively unchanged. In addition, the
pile capacity in tension generally increases as the AR is reduced and reaches a maximum
for AR = 0.5, while the compressive capacity reduces.

Extensive experiments [8,13,21–30], numerical analyses [12,31–37], and theoretical
analyses [38–40] have been conducted on the load-bearing performance of helix anchors.
Tsuha et al. [28] performed centrifuge uplift loading tests on 12 different types of piles
installed in two sands with different densities to examine the effect of the number of
helices on the performance of helical anchors in sand. This investigation indicated that in
double- and triple-helix anchors, the contributions of the second and third plate to the total
anchor uplift capacity decreased with the increase in the sand relative density and plate
diameter because the upper soil layers were penetrated more times. Lutenegger et al. [13]
conducted field load tests on the compression and tension of helical anchors and measured
the degree of installation disturbance using the ratio of uplift and compression-bearing
capacity. Wang et al. [29] conducted a series of model tests in dense saturated sand and
found the installation speed and helix diameter have a significant influence on the uplift
capacity of the helical piles. Nagai et al. [30] studied the effect of the installation method
on the performance of helix piles through calibration chamber tests and found that the
load–displacement relationship strongly depended on the installation method, but that the
second-limit uplift resistance was almost unaffected. Cerfontine et al. [41] used the finite
element method to predict the full tensile load–displacement response of shallow helix
anchors installed in sand for practical use, incorporating the effects of a pitch-matched
installation, and found the compression (crowd) load applied during the anchor installation
phase modified the stress field around the anchor, which in turn affected the anchor uplift
stiffness. The DEM has also been used to investigate the installation effects of helical
anchors [31–33]. Cerfontine et al. [31] found that when a single-helix pile is installed
at AR < 1, the soil particles below the helical plate show an upward movement trend.
Sharif et al. [32,33] investigated the effects of the base geometry, shaft diameter, and helix
pitch of single-helix anchors by simulating the full installation process prior to conducting
axial compression and tension tests and proposed the possible optimization of the geometry
of the screw pile to reduce installation requirements.

Among these methods, the DEM can visually observe the movement of particles
during installation and its impact on bearing capacity. The discrete element method (DEM)
is based on molecular dynamics and was first developed in the fields of physics and fluid
dynamics. In this method, the granular assemblies are made up of a series of soft particles,
which obey Newton’s equations of motion. The behavior of granular material can be simu-
lated by investigating the movement of the discrete assemblies [41–44]. However, existing
research on pile installation effects based on the DEM has focused on complex screw piles
(augers) [18] and single-helical piles at a certain depth [31–33]. The installation effects of
multi-helix anchors and single-helix anchors at different embedment depths on particle
displacement and uplift capacity are still unclear.

Therefore, this investigation used the discrete element method (MatDEM software
version 3.4) to simulate the installation and pull-out process of single- and double-helix
anchors to analyze the installation disturbance caused by different advancement ratios and
the influence on the subsequent uplift performance. Firstly, the discrete element method
and procedures, and the particle contact parameter calibration and simulation scheme
are described (Section 2). Then, the disturbance zones, the soil particle motion, around
single- and double-helix anchors during anchor installation were analyzed and the particle
flow mechanism at different advancement ratios were discerned (Section 3). Finally, the
effects of installation on the uplift capacity were investigated by comparing the results of
wish-in-place and installed single-helix anchors, and the results of anchors with different
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advancement ratios are presented. Moreover, the efficiency of double-helix anchors at
different advancement ratios is compared (Section 4).

2. Method and Models
2.1. Introduction to MatDEM and Contact Model

The discrete element method (DEM) starts with analyzing the inter-block contact of
discrete elements to identify their constitutive relationship, establishing a physical and
mechanical model of the contact, and simulating discontinuous and discrete elements
according to Newton’s second law. This study employed the MatDEM software, developed
by Nanjing University. It runs in the Matlab environment, with data stored in matrix form
in objects. All operations are converted into pure matrix operations, which can be analyzed
in real time. It supports mixed CPU and GPU computing, and can switch between the
two in real time during program operation, greatly improving the computational speed of
particle simulation [45].

In the most basic linear elastic model, it is assumed that particles interact with each
other and generate forces through springs. The normal force Fn and normal deformation Xn
between particles can be simulated through the normal spring between particles, as shown
in Figure 1a. The particles are initially connected to each other and interact with each
other through tension (positive tension) or compression. When the relative displacement
between the two particles exceeds the fracture displacement Xb, springs are broken, the
tension disappears and only compression exists.
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Figure 1. Particle contact: (a) normal spring contact, (b) tangential spring contact.

Similarly, the simulation of the shear force and shear deformation between particles
through tangential springs is shown in Figure 1b. When two particle surfaces contact with
each other and slide in the shear direction, the tangential force generated is opposite to
the relative movement direction. This tangential force can be considered the action of
tangential springs between particles. The interaction force between particles is determined
by Equations (1)–(4) [41].

Fn =

{
KnXn, Xn < Xb (Complete connection)
0, (Connection broken)

(1)

Fs = KsXs (2)

For a complete connection of particles, the maximum tangential force allowed by the
Coulomb criterion is

Fsmax = Fs0 − µpFn (Complete connection) (3)

Fsmax = −µpFn (Connection broken) (4)

In the formulas, Fn is the normal force; Kn is the normal stiffness; Xn is the normal
relative displacement; Xb is the fracture displacement; Fs is the tangential force; Ks is the
tangential stiffness; Xs is the tangential relative displacement; Fs0 is the inter-granular shear
resistance; µp is the inter-particle friction coefficient. Fsmax is the maximum shear force; Fs0
is the shear resistance between particles.
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When the tangential force exceeds the maximum allowable tangential force, the tan-
gential connection between the two particles is broken, the shear resistance (Fs0) is zero,
and only sliding friction force (−µpFn) exists [41].

In the case of equal particle size, the microscopic mechanical parameters Kn, Ks, Xb, Fs0,
µp between particles can be calculated through five macroscopic mechanical parameters,
including Young’s modulus E, Poisson’s ratio v, compressive strength Cu, tensile strength
Tu, and internal friction coefficient µi, as well as particle diameter d. Equations (5)–(9)
represent analytical solutions between macroscopic and microscopic mechanical parameters
under the same particle size.

Xb =
(3Kn + Ks)Tud2

6
√

2Kn(Kn + Ks)
(5)

Kn =

√
2

4(1 − 2υ)
Ed (6)

Ks =

√
2(1 − 5υ)

4(1 + υ)(1 − 2υ)
Ed (7)

Fs0 =

(
1 − 2µp

)
6

Cud2 (8)

µp =
−2

√
2 +

√
2I

2 + 2I
, I =

[(
1 + µ2

i

)1/2
+ µi

]2
(9)

2.2. Model Establishment Steps and Model Parameter Calibration

To calibrate the micro-mechanical parameters in the DEM numerical calculation model,
a model test of a single-helix anchor in reference [30] (test numbers De-A, Lo-A) was first
simulated, where the anchor was installed continuously in homogeneous dense sand and
then pulled out. The size of the calibration chamber is 1 m × 1 m × 1.2 m, in which a
uniformly distributed load of 100 kPa was applied on the soil surface. The single-helix
anchor rod diameter d0 and plate diameter dw are 48.6 mm and 97.2 mm, respectively, and
the embedment ratio H/dw equals 5.

The installation and pull-out process of a helical anchor in MatDEM can be achieved
in four steps by establishing four sub-files for analysis: (1) Establish an initial accumulation
model, namely the soil model; (2) establish an anchor model and assemble it with the
soil, then assign material parameters; (3) set the installation load for iterative calculation
of helical anchor installation. The installation is controlled by vertical displacement and
angular displacement, both of which satisfy the relationship of penetrating into the soil at
one pitch after one rotation (1ph/r), that is, the advancement ratio AR = 1; (4) set up the
uplift displacement for iterative calculation of helical anchor pull-out.

When establishing the initial soil layer, to reduce the run time of the simulation, a
particle distribution scaling value of 56 was used in the whole sand layer, which was
selected based on the minimum recommended ratio of the diameter of the pile core to the
median particle size d50 of 2.69 [46]. Then, the median particle size d50 was set as 18 mm,
1/2.7 times the rod diameter d0 of 48.6 mm. The dispersion coefficient was 0.25, and the
ratio of maximum to minimum particle size (d100/d0) is (1 + 0.25)2. And to ensure the soil
particles passing through the helix pitch opening do so smoothly, helix pitch ph was set as
50 mm. In order to balance the boundary effect and calculation time, the sand layer width
is set to 10 times the helix diameter (dw). The computational domain size (10 dw) can cause
negligible effects because the sand displacement at the boundary during the installation
and pulling out of the anchor is less than 1 mm (0.056 d50), which is close to the results
(13 times pile diameter) for pile installation [32]. The length of the simulated sand layer
is set to 1.2 m, that is, anchor embedment depth H plus 7 dw, which is large enough to
avoid boundary effects. It is judged from this simulation of the calibration model that the
distance of 1 dw from anchor bottom to bottom boundary will not produce boundary effects.



J. Mar. Sci. Eng. 2024, 12, 422 5 of 22

Therefore, in subsequent simulation models in Section 3 and 4, the length of the sand layer
is set to 1.33 m (more than embedment depth plus 1 dw). The number of soil particles
in calculation domain is 150,000~160,000. Pressure plates above the soil was installed to
achieve gravity accumulation. Due to the setting of an overburden pressure of 100 kPa
above the soil in the calibration chamber, an overburden pressure of 100 kPa was also set
in the validation model simulation, but it was not set in the subsequent analysis of the
influence of the installation advancement ratio. The helical anchor size was set according
to the actual size of the model test. The simulation model is shown in Figure 2.
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Figure 2. Soil and anchor model diagram.

When simulating the installation, the displacement loading conditions for the anchor
are set as follows: vertical displacement is the embedment depth H, and angular displace-
ment is 2πH/ph. After installation, apply an upward displacement of 0.01 m (10% dw) to the
top of the anchor to pull the anchor. In order to control the calculation time, 50 incremental
steps were set during the installation and pulling out phases, with each incremental step
corresponding to 20 sub-incremental steps, totally including 2000 iterative calculations
with 400,000 iterations.

2.3. Particle Contact Parameter Calibration

The macro-parameters input in MatDEM need to be determined first based on the
original parameter values, multiplying the “rate” matrix that was trained by the “material
training” module. The default rate matrix for five macro-mechanical parameters E, v, Tu,
Cu, µi, and ρ is [2.7, 0.8, 6.0, 6.5, 1, 1.19]. And then, the micro-mechanical parameters
were determined in terms of macro-mechanical parameters, as the analytical Formula
(5)~(9). The original macro-parameters µi and ρ originate from the literature [30], and other
parameters are determined by several attempts based on empirical parameters of sand.
The final particle contact parameters were calibrated by comparing the results obtained
from the pull-out model test with the numerical simulation results of variable parameters.

The numerical results used to determine the particle contact parameters were plotted
against model test results, as shown in Figure 3, in which u is upward displacement, dw is
helix diameter, δ is the ratio of displacement to helix diameter, qp represents the average
pressure on the entire cross-section of the anchor plate. And the calculated torque value
in terms of the torque–uplift capacity relationship formula [7] was compared to the value
obtained in the test, as shown in Figure 4.
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Figure 4. Displacement nephogram of single-helix anchor with H/dw = 12 during installation
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As the upward displacement increases, the anchor plate pressure increases, and it
does not reach a stable stage within the displacement loading. The curve exhibits three
stages of straight, curved, and straight characteristics. The initial slope of the straight line
segment in the numerical result is significantly higher than the experimental result, but the
final straight line stage of the two curves basically coincides and the starting displacement
point of the straight line is similar. This study takes the uplift capacity corresponding to
10% dw displacement as the ultimate uplift capacity [47]. Then, the ultimate uplift capacity
only differs by 4.2%, and the torque at a position of 5 dw differs by only 7.2%. Overall, the
ultimate capacity and trend of the load–displacement curve obtained from the numerical
simulation are in good agreement with the model test results, and these input parameters
are used as subsequent calculation parameters, as shown in Table 1.

Table 1. Calibration values of macroscopic and microscopic mechanical parameters.

Macro-Parameters Micro-Parameters

Dense Sand Anchor Dense Sand Anchor

Modulus, (E/GPa) 0.162 5.4 Normal stiffness Kn/(MN/m) 3.0322 112.31
Poisson’s ratio, v 0.16 0.24 Shear stiffness Ks (MN/m) 0.5228 19.363
Tensile strength (Tu/kPa) 0.06 1.2 × 104 Breaking displacement Xb (m) 2.04 × 10−9 1.363 × 10−5

Compression strength (Cu/kPa) 1.3 1.3 × 104 Friction coefficient, µp 0.2828 0
Internal friction coefficient, µi 0.75 0.3 Shear resistance Tf (N) 0.0421 866.67
Density ρ/(kg·m−3) 2011 9341

2.4. Simulation Scheme

Based on the calibration of micro-mechanical parameters, the numerical simulations
varying the anchor geometry and installing advancement ratio were conducted to investi-
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gate the installation disturbance and its effects on uplift capacity. The simulation program
is listed in Table 2. The first group is used to examine the effects of the embedment ratio
and advancement ratio on installation effects for single-helix anchors, including the com-
parisons of pre-embedment (wish-in-place) and installation at AR = 1. The second group
is used to examine the effects of helix number and their relative spacing for double-helix
anchors. The helix pitch and shaft diameter d0 are 50 mm and 0.5 dw.

Table 2. Modeling program.

Group Influence Factor Installation Mode Helix Diameter,
dw(mm)

Embedment Ratio,
H/dw

Relative Spacing
S/dw

Surcharge Pressure
(kPa)

Single-helix anchor Embedment depth,
installation mode

Wish-in-place
AR = 1 100 6, 8, 9, 10, 12 - 100

AR = 0.5, 0.8, 1 100 3, 6, 9, 12 - -

Double-helix anchor Helix number,
relative spacing AR = 0.5, 0.8, 1 100 3, 6, 9, 12 3, 4.5 -

AR = ∆z/ph, ∆z—the vertical displacement per rotation, ph—the geometric pitch of helical plate.

3. Particle Motion Induced by Installation
3.1. Single-Helix Anchor Installed at AR = 1 (Surcharge p = 100 kPa)

An arbitrary face through vertical axis z can be cut to examine the particle motion
characteristics due to the axial symmetry of the geometry and the installation. The Y-axis
middle section was selected to exhibit the displacement nephogram of the soil particles
during the drilling process, as shown as Figure 4.

Figure 4 shows the results of a single-helix anchor with H/dw =12 (ground surcharge
p = 100 kPa) during installation at AR = 1. It can be seen that the displacement of particles
around the anchor is significantly greater than that of the outer surrounding particles, and
the particles near the ground surface around the shaft are uplifted. The white dashed line
is the contour with a particle displacement of half a particle’s radius (approximate 5 mm).
It is shown that at the drilling depth L, which is shallow and less than 6 dw, the particles
within the zone of 1.4 dw around the plate move. The disturbed zone from the helical plate
to the ground surface presents as an inverted cone shape. The radius of the disturbed zone
on the ground surface is about 5.6 times the radius of the helical plate.

As the anchor drilling proceeds, the overlying pressure on the anchor plate increases,
and the lateral movement of particles around the anchor plate is gradually limited. The par-
ticle movement area below 6 dw ground level does not expand; the radial compression
around the plate is more obvious. The range of soil particle movement around the anchor
gradually transforms from an approximately inverted cone (L = 3~6 dw) to a funnel shape
(white line) (L = 9~12 dw), approaching a shape that is a combination of an inverted cone
and a cylinder. The diameter of the cylinder below remains, basically, non-varied, at 1.5 dw,
and the influence radius on the ground surface slowly increases with the drilling depth.
For the single-helix anchor, the overall disturbance zone is funnel-shaped after installation.

The horizontal displacement of the soil particles ux were extracted at the axial radius
r ≈ dw/2 along the ground surface to the bottom of the soil layer at different drilling depths,
and the scatter points are plotted in Figure 5, with solid lines representing the envelopes
of ux. As the drilling depth increases, the particle motion becomes more intense and the
maximum horizontal displacement value gradually increases. However, when the drilling
depth L = 9 dw and 12 dw, the maximum horizontal displacement is basically the same,
with a value of about the radius of the helical plate, and occurs about 2 dw above the plate.
From the maximum displacement position to the depth of the anchor plate, the horizontal
displacement gradually decreases until its value approaches zero; the soil particles mainly
move vertically within this range.
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The upper portion of the envelopes at different drilling depths are basically overlapped,
which indicates that the displacement of the upper soil particles has inheritance and is no
longer affected by the lower helix continuous penetration.

3.2. Single-Helix Anchors Installed at Different Advancement Ratios (ARs)

Figure 6 shows the comparisons of the particle displacement during the installation
for AR = 0.5 and 1. The particle displacements are greater in the case of the smaller
advancement ratio. When the anchor drills into the soil for less than 6 dw, the influence
zone caused by the installation are basically the same. When the anchor drills greater than
9 dw, the difference in the particle motion zone for the different AR is obvious; the influence
zone increases as the AR decreases.
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In order to observe the particle displacement more clearly, the vertical and horizontal
particle displacements after the installation of the anchor with an embedment ratio of 12
at different ARs are shown in Figure 7. The white dashed boxes is the periphery of helix
diameter and the red boxes represent the area of significant particle movement.
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Figure 7. Comparison of particle displacement after installation for single-helix anchor with H/dw = 12
at AR = 0.5 and 1.0. (a) Vertical displacement, (b) lateral displacement (unit: m).

It can be observed from the displacement nephogram for AR = 1 that the particles
around the anchor shaft are primarily displaced downwards and laterally and soil particles
outside the diameter of the anchor plate display an upward displacement to different
extents. The downwards flow-around mechanism may cause the sand around the shaft and
above the plate to loosen, which is the reason for the decrease in the uplift capacity [18,26].

It can be seen from the nephogram of AR = 0.5 that the particles around the anchor
shaft are primarily displaced upwards and laterally. Within the white dashed area, the
cylindrical zone of the plate diameter, the particle lateral displacements for AR = 0.5 are
larger than those for AR = 1. But the range value of the particle lateral displacements in the
outer zone, represented by the red dashed area, are basically the same. The radial motion
of particles within the cylindrical zone along the helical plate will not change the sand
density. This indicates that the installation with AR = 0.5 (over-flighted) makes particles
denser than the installation with AR = 1.0 (pitch-matched).

3.3. Double-Helix Anchors Installed at Different Advancement Ratios

Figure 8 shows the soil particle displacement nephogram of the double-helix anchors
with different relative helix spacing at AR = 0.5. Blue and red circles roughly indicate
the particle motion zones above the top helix and between the two helices in Figure 8a.
And the boxes in Figure 8b roughly represent the area where particles exhibit lateral
motion. For the double-helix anchors, the soil above the upper helical plate is disturbed
more obviously than for the single-helix anchor because it has been penetrated twice.
The particles above the upper helical plate move upwards and laterally more intensely
during drilling. The obvious heave of the ground surface occurs. The displacement of soil
particles between the two plates also changes significantly compared to that of a single-helix
anchor, although the soil between the plates is only penetrated once, which indicates that
the installation of the top plate will affect the movement of soil particles between the plates.

When the relative helix spacing is from 4.5 to 3, the vertical displacement nephograms
show the red color of the particles between the two plates gradually decreases compared
with the color of the single-helix anchor at the same depth, which indicates the amount
of particles below the top plate rolling to the above of the top plate probably decreases.
Compared to the single-helix anchor, the lateral displacement of the soil particles on the
top helix increases significantly, which probably decreases the friction resistance around
the shaft.

To further explore the impact of the top helix on the movement of soil particles between
two helical plates, the particle displacement with an absolute vertical displacement and lateral
displacement greater than 9 mm (0.5 d50) are extracted and plotted in Figures 9 and 10, with
dashed lines representing envelope lines. Black, red and blue dashed lines corresponds to the
cases of single-helix, double-helix with S/dw = 3 and double-helix with S/dw = 4.5 respectively.
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Figure 9. Comparisons of particle lateral displacement of double-helix anchor with single-helix
anchor at AR = 0.5. (a) S/dw = 3, (b) S/dw = 4.5.
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Figure 10. Comparisons of particle vertical displacement of double-helix anchor with single-helix
anchor at AR = 0.5. (a) Double-helix anchor with S/dw =3. (b) Double-helix anchor with S/dw =4.5.
(c) Single-helix anchor.

The lateral displacement of soil particles between the two helical plates is significantly
reduced by the constraint of the two plates, especially for the anchor with a relative spacing
of 3. There is a significant mutation in the lateral displacement of soil particles above and
below the top helix for S/dw = 3.

In the case of AR = 0.5, vertical displacements of soil particles along the depth of
the single-helix and double-helix anchors are basically upwards. The vertical displace-
ment of the particles above the top plate are greater than that of the single-helix anchor.
Combined with the lateral displacement rule mentioned before, this will make the sand
above the top plate looser than that of the single-helix anchor. The vertical displacement of
the soil particles between the two plates is less than that of the singe-helix anchor, which
indicates that the top plate also has a limitation for the upwards movement of particles.
And the limitation of the top plate is greater in the case of smaller helix spacing. Then, the
soil particles between the two plates for a relative spacing of 3 is probably denser than
those for a relative spacing of 4.5.

Figure 11 shows the particle displacement nephograms of double-helix anchors at
AR = 1. The downward movement of soil particles in the columnar area (white dashed line)
of the double-helix anchor is more severe than that of the single-helix anchor. This phe-
nomenon above the top plate is because the upper soil zone is penetrated twice. And this
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phenomenon between the two plates is due to the effects of the downwards flow-around
mechanism. The bottom plate is a lead plate, and the downward flow of particles above the
bottom plate might cause the soil to become loose, which can make the particles above the
top plate flow downwards easier. At the periphery of the white dashed columnar area with
a depth of less than 6 times the helix diameter (red ellipse), there is a significant upward
displacement of soil particles. And the lateral displacement of the double-helix anchor in
the peripheral area is more pronounced than that of a single-helix anchor.
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Figure 11. Soil particle displacement nephogram of double-helix anchors with different relative helix
spacing at AR = 1. (a) Vertical displacement, (b) lateral displacement.

Similarly, particle displacement with absolute vertical displacement and lateral dis-
placement greater than 0.5d50 were extracted and are plotted in Figures 12 and 13. The red
and blue dashed lines in Figure 12 indicate envelope lines of lateral displacement between
two helices of double-helix anchors with S/dw = 3.0 and 4.5 respectively, and black one is
the envelope line of single-helix anchor corresponding to the same position. Same as with
the case of AR = 0.5, the lateral displacement of the soil particles between the plates is sig-
nificantly reduced by the constraint of the two plates compared to that for the single-helix
anchor, but the difference in the lateral displacements for the different relative spacing is
not obvious. Unlike AR = 0.5, there is no obvious difference in the lateral displacement
of the soil particles above the top plate for the case of the double-helix and single-helix
anchors when AR = 1. This might not result in an obvious change in the shaft friction.
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Figure 12. Soil particle lateral displacement of double-helix anchors with different relative helix
spacing at AR = 1. (a) S/dw = 3, (b) S/dw = 4.5.
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Figure 13. Soil particle vertical displacement diagram of double-helix anchors with different relative
helix spacing at AR = 1. (a) Double-helix anchor with S/dw = 3. (b) Double-helix anchor with
S/dw = 4.5. (c) Single-helix anchor.

It can be seen from Figure 13 that there is a difference in the vertical displacement of the
soil particles between the two plates compared to a single-helix anchor at the same depth,
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although the change in the particle displacement between the plates is not as significant as
in the case of AR = 0.5. Combined with the lateral and vertical displacement of particles
between the two plates, it can be inferred that the soil between the two plates may become
loose or dense. And more soil particles are encouraged to move downwards around the
top plate compared to the case of a single-helix anchor.

In order to summarize the particle motion mechanisms during the installation of
the single-helix and double-helix anchors, a schematic diagram of the particle motion for
different ARs is plotted in Figure 14.
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(b) Double-helix anchor.

For the single-helix anchor, when AR = 0.5, the particles above the plate move up-
wards, which is known as the upward flow-around mechanism, and when AR = 1, the
particles above the plate move downwards, which is known as the downward flow-around
mechanism. For the double-helix anchor, the lateral displacements of the particles between
the two plates are smaller than those for the single-helix anchor regardless of the AR value.
When the AR = 0.5, the upward motions of the particles below the top plate are limited and
the upward displacement is smaller than that of the single-helix anchor, while when the
AR = 1, the downward motion of the particles above the top plate is accelerated slightly
and the downwards displacement is slightly greater than that of the single-helix anchor.
Therefore, it is concluded that the density change in the sand between the two plates will
be also affected by the top plate although the sand in this area is only penetrated once by
the bottom plate. And the effects are greater with the decrease in the relative helix spacing.
As a result, it will affect the uplift capacities.

4. Effects of Installation on Uplift Capacity
4.1. Single-Helix Anchors Pre-Embedded and Installed at AR = 1 (Surcharge p = 100 kPa)

Figure 15 shows the load–displacement curves of the single-helix anchor for instal-
lation at AR = 1 and wish-in-place conditions with a surcharge p of 100 kPa. The trends
of these curves are similar, and the slope of the initial straight section of the wish-in-place
curve is slightly higher than that of the installation curve, which indicates that the soil
has been disturbed and has become loose at AR = 1. As the uplift displacement increases,
the difference in the uplift resistance between the two placement methods becomes more
obvious. Taking a displacement of 10% dw as a control criterion of the ultimate uplift
capacity, the ultimate uplift capacity for the torsional installation, Qu,1.0, is 12~18% lower
than the value for the pre-embedded condition Qup.
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To better compare the ultimate uplift capacities of the two placement methods, Qup,
Qu,1.0, and Qu,1.0/Qup are plotted in Figure 16. When embedment ratio is no more than 10, the
uplift capacity loss caused by installation disturbance gradually increases as the embedment
ratio increases. However, when embedment ratio is more than 10, the impact of installation
disturbance on the uplift capacity becomes less with the embedment depth. This may be
related to the failure mode. For small and medium-sized helical anchors in dense sand, when
H/dw > 10, it may be in the deep mode. The failure area for a deep anchor does not increase
with the increase in the embedment depth, so the reduction in the uplift capacity caused by
installation slows down with the increase in the embedment depth.
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Figure 16. Comparisons of Qu between the wish-in-place and installation with various embedment
ratios (surcharge p = 100 kPa).

4.2. Single-Helix Anchors Installed at Different Advancement Ratios

Figure 17 shows the relationships of the uplift resistance and displacement for various
ARs and embedment ratios. To analyze the impact of the installation advancement ratio on
the uplift capacity at different embedment ratios, the uplift capacity for post-installation at
AR = 0.5 and 0.8 were compared with the uplift capacity at AR = 1, as shown in Figure 18.
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Figure 18. The comparisons of uplift capacity for different ARs.

The advancement ratio has significant effects on the uplift capacity of helical anchors.
The uplift resistance of helix anchors increases with the decrease in the AR, which is closely
related to the soil particle motion caused by installation. As mentioned before, the soil
particles below the plate move upwards, and the lateral displacements of the soil in severely
disturbed areas around anchors decrease when anchors are installed at a low AR, which
makes the soil around the anchor more compact than that at a high AR. And when the AR
reaches 1, the pitch-matched installation will make the sand above the plate loose.

As shown in Figure 18, the overall trend is that for the cases of over-flight installations
(AR < 1), the increment in the uplift capacity compared with the cases of pitch-matched
installations (AR = 1) decreases as the embedment ratio increases. This change is related to the
pressure acted on the moving particle during the installation process. As the embedment ratio
increases, the confinement pressure around the helical plate increases, and the downward or
upward movement mechanisms of the particles are restricted, resulting in a decrease in the
change in the uplift capacity caused by installation at various advancement ratios.
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The comparisons between the results of this study and other results were made,
as shown in Figure 19. The solid symbols are the results of the centrifuge tests from
Cerfontaine et al. [16], the hollow symbols are the results of the DEM from Sharif et al. [32],
the star and multiplication symbols are the results of this study. Figure 19 includes the
centrifuge test ID 1~11 of a flat-base pile P1 (prototype embedment depth H ≈ 8 m, shaft
and helix diameter ratio Ds/Dh = 0.52) in dense sand and medium dense sand and the
ID 12~17 of an asymmetric-base pile P2 (Ds/Dh = 0.52, H = 8.65 m), P5 (Ds/Dh = 0.66,
H = 9.05 m), P4 (Ds/Dh = 0.38, H = 8.45 m) in dense sand. All the piles have the same
prototype helix diameter Dh of 1.06 m and a helix pitch ph of 0.35 m.
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Figure 19. Comparisons of the effects of AR on uplift capacity [16,32].

It can be seen that all of these studies present the same trend of the impact of the AR
on the uplift capacity. The uplift capacity increases with the decrease in the AR, and at
AR = 0.8, the calculation results of this study are similar to the results of loose sand in
Sharif et al. [26], while the remaining results are higher than the other research results.
This may be due to the smaller diameter of the helical plate in this numerical model, where
the constraint pressure around the plate is small, and the upward flow-around mechanism
for the particles is formed easily, which makes the soil above the plate become denser.

4.3. Double-Helix Anchors Installed at Different Advancement Ratio

The uplift capacities of the double-helix anchors were plotted in Figure 20. Meanwhile,
the efficiency of the uplift capacity of the double-helix anchor was defined as Formula (10)
to reflect the interaction of the two plates [3,21]. For wish-in-place anchors, the efficiency
is only affected by helix spacing [21]. In comparison with pre-embedded conditions, the
efficiency varies with both the helix spacing and installation disturbance.

η = Qu/∑ Qui (10)

where η is the ratio of the uplift capacity of the double-helix anchor to the sum of the uplift
capacities of each single-helix anchor.
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Figure 20. Relationships of uplift resistance and relative displacement for various ARs and embed-
ment ratios.

In order to analyze the impact of the advancement ratio on the uplift capacity and
efficiency of double-helix anchors, the uplift capacities of double-helix anchors with different
spacing and efficiency of double-helix anchors with a relative spacing of 3 were plotted in
Figure 21. It can be seen from Figure 21 that the uplift capacities of the double-helix anchors
also increase with the decrease in the AR. When the AR = 1.0 and 0.8, the uplift capacity of the
double-helix anchors with a relative spacing of 4.5 is higher than that of the anchor with a
relative spacing of 3, while the relationship is opposite for the case of AR = 0.5. This change
is related to particle movements induced by installation. When AR = 0.5, the top plate has
restrictions both on the vertical upward and lateral displacement of the soil between the
plates during installation. The smaller spacing between the plates will produce more obvious
restrictions, and thus make the soil between the plates denser. Therefore, at AR = 0.5, the
double-helical anchor with a small spacing has a higher uplift capacity.
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Figure 22 shows the displacement nephogram at the uplift failure of a double-helix
anchor with a relative spacing of 4.5. The yellow dotted lines indicate the particle motion
zone at uplift failure. It can be seen that the height of the particle motion area above the
bottom plate does not exceed 3 dw at failure regardless of AR = 1 or 0.5, which indicates for
installation situations, a relative spacing of 3 can ensure the two plates do not interact each
other during the pulling process. Then, the efficiency change is only caused by the installation.
It can be seen from the relationship of the AR and efficiency (in Figure 21) that although the
uplift capacity of the double-helix anchor increases for the cases of AR <1.0 compared to that
of AR = 1, the efficiency coefficient is close to 1 only for the case of AR = 1, indicating that the
impact of the top plate during installation is minimal when AR = 1. This is consistent with the
particle movement rule during installation. The twice disturbance of the top plate in the case
of AR = 1 are not obvious, but are significant for AR = 0.5.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 22 of 25 
 

 

 

  
(a) (b) 

Figure 22. Displacement nephogram of double-helix anchor with S/dw = 4.5, (a) AR = 0.5, (b) AR = 1. 

5. Conclusions 
This study investigated the effects of the helical anchor geometry and installation 

advancement ratio on the soil disturbance zone, particle movement mechanism, and the 
uplift capacity by simulating the installation and pull-out process of single- and double-
helix anchors in dense sand based on matrix discrete element software. The main investi-
gations and conclusions are as follows: 
(1) When the helical anchor is drilled into a shallow depth, the particle motion zone is 

the shape of an inverted cone, and when drilled into a deep depth (L > 9 dw), the 
overall disturbed zone is funnel-shaped. For the double-helix anchor, the soil above 
the upper helical plate is disturbed more obviously than with the single-helix anchor 
because it has been penetrated twice. 

(2) When a single-helix anchor is installed at an AR of less than 1, the particles around 
the plate are encouraged to move upwards, and the back flow-around mechanism 
occurs. And when installed at AR = 1, the flow-around mechanism occurs. 

(3) For a double-helix anchor, the lateral displacements of the particles between the two 
plates are smaller than those for a single-helix anchor regardless of the AR value. 
When AR = 0.5, the upward motions of the particles below the top plate are limited 
and the upward displacement is smaller than that of a single-helix anchor, while 
when AR = 1, the downward motion of the particles above the top plate is accelerated 
slightly and the downward displacement is slightly greater than that of a single-helix 
anchor. 

(4) The pitch-matched installation (AR = 1) of a single-helix anchor will make the uplift 
capacity decrease compared with the cases of wish-in-place conditions (undisturbed 
conditions). As the embedment ratio increases, the uplift capacity loss caused by in-
stallation disturbance (AR = 1) gradually increases. However, when the embedment 
depth can make deep failure mode occur, the impact rate of the installation disturb-
ance on the uplift capacity becomes slow with the increase of embedment depth. 

(5) The uplift capacities of both single-helix and double-helix anchors increase with the 
decrease in the AR (AR = 0.5~1). The efficiency induced by installation is close to 1 for 
the case of AR = 1, indicating that the impact of the top plate during installation is 
minimal when AR = 1. 
The investigation of the observed disturbance zone and the comparison of the uplift 

capacity under pitch-matched installation and wish-in-place conditions can provide a 
beneficial reference for analyzing the considered installation effects. The influence of the 
installation advancement ratio (AR) on the uplift capacity of double-helical anchors is the 

Figure 22. Displacement nephogram of double-helix anchor with S/dw = 4.5, (a) AR = 0.5, (b) AR = 1.

5. Conclusions

This study investigated the effects of the helical anchor geometry and installation ad-
vancement ratio on the soil disturbance zone, particle movement mechanism, and the uplift
capacity by simulating the installation and pull-out process of single- and double-helix
anchors in dense sand based on matrix discrete element software. The main investigations
and conclusions are as follows:

(1) When the helical anchor is drilled into a shallow depth, the particle motion zone is
the shape of an inverted cone, and when drilled into a deep depth (L > 9 dw), the
overall disturbed zone is funnel-shaped. For the double-helix anchor, the soil above
the upper helical plate is disturbed more obviously than with the single-helix anchor
because it has been penetrated twice.

(2) When a single-helix anchor is installed at an AR of less than 1, the particles around
the plate are encouraged to move upwards, and the back flow-around mechanism
occurs. And when installed at AR = 1, the flow-around mechanism occurs.

(3) For a double-helix anchor, the lateral displacements of the particles between the two
plates are smaller than those for a single-helix anchor regardless of the AR value. When
AR = 0.5, the upward motions of the particles below the top plate are limited and the
upward displacement is smaller than that of a single-helix anchor, while when AR = 1,
the downward motion of the particles above the top plate is accelerated slightly and the
downward displacement is slightly greater than that of a single-helix anchor.
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(4) The pitch-matched installation (AR = 1) of a single-helix anchor will make the uplift
capacity decrease compared with the cases of wish-in-place conditions (undisturbed
conditions). As the embedment ratio increases, the uplift capacity loss caused by
installation disturbance (AR = 1) gradually increases. However, when the embedment
depth can make deep failure mode occur, the impact rate of the installation disturbance
on the uplift capacity becomes slow with the increase of embedment depth.

(5) The uplift capacities of both single-helix and double-helix anchors increase with the
decrease in the AR (AR = 0.5~1). The efficiency induced by installation is close to 1 for
the case of AR = 1, indicating that the impact of the top plate during installation is
minimal when AR = 1.

The investigation of the observed disturbance zone and the comparison of the uplift
capacity under pitch-matched installation and wish-in-place conditions can provide a
beneficial reference for analyzing the considered installation effects. The influence of the
installation advancement ratio (AR) on the uplift capacity of double-helical anchors is the
same as that of single-helix anchors. But it is also affected by helix spacing and diameter.
Further experimental evidence is still required to demonstrate the impact of installation
on the uplift capacity of multi-helical anchors with various embedment ratios and anchor
geometries in sands with different levels of compactness.
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