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ABSTRACT: Helical piles have been in usage for over 170 years throughout the world, and only in recent
years the increased interest and global applications of this type of foundation have been growing rapidly. Alt-
hough this fact requires a parallel growth in research examining these foundations, the current understanding
of helical piles or helical anchors behaviour is still limited. Therefore, the use of centrifuge modeling tech-
nique to investigate various aspects of helical foundations can be an effective way to reduce this deficiency.
Based on this statement, the current text is intended to provide a comprehensive overview of modelling stud-
ies on this topic. This paper is divided into two parts. The first part presents a summarized review of helical
anchors, focused on the installation effect and 1g model tests. In the second part of the article, the previous

centrifuge studies on helical anchors are presented.

1 INTRODUCTION

Helical piles consist of one or more helical bearing
plates welded to a central shaft (Fig. 1). The sizes of
helical piles and the number of helices vary exten-
sively depending on the required pile capacities and
soil conditions. A typical shaft diameter varies be-
tween 73 and 965 mm, while helix diameters vary
between 152 and 1219 mm (Sakr 2009).

This type of foundation is placed into the soil by
applying torque to the shaft (Fig. 2). The helical pile
penetrates into the soil in a smooth and continuous
manner at a rate of rotation of 5 to 20 rpm (AB
Chance Co., 2010). The torque required to install
helical foundations depends on the soil characteris-
tics and the geometrical properties of the pile.
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Figure 1. Multi-helix pile.

The helical foundations have been utilized exten-
sively for both tensile and compressive applications
as: telecommunication towers, energy transmission

and distribution lines, solar panel, residential and
commercial buildings, retaining walls, and for foun-
dation repair.

The last 25 years have seen exponential growth in
the use of helical piles (Clemence & Lutenegger
2015). Additionally, the use of helical foundations
has been suggested as an innovative and attractive
solution for foundations of offshore wind turbines
(Spagnoli & Gavin 2015, Byrne & Houlsby 2015,
Spagnoli et al. 2015).

Figure 2. Helical anchor installation.

This type of foundation has widely expanded in
recent years due to some advantages over conven-
tional foundations: (i) easy and rapid installation; (ii)



verification of load capacity during installation using
the torque correlation method; (iii) installation at
sites with limited access; (iv) installation in high
groundwater conditions; (v) installation in most
ground conditions, and at any inclination; (vi) able to
use small equipment to obtain high load capacity;
(vii) minimal vibration and noise; (viii) easily re-
moved and reused in temporary applications, etc.
However, as mentioned in Merifield (2011), the cur-
rent understanding of this type of pile (or anchor) is
unsatisfactory, and the existing design methods to
predict uplift capacity are inadequate.

Therefore, seeing the need of more investigations
on helical foundations, and that centrifuge modelling
is an advantageous technique to simulate the behav-
ior of this type of foundation, the current paper pre-
sents and discuss the results of previous works re-
garding physical modelling of helical anchors.

2 HELICAL ANCHORS

The current paper is focused on the behaviour of hel-
ical foundations applied to resist pull-out or uplift
forces. In this case, this type of foundation is also
known as “helical anchors”.

Helical anchors, according to the modes of fail-
ure, could be classified as shallow anchor or deep
anchor. Differently of the shallow anchor, the deep
anchor condition occurs when the failure surface
does not extend to the ground surface. As observed
for conventional plate anchors, there is a critical em-
bedment ratio, above which embedded objects be-
haves as shallow anchors.

The main factors that control the design of helical
anchors are: type of soil, type of anchor, number of
helical units, diameters and spacing between helical
units, pitch of helical units, shaft diameter and type
(square, round), angle of installation, and applied
load (Clemence & Ghaly 2013).

2.1 Uplift capacity

Trofimenkov & Maruipolshii (1965) was the first to
present a formula which expresses the uplift bearing
capacity of a helical plate as a function of non-
dimensional factors (similar to Terzaghi-Meyerhof
bearing capacity formula). According to these au-
thors, for one-helix anchors, the anchor ultimate ca-
pacity is the sum of the bearing capacity of the heli-
cal plate and the shaft resistance.

In the case of multi-helix anchors, the most used
methods to calculate the pull-out capacity are: “indi-
vidual bearing method” and “cylindrical shear meth-
od” (Fig. 3).

2.1.1 Individual bearing method
Adams & Kym (1972) conducted a number of uplift
tests on multi-helix anchors, with the ratio between

helix spacing and helix diameter varying from 2.1 to
3.6, installed in different soils. These authors as-
sumed that each helix behaved independently of the
other, because the helices were widely spaced. Con-
sequently, the uplift capacity of the multi-helix an-
chor is the summation of the bearing capacities of all
helical plates and the shaft resistance (Fig. 3a)

The individual bearing method assumes that a
multi-helix anchor behaves as a group of independ-
ent single plates, and the uplift capacity of each heli-
cal plate can be estimated using the Terzaghi’s bear-
ing-capacity equation.

2.1.2 Cylindrical shear method

The failure mechanism of the cylindrical shear
method (Fig.3b) consists of general bearing capacity
failure above the top helix, described by breakout
factors, and cylindrical soil failure between the top
and bottom helices (Mitsch & Clemence 1985).
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(a) Individual bearing method (b) Cylindrical shear method

Figure 3. Two different hypothesis for the resisting forces act-
ing on the multi-helix anchors subject to tensile forces (Hoyt &
Clemence 1989).

2.1.3 Failure mechanism

The occurrence of individual bearing or cylindrical
shear failure mechanisms depends mainly on the soil
type and spacing ratio. Spacing ratio (S/D) is defined
as the spacing, S, between two adjacent helical
plates divided by their average diameter, D (Sakr
2009).

The field investigation of Lutenegger (2009) indi-
cates that at work loads the response of helical an-
chors in stiff clays appears to be controlled by indi-
vidual plate behaviour above a space ratio of 1.5. For
helical anchors in sand, Lutenegger (2011) conclud-
ed that the transition from cylindrical shear behavior
to individual bearing behaviour occurs at a spacing
ratio of about 3.

2.1.4 Installation torque method

The uplift capacity of helical anchors is proportional
to the torsional resistance to the anchor penetration.
Therefore, the axial capacity of helical anchors can



be estimated and controlled by the installation torque
measured at the final embedment depth.

The relationship between pile capacity and the in-
stallation torque is normally used to estimate the ax-
ial capacity of helical foundations (Perko 2009).

Hoyt & Clemence (1989) presented an empirical
relationship which relates the final installation
torque, T, with ultimate uplift capacity, Q,:

Qu=K,T. (1)

The parameter Ky in Equation 1 is known as the
torque factor. Hoyt & Clemence (1989) stated that
this empirical parameter is a constant which varies
with shaft diameter. These authors also found that
the torque correlation method (Eq. 1) provides more
consistent predictions of uplift capacity when com-
pared to the “individual bearing” and “cylindrical
shear” methods.

In addition, theoretical correlations between the
final installation torque and uplift capacity of helical
anchor have been reported by many authors (Nara-
simha Rao et al. 1989; Ghaly et al. 1991a; Ghaly &
Hanna 1991, Perko 2000, Tsuha & Aoki 2010;
Gavin et al. 2013, and Sakr 2014).

In general, these correlations mentioned above are
used to estimate the uplift capacity of helical an-
chors. However, more recently, the use of high ca-
pacity helical piles has been suggested as a novel
foundation system for offshore facilities (Spagnoli &
Gavin 2015), and in this case the estimation of the
torque necessary to install these piles is required to
indicate an appropriate torque drive for pile installa-
tion.

3 INSTALLATION EFFECT

The helical anchor installation modifies the soil
traversed by the helix that is sheared and displaced
laterally and vertically. Therefore, for an adequate
simulation of helical anchors behaviour, by physical
or numerical modelling, it is fundamental to repro-
duce the installation effect on the soil penetrated.

3.1 Single helix anchor

Kanai (2007) cited an experiment to investigate the
penetration mechanism of a helical pile in which the
movement of soil particles around a helical plate was
observed by video camera (Fig. 4). The experiment
showed that during pile penetration the soil at the
lower edge of the helical plate starts moving towards
the upper edge of the plate.
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Figure 4. Penetration mechanism at helical plate (Kanai 2011).

Komatsu (2007) installed a small scale helical
pile model in sand and in clay to investigate the in-
stallation effect, and observed the following: (i) dur-
ing installation the soil above the helix rises up-
wards, (ii) the soil close to the shaft is pulled down
due to the shaft friction, (iii) the soil beneath the he-
lix is compressed.

The visible tests of Nagata & Hirata (2005) illus-
trated the shear fracture zone formed by the helical
pile driving in dry sand (Fig. 5). The results of these
visible tests confirm the statement of Kulhawy
(1985), that significant disturbance does occur with-
in the cylindrical installation zone of the helical an-
chor. For this last author, the disturbance effect can
be estimated by relating the disturbed properties to
the in-situ properties.

Figure 5. Visible tests on a helical pile model in dry sand: (a)
test setup; (b) screwing pile + uplifting tests under confining
pressure (Nagata & Hirata 2005).

3.1.1 Installation effect on single helix anchor in
sand

The installation effect mentioned above should be
taken into account to the prediction of the uplift be-
haviour of helical anchors. Gavin et al. (2014) pre-
sented the results of an uplift test on a single helix
pile installed in dense sand, and compared with fi-
nite element analyses performed using Abaqus
(without considering the installation effects on the
soil above the helix).

Figure 6 illustrates that the comparison between
measured and numerically predicted uplift pressure
related to the helix showed that the FE analysis over-
predicted the uplift capacity and stiffness developed
during the loading test. In this case, the sand above



the helix experiences severe disturbance during an-
chor installation, and this effect was not modelled in
the simulation; therefore, the numerical prediction of
the pile load-displacement response under tension
loading was not in good agreement with the experi-
mental result.
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Figure 6. Uplift pressure mobilized on helix (Gavin et al.
2014).

Mosquera et al. (2015) reported the results of a
preliminary study to simulate numerically the instal-
lation effect on the sand penetrated by a single helix
anchor, tested in Tsuha et al. (2012). Two different
numerical simulations were performed through the
finite difference code FLAC 3D (Fig. 7). For the first
model the penetrated soil above the helix is assumed
to have the same properties as the surrounding intact
soil. For the second model the soil properties as-
sumed for the cylindrical volume above the helix are
adjusted to simulate the installation effect.
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Figure 7. Contours of displacement (left) and stress (right) in z
direction: (@) CASE 1, (b) CASE 2 (Mosquera et al. 2015).

Figure 7 illustrates the contours of these two nu-
merical simulations, and shows that the failure sur-

face is developed in the interface between the dis-
turbed cylindrical volume of soil and the surround-
ing undisturbed soil mass. The simulation consider-
ing installation effects (Fig. 7b) agrees with the
observations of Narata & Hirata (2005), that a shear
fracture zone is formed by the helical pile driving

(Fig. 5).

3.1.2 Installation effect on single helix anchor in
clay

George & Clemence (2013) installed a one-quarter
scale single helix anchor model in clay (Fig. 8) and
performed strength tests to study the differences in
undrained shear strength and elastic modulus be-
tween disturbed and undisturbed clay (by anchor in-
stallation). They performed unconsolidated un-
drained triaxial shear test on anchor disturbed and
undisturbed Shelby samples. From these tests, these
authors observed that the installation disturbance re-
duces 20% of the shear strength at failure. Also, they
found that the anchor installation reduce the elastic
modulus of clay by 25 to 45 %.

Figure 8. Installation of a helical anchor in testing box, and the
section of the upper region of clay in the testing box after an-
chor installation (George & Clemence 2013).

3.2 Multi helix anchor

During the installation of a multi-helix anchor, the
soil traversed by the helices experiences torsional
and vertical shearing and is disturbed and displaced,
mainly in a cylindrical volume with similar diameter
to the helices.

Narasimha Rao & Prasad (1992) commented that
during helical anchor installation in sand, the soil
that moves laterally transfers the stress to the sur-
rounding soil, and at the same time, the limited
overburden load allows upward movement of sand,
and it may cause loosening effect. Consequently, af-
ter the end of installation, the values of the proper-
ties of the soil inside the cylinder above the helices
are modified. This installation effect depends on the
soil type and characteristics, and on the helical an-
chor geometry.

After the installation of multi-helix anchors, the
soil inside the cylindrical zone above the upper heli-
ces has been penetrated more times than the soil
above the bottom helix. Therefore, for a multi-helix
anchor, with all helices installed in a uniform soil



mass, the characteristics of the soil above the bottom
and above the upper helices can be different.

3.2.1 Installation effect on multi-helix anchors in
sand

Field experiments (Clemence et al. 1994, Sakr 20009,
and Lutenegger 2011) have shown that, in certain
sand sites, the amount of increase in the uplift capac-
ity of helical anchors with the increase in the number
of helices is not as estimated. This fact implies that
the effect of installation on the uplift capacity of
multi-helix anchors is more significant above the
upper helices.

Tsuha et al. (2012) carried out centrifuge model
experiments on single, double and triple-helix heli-
anchor models in dense sand to investigate the ca-
pacity gain due to the addition of one more helix to a
helical anchor. These tests showed that the contribu-
tions of the second and third plate to the total pile
uplift capacity decreased with the increase of sand
relative density and the helix diameter. The relative
density effect is illustrated in Figure 9.
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Figure 9. llustration of hypothesis for sand disturbance after
installation of a three-helix anchor: (a) loose sand; (b) dense
sand (Tsuha et al. 2012).

According to the hypothesis detailed in Figure 9,
for dense sand the difference between the sand pene-
trated by a helix one time and the sand penetrated
two or three times is significant. Differently, for the
looser sand, after anchor installation, the final condi-
tion of the sand above the three helices are similar.

3.2.2 Installation effect on multi-helix anchor in
clay

The degree of soil disturbance resulting from the
penetration of each helical plate of a multi-helix an-
chor into a soil layer was verified in Weech (2002).
This author evaluated the effect of the installation of
helical anchors in marine silt and clay on the axial
capacity, and concluded that the degree of destruc-
turing along the failure surface may increase with the

number of helices that penetrate through a particular
zone of soil.

Weech & Howie (2012) described the field study
to examine the performance of helical pile in a light-
ly overconsolidated, sensitive clayey silt. In this in-
vestigation, the helical piles were instrumented with
strain gauges to measure load distribution and pore
pressure transducers to monitor pore pressures at the
pile wall after installation and during load testing.
From these tests they concluded that: (i) the installa-
tion of the helical piles used caused significant dis-
turbance of the soil, however, the soil below the pile
tip is essentially intact after pile installation; (ii) the
capacity mobilized by the helical piles with spacing
ratio of S/D=1.5 increases substantially with time as
the shear strength of the soil surrounding the piles
recovers after installation; (iii) the capacity of the
helical piles with S/D=3 does not appear to increase
significantly with time after installation, therefore,
the effect of installation disturbance is less. This ef-
fect of the spacing ratio on the soil disturbance is il-
lustrated in Figure 10.
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Figure 10. Load test results of Weech & Howie (2012).

Wang et al. (2013) compared the results of helical
anchor models in clay tested in a geotechnical centri-
fuge (with different combinations of the number of
helical plates, plate spacing, and embedment depth)
with numerical solutions from the LDFE approach
and semi-theoretical solutions. These authors con-
cluded that for multi-plate anchors, the predictions
of uplift capacity obtained using an estimate of the
remolded shear strength were found to be closer to
the measured uplift capacities compared to predic-
tions based on the intact shear strength.

Lutenegger et al. (2014) evaluated the level of
helical installation disturbance in clay, from a series
of single-helix and multi-helix anchors installed in a
site consisting of a stiff overconsolidated clay crust
overlying softer near normally consolidated clay. For
this field investigation, vane tests were performed
over the top of the helices at various depths to com-
pare the undrained shear strength after installation
with the shear strength measured in adjacent undis-
turbed ground. The results of this investigation indi-



cated that the degrees of installation disturbance is
greater for multi-helix anchors compared to single-
helix anchors, and is related to the soil characteris-
tics (especially sensitivity) and to the quality of the
installation.

3.2.3 Installation effect in unsaturated structured
soil

The field tests described in Tsuha et al. (2015)
showed that the installation of helical anchors in an
unsaturated residual structured soil produces a
breakdown of the natural soil structure that affects
the pile performance for tension applications. In this
cited study, the significant difference between the re-
sults of tension and compression load tests per-
formed on the helical piles demonstrates the im-
portant influence of pile installation on the helix
uplift bearing resistance in the type of soil evaluated.
Also, triaxial tests were performed on undisturbed
and disturbed (by pile installation) soil samples at
the depth of the helices (Fig. 11). Figure 12 shows
an example of comparison between triaxial tests re-
sults, and illustrates that the disturbed soil (sample
2) reaches smaller peak strength.
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(Tsuha et al.. 2015).
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4 SCALE LABORATORY STUDIES ON
HELICAL ANCHORS

Clemence & Ghaly (2013) presented a complete re-
view of model-scale laboratory (1g) investigations of
helical piles. These authors stated that, although the
model tests lie in the capability to inexpensively test
various parameters with relative ease as compared
with full scale tests, the scale testing has also disad-
vantages: lack of perfect similarity between model
and full-scale tests, effect of boundary conditions,
difference between natural soil in the field and a lay-
er that is built under controlled conditions in the la-
boratory, and satisfying similitude.

This part of the current paper presents a brief
summary of 1g model tests on helical anchors re-
ported in the literature

4.1 Helical anchor models in sand

Clemence & Pepe (1984) studied the effect of instal-
lation and pullout of a model triple-helix anchor on
the lateral stress in the sand layer (dense and medi-
um dense samples). Lateral stresses were measured
by soil stress cells (Fig. 13) before and after anchor
installation, at anchor failure, and continuously dur-
ing the application of the uplift load. The results in-
dicated that: (i) the installation of helical anchors
causes the increase in lateral stress in the sand sur-
rounding the helices, and the magnitude of the in-
crease depends on the density of the sand; (ii) the
coefficients of earth pressure at failure are between
30 and 40% lower than the values proposed by Mey-
erhof & Adams (1968) due to the shearing disturb-
ance to the soil by helical anchor installation.
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Figure 13. Stress cell placement in the sand model (Clemence
& Pepe 1984).



Mitsch and Clemence (1985) performed laborato-
ry and field investigations of the uplift capacity of
multi-helix anchors in sand. This study indicated that
a cylindrical failure surface developed below the top
helical plate during pull-out and that, above the top
plate, the failure surface was dependent on the an-
chor embedment depth. The “cylindrical shear meth-
od” (mentioned previously in this text) was founded
on the results of this laboratory study. The method
suggests that the uplift capacity is provided by the
bearing resistance on the upper helical plate, fric-
tional soil cylinder resistance, and friction on the
shaft.

Ghaly et al. (1991b, c) conducted an experimental
investigation on single-helix anchor models installed
in dry sand, submerged sand, and sand subjected to
upward seepage flow. The model tests were per-
formed in a masonry tank, 1.0 m long, 0.7 m wide,
and 1.2m deep (see Fig. 14). From these tests, they
proposed a reduction factor to be applied to the ana-
Iytical equations, to account for the submersion or
due to upward seepage flow.
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Figure 14. Test setup of Ghaly et al. (1991b).

Nagata & Hirata (2005) presented a model inves-
tigation on the uplift resistance of screw steel piles.
They performed uplift tests on reduced-scale screw
pile to clarify the relationship between pile diameter,
wing diameter, pile-end depth and the uplift re-
sistance at the pile end (Fig. 15). For this study, the
earth pressure during pile driving and uplifting was
measured. The model-soil tank was equipped with
pressurizing facilities and installing earth pressure
gauges at positions about 20 mm from the wing edge
to measure horizontal earth pressure (Fig. 16a). The
confining pressures of the soil were set as follows:
the axial pressure at 300 kPa and the lateral pressure
at 150 kPa.

Nagata & Hirata (2005) were able to estimate the
shape of the shear fracture zone of soil that brought
about the uplift resistance (Fig. 5). The results indi-
cate that the pile-end resistance results from a shear
fracture zone and earth pressure distributed in the

shape of a truncated cone acting on the fracture zone,
as shown in Figure 16b. Also, the results demon-
strated that the uplift resistance increased with an in-
crease in wing ratio (helix-to-shaft ratio) and pile
depth.
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Figure 16. (a) Earth pressure during pile driving; (b) uplift re-
sistance mechanism (Nagata & Hirata 2005)

Spagnoli et al. (2015) performed a series of labor-
atory model tests on helical pile models with differ-
ent helix-to-shaft ratios (Fig. 17) in a large sample of
sand. The results suggest that the installation results
in compaction of the sand around the helical pile.



Figure 17. Helical piles used in laboratory tests of Spagnoli &
Gavin (2015).

4.2 Helical anchor models in clay

Mooney et al (1985) described the results of labora-
tory and field tests on multi-helix anchors embedded
in silt and clay. They proposed a method for the es-
timation of the uplift capacity based on the soil co-
hesion and an empirical uplift coefficient based on
H/D ratio.

Narasimha Rao et al. (1991) tested multi-helix
anchors with varied spacing between the plates in
clay. The helical plates were spaced conforming to
predetermined spacing ratios (S/D). Based on their
test results, they concluded that the spacing between
the helical plates controlled the capacity of helical
anchors in clays. The pullout tests revealed that very
nearly cylindrical surface could be obtained between
the top and bottom helices for anchors with the spac-
ing ratio of 1 to 1.5 (Fig. 18). However, for the an-
chors with the spacing ratio of 4 no cylindrical fail-
ure could be seen in Figure 18b.

Figure 18. Photographs of helical anchor models after pull-out
tests in clay: a) embedment depth = 0, and S/D spacing ratios of
1.5, 2.3, 4.6; b) embedment depth = 6D, and S/D spacing ratios
of 1.3, 2.0, 4.0 (Narasimha Rao et al. 1991).

4.3 Other materials and model techniques

Hird & Stanier (2010) used a transparent synthetic
soil consisting of fumed silica particles and a pore
fluid with matched refractive index to represent clay
in a physical model of the installation and undrained
load-deflection performance of helical piles in a
deep condition. They used a digital camera to cap-
ture images during installation and load-deflection
testing, allowing the use of Particle Image Veloci-
metry (PIV) techniques to compute displacement
fields around the piles. The aim of these experiments
was to examine the effect of the plate spacing ratio
on the failure mode and load deflection performance
of single and multi-helix piles loaded in tension and
compression. They observed that the soil was con-
fined within the space between the plates on the tri-
ple-helix pile and a cylindrical failure surface was
formed (Fig. 19).
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Figure 19. Vector (a), horizontal contour (b) and vertical con-
tour (c) plots of the displacement fields caused by an axial dis-
placement of 2.0 mm for a single helix screw pile with dis-
placements in mm (Hird & Stanier 2010).

Arai et al. (2011) investigated the soil disturbance
of the surrounding soil caused by the installation of a
helical pile using thermography. The amount of wa-
ter in soil particles is the decisive factor for visualiz-
ing differences in the temperature of the ground sur-
face by thermography. For the experiments they
prepared an artificial soil that is a mixture of sili-
ceous sand and Kasaoka clay with a water content of
7%. The results of changes in the colored layer and
temperature distribution (an example is shown in
Fig. 20) indicated that the wing shape of a screw pile
has an important effect on the soil disturbance
around the pile.
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Figure 20. Strength and temperature distribution of a helical
pile model (Arai et al. 2011).

Ferguson & Standing (2012) presented a model
experimental investigation on helical piles in sand
using Geo Particle Image Velocimetry (PIV) soft-
ware to evaluate the effect of the helix diameter,
spacing and inclination, and the failure mechanisms
(Fig. 21). They observed that for every combination
of helix spacing and diameter, the first mechanism to
form was a bearing failure.
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Figure 21. Shear strains [%]: Left, bearing mechanism at low
displacement; right, shaft failure at high displacement (Fergu-
son & Standing 2012)

Schiavon et al. (2013) conducted photoelastic
analysis to verify the stress distribution around a hel-
ical plate under axial and lateral loading, using
scaled model anchors installed in a photoelastic gela-
tin mixtures, used to simulate the soil in a two-
dimensional elastic half-space. The images obtained
are presented in Figure 22. Figure 22a shows that the
stresses produced in the photoleastic medium during
an uplift test reached the gelatin surface when the
plate is installed at 1.6D embedment depth. This in-
dicates a shallow anchor behavior. On the other
hand, the helical plate at 5.5D embedment depth
generated isochromatics that did not reach the gela-
tin surface during the uplift loading (Fig. 22b), and
indicates a deep anchor behavior (the stresses con-
centration around the helical plate does not propa-
gate to the soil surface). Figures 22c, d, e show the
isochromatics obtained for the anchor model subjected

to a lateral horizontal load, and axial compressive and
tensile load.
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Figure 22. Photoelastic tests on helical anchor models
(Schiavon et al. 2013)

5 CENTRIFUGE MODEL STUDIES ON
HELICAL ANCHORS

In conventional laboratory tests on reduced model
anchors the effect of soil self-weight is much lower
than experienced by the prototype, consequently the
field scale conditions cannot be reproduced correctly
(Dickin & Leung, 1983). Such errors are avoided by
centrifuge test. Realistic self-weigh-induced stresses
in a small-scale model can be reached in the high
gravitational acceleration field produced by a centri-
fuge and the stress-strain distributions will be similar
to the full-scale condition (Clemence & Ghaly,
2013).

Centrifuge testing has been applied to investigate
many geotechnical problems and is beginning to be
used in modeling the behaviour of helical founda-
tions (Levesque 2002, Tsuha 2007, Bian et al. 2008,
Wang et al. 2010, Urabe et al. 2015, and Schiavon et
al. 20164, b).

Centrifugal model tests have also been performed
to study plate anchors behaviour (Ovesen 1981,



Dickin & Leung 1983, Dickin 1988, Tagaya et al.
1988). However, these centrifuge model investiga-
tions on plate anchors did not reproduce the effect of
helical anchor installation on the soil penetrated by
the helices, that influences the uplift response of this
type of foundation.

5.1 Previous simulations of plate anchors in
centrifuge

Althought the model tests performed on plate an-
chors cannot replicate the disturbance effect on the
soil caused by the helical pile installation, these stud-
ies can provide valuable information about some
mechanisms and design model aspects of helical an-
chors.

Ovesen (1981) conducted the first centrifuge
modelling investigation on the uplift capacity of
plate anchors. In this study, pullout tests were per-
formed, in a vertical and in a slanting direction, on
circular slabs of different diameters. This work was
divided into two parts: (1) investigation of the scal-
ing law relationship for uplift capacity of anchor
slabs in sand; (2) comparison with field tests con-
ducted on square anchor slab in the same sand used
for the centrifugal tests (Fig. 23). From these exper-
iments, the author found that: (i) no scale error was
observed for models tested in centrifuge with the an-
chor slab diameter/ average grain size ratio larger
than 25; (ii) the same uplift capacity was obtained
from circular and square slab (with same area) bur-
ied at the same depth.
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Figure 23. Comparison between field tests and centrifugal
model test (Ovesen 1981).

Dickin & Leung (1983) investigated the effects
of geometry and embedment of vertical anchor
plates subjected to horizontal pullout forces using
centrifuge tests. From these tests, they observed that
the anchor geometry has an important influence on
dimensionless force coefficients and failure dis-
placements.

The influence of anchor geometry, embedment,
and soil density on the uplift capacity of horizontal
anchor plates subjected to vertical pullout forces
has been studied using centrifuge model tests (Fig.
24) by Dickin (1988). This author concluded that
anchor geometry influence the dimensionless
breakout factors and failure displacements.
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Figure 24. Arrangement for anchor uplift test in centrifuge
(Dickin 1988).

Tagaya et al. (1988) performed pullout tests on
circular and rectangular anchor models (with the
rigid steel shaft) in a geotechnical centrifuge. The
findings of this investigation are the following: (i)
good agreement among the theories and experi-
mental values using centrifuge models; (ii) the di-
mensionless pullout resistance becomes constant
from a certain relative depth; (iii) the shape effect
of the rectangular anchor can be explained by intro-
ducing a shape factor.

Centrifuge modelling of other types of anchors
(no helical anchors) have been reported by some re-
searchers (suction caissons/anchors are presented in
House & Randolph 2001, and in Thorel et al. 2010).

5.2 Centrifuge studies on helical anchors

Few centrifuge model studies were conducted to in-
vestigate the helical anchors behaviour. A brief de-
scription of these investigations is presented here.



5.2.1 Levesque (2002)

Levesque (2002) conducted the first centrifuge mod-
el study on the behaviour of helical foundations. The
purpose of this investigation was to verify the theo-
ries used to predict the helical anchor uplift re-
sistance. The centrifuge tests were performed using
the beam-type centrifuge of the University of New
Brunswick. The pullout tests were performed on a
two-helix anchor with an inter-helix spacing of 30
mm, the top and bottom helices have diameters of 15
and 7 mm, and pitch of 3 mm (Fig. 25). Over twenty
anchor pullout tests were performed for this study.
The model anchors were installed in two different
sand samples, with relative density of 20% and 87%
respectively, were prepared using air pluviation. Al-
so, CPT tests were performed in flight.

Figure 25. Model anchor used in the study (Levesque
etal., 2003

This study involved installing a helical anchor in-
to a sand sample, and then pulling it vertically to de-
termine the uplift capacity of the anchor. The model
anchors were installed and pulled in-flight (20g and
13.5g) at a rate of 0.8 and 1.5 mm/sec respectively.
However, the stepper motor did not have enough
torque to install the anchor to the required depth in
dense sand samples. In this case, a special system
was used, consequently it was impossible to install
the anchor and pull in the same flight. The installa-
tion torque was not registered in this work. The tests
were conducted on anchor models with H/D=2 and
H/D=4 (H/D is the ratio of top helix depth H to di-
ameter D).

The results of the tests on dense sand samples
showed that the values of uplift capacity estimated
using the cylindrical shear method presented in
Mitsch & Clemence’s (1985) are lower than the
measured values. However, for the case of loose
samples, the estimated values were much higher than
the measured capacities.

The author concluded that the assumed failure
surface was not representative for the case of loose
samples. However, changing the assumed failure
surface above the top helix from a cone to a cylinder
has a great effect, and the values predicted were
much closer to the measured uplift capacities.

5.2.2 Tsuha (2007)
Tsuha (2007) conducted centrifuge model tests on
different models of anchors to validate a relationship
between installation torque and uplift capacity of
deep helical anchors in sand, detailed in Tsuha &
Aoki (2010). The second purpose of these experi-
ments was to verify the correlation between the
number of helices and the effect of installation pro-
cess (screwing mechanism) on the uplift capacity of
multi-helix anchors in sand (Tsuha et al. 2012).
Twelve small-scale models were tested in two
different samples of dry NE34 Fontainebleau silica
sand of different relative densities (56% and 85%).
Pullout tests were conducted in three models without
helices and in nine different model anchors (Fig. 26),
with a helix-to-shaft ratio constant at 3:1, and spac-
ing between any two helices of three times the helix
diameter.

Figure 26. Helical anchor models (Tsuha 2007).

This centrifuge model tests were performed at the
“French Institute of Science and Technology for
Transport, Development and Networks” (IFSTTAR)
in France. For the tests, a servo-controlled test sys-
tem (Fig. 27) was used to install and to pull out the
model anchors in the sand sample in-flight.

As the main objective of this study was to relate
the final installation forces (represented by the final
installation torque) to the helical anchor uplift capac-



ities, a torquemeter was used to measure de final
torque required to the installation of the helical an-
chors into the sand sample. The measures of torque,
displacement and force were recorded by an auto-
matic data acquisition system placed in the centri-
fuge swinging basket. Further details of the experi-
mental apparatus and procedure are also described in
Tsuha et al. (2007).

‘*--'
. = brushless
| L
OQUeTtar
2 leeque A-__"‘_ farce transducer
" S8Mvo-controd " gas
f £

ayslam connection
¥ displacameant

transducer
/

\

ol connaction

crass section

serva-controlied _y,
acwualor

W disgil. tranad

poslioning -~ cannechan

Figure 27. Test system (Tsuha 2007).

Figures 28 shows some examples of load—
displacement curves of the uplift loading tests per-
formed on the helical anchors.
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Figure 28. Load-displacement curves of uplift loading tests
performed on helical anchors with 326mm plate diameter (pro-
totype) in the sand sample of relative density of 85% (Tsuha et
al. 2012).

The main findings of this centrifuge study on hel-
ical anchors in sand are:

— A comparison between predicted uplift helix bear-
ing capacity (based on a theoretical installation
torque method proposed by Tsuha 2007) and ex-
perimental results showed good agreement (Fig.
29).

— The results indicate that the effect of soil disturb-
ance, caused by the anchor installation, on the
uplift capacity of helical anchors is influenced by
the helix diameter and the sand relative density.

— The helix diameter and relative density of sand in-
fluences the efficiency of the second and third
top helices of triple-helix anchors installed in
sand.
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Figure 29. Comparison between measured and predicted uplift
helix bearing capacities (Tsuha et al. 2007).

5.2.3 Bian et al. (2008)

Bian et al. (2008) performed centrifuge model tests
to investigate grouted helical pile system (GHPS),
which is a combination of subsurface grouting and
helical piles widely used in engineering practice.
They reported a research program where grouting
and pier placement tools were developed and tested
on the large geotechnical centrifuge at the University
of California, Davis (Fig. 30). The aim of this pro-
gram was to develop suitable in-flight grout and hel-
ical pile installation tools and technique, and also to
evaluate the grout bulbs under different conditions.

The variables evaluated in this study were: grout
type, grout installation pressure, single-helix pile
embedment, and installation torque. The grouts were
prepared with different water/cement ratios and ad-
ditives to improve performance during centrifugal
tests. Sand placed into the container by air pluviation
was used as soil model.

The grouting and the helical pile installation were
successfully performed simultaneously in flight at a
centrifugal acceleration of 159. Cameras were used
to monitor images of pile driving and grout flow in
the transparent tubes. The grout dispersion during



and after grout placement were verified by tomo-
graphic imaging.

The authors performed a parametric study to un-
derstand the relative impact of each variable tested
on the resulting grout bulbs. The grout fingering was
observed in the final grout bulbs (Figure 31). The au-
thors commented that this fingering is caused by un-
stable flow during infiltration into unsaturated ho-
mogeneous porous media.
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Figure 30. Centrifuge test layout: (a) section view, (b) elevation
photo of model driving and grouting, and (c) instrumented
model in centrifuge (Bian et al. 2008).

Figure 31 shows the photographs of the excavated
piles and grout. The soil-grout bulbs can be charac-
terized by a larger, spherical region surrounding the
helix, at the point of grout export. Grout fingering
can be observed in the final grout bulbs in this fig-
ure. The authors commented that this type of finger-
ing phenomenon observed is due to the increased g
field applied to the model.

The main conclusions of this centrifuge model
investigation are: (i) pile rotation, greater embed-
ment depths, and higher injection pressure improved
grout permeation performance, resulting in larger
grout bulb; (ii) grout bulb diameters ranged between
0.6 and 1.9 times the helix diameter; (iii) grout with

a lower water/cement ratio generated long fingering
extensions.
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Figure 31. Photographs of excavated grouted piles (Bian et al.
2008).

5.2.4 Wang et al. (2010)

Wang et al. (2010) conducted centrifuge model tests
on helical anchors in clay subject to vertical tensile
uplift forces. These tests were carried out in the
beam centrifuge of the University of Western Aus-
tralia.

These model tests were performed at a centrifuge
acceleration of 100 g. The object of this study was to
investigate the undrained response of helical anchors
in over-consolidated kaolin clay. Three different su-
perficial water conditions were investigated: (1) the
soil surface was all the time covered by a water lay-
er; (2) the uplift tests were performed instantly after
the drainage of superficial water; (3) the superficial
water was drained out at least two hours before the
test.

Twelve model tests were carried out on helical
anchors with 1, 2, and 3 helical plates and inter-helix
spacing from 1 to 1.5 plate diameters. The helical
anchor models were fabricated with a plate diameter
of 24mm, and shaft diameter of 4 mm (Fig. 32). The
distance between the soil surface and the top helix of
a triple helix anchor is 26.5 mm (e distance shown in



Fig. 32). The spacing between the helical plates was
S1=36mm or S2=24mm (Fig. 32a, b).

(a) 3-plate anchor model.

300 150 we 1w 400+

(b) 2-plate anchor model.

Figure 32. Three plates and two plates anchor models used in
Wang et al. (2010).

The soil samples were prepared by mixing kaolin
clay powder with water to produce slurry at a water
content of 120%. After complete a floor consolida-
tion, the consolidation pressure was unloaded and
the box was transferred into the centrifuge. The
over-consolidated sample was spun at an accelera-
tion of 100 g for 24 hours. The soil strength of this
sample was verified by T-bar tests, prior, during and
after the model tests.

The helical anchors were installed in the soil
manually at 1g. After helical anchor installation, the
centrifuge was accelerated to 100g, and the helical
anchor was pulled out at a velocity of 0.25mm/s, to
ensure undrained conditions.

The main observations of this study were: (i) the
soil cylinder failure works well for helical anchors in
which the distance from the soil surface to the top
helix is not greater than 2.6 times the plate diameter;
(ii) the superficial water lowers considerably the
maximum uplift capacity; (iii) the failure mechanism
of one-helix anchor buried deeply is localized in the
vicinity of the plate.

Wang et al. (2013) studied the undrained uplift
behaviour of helical anchors in clays using the cen-
trifuge model test results of Wang et al. (2010) and a
“large deformation finite element” (LDFE) approach
(Fig. 33). They compared the numerical solutions
from the LDFE with the centrifuge data and semi-
theoretical solutions. Their main conclusions are: (i)
the soil failure mechanism evolves gradually from a
cylindrical shear shape to a localized bearing condi-
tion with increasing plate spacing; (i) the cylindrical
failure mechanism between plates is predominant
when the spacing ratio S/D <3.2, almost independent
of the soil strength, soil unit weight, and plate diam-
eter; (iii) the soil was less disturbed during the
screwing installation of single-helix anchors, com-
pared with multi-helix anchors.
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Figure 33. Contours of incremental soil displacement from
large deformation analyses: (a) S/D = 1.5; (b) S/D = 3.0 (Wang
et al. 2013).

5.2.5 Urabe et al. (2015)

Urabe et al. (2015) tested one straight and four wing
piles in a centrifuge to study the effects of shaft and
wing diameter on bearing capacity, pullout re-
sistance, and cyclic vertical loading response. The
wing pile (also known as Tsubasa pile described in
Mori 2003) is a kind of displacement screw pile.
However, in this investigation they tested a flat plate
model to simulate the wing pile.

The single pile was set with an embedment depth
of 250 mm in dry Toyoura sand (Fig. 34). Five pile
models with different wing-to-shaft ratios were test-
ed in this investigation. Each pile had strain gauges
on the inner surface of the pipe at seven or eight
depths and a load cell at the tip (Fig. 34).

Displacement controlled monotonic and cyclic
loading tests (monotonic compression and tension
loading, and alternately cyclic vertical loading) were
performed with a loading rate of about 1.0 mm/min
and centrifugal acceleration of 30g.

The results of these vertical loading tests in the
centrifuge led to the following conclusions: (i) the
shaft and wing diameters controlled the response



during compression, and the wing ratio and the wing
area controlled the response during tension; (ii) the
tensile capacity of wing piles with a wing ratio of
about 1.5 decreased considerably with increasing cy-
clic vertical displacement after the shaft friction
reached its ultimate value, however for wing piles
with a wing ration of about 2.0 did not decrease.
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Figure 34. Test setup and pile models (Urabe et al. 2015).

5.2.6 Schiavon et al. (2016a,b)

Schiavon et al. (in prep.) performed a series of pull-
out tests on instrumented and no-instrumented mod-
els of single-helix anchors in the IFSTTAR geotech-
nical centrifuge. This author used the same test sys-
tem described in Tsuha (2007), detailed in Figure 27.
The centrifuge experiments were performed in re-

constituted HN38 Hostun dry sand samples, with
relative density of 99%.

The main objectives of this study are to investi-
gate: 1) the disturbance of the soil caused by the an-
chor installation; 2) the grain size effect on the
joined behaviour of the shaft friction and the helix
bearing resistance of helical anchor models in sand;
3) the behaviour of helical anchors under cyclic
loadings.

For the investigation of installation effects
Schiavon (in prep.) installed two single-helix an-
chors in flight (8.3g). Only one of them was dis-
placed vertically 8 mm (pullout test). The aim of
these tests was to excavate the sand sample to obtain
images of the soil disturbance after installation and
the sand displacement after the uplift test. These re-
sults are presented in Figure 35.
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(a) after installation (b) after tension load test

Figure 35. Photographs of helical anchor models in dense sand:
a) after installation; b) after tension load test (Mosquera et al.
2015).

The photographs presented in Figure 35 indicate a
cylindrical zone of disturbed sand after helical pile
installation. This figure confirms the interpretations
of Komatsu (2007) mentioned previously in this text.

Figure 35b indicates that, for a vertical uplift dis-
placement of the pile head of 20% of plate diameter,
the soil directly above the helical plate controls the
helical anchor performance. Therefore, the disturbed
soil controls the load—displacement response be-
cause the shear surface will be within the cylinder.



Schiavon et al. (2016a) conducted centrifuge
model tests on anchor models with different scales to
simulate the same prototype in very dense dry sand.
These experiments showed that no scale effect was
found for models with the ratio of the helix width to
the average grain-size greater than 58. Figure 36
compares the ultimate uplift capacity obtained from
different model sizes (different w/dsy ratios). This
figure indicates that no scale effect was identified for
the range of anchor models evaluated in this investi-
gation.
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Figure 36. (a) Helical anchor prototype simulated by anchor
models of different w/d50 ratios; (b) ultimate tensile load of
helical anchor models of different sizes (Schiavon et al. 2016a).

Schiavon et al. (2016b) investigated the cyclic re-
sponse of a single-helix model anchor in sand using
the IFSTTAR centrifuge at 10g acceleration. For this
study an instrumented helical anchor model was
used to measure the axial force in a shaft section just
above the helix (Fig. 37).

anchor shaﬂ/

Figure 37. Helical anchor instrumented model (Schiavon 2016).

In this work, three different amplitudes of cyclic
loading were investigated, using the same pre-load
value, as illustrated in Figure 38. In this figure Qr is
the ultimate tensile load, and Q is the applied load
during the test, and D is the helical plate diameter.
The tests showed that the rate of displacement ac-
cumulation was more significant in the first 100 cy-
cles. It occurs because the soil above the helical plate
is disturbed due to the installation process, as shown
in Figure 35. The results of this study contributed to
clarify the effect of the number of cycles and of the
load amplitude on the anchor performance.
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Figure 38. Normalized load-displacement responses during the
cyclic loading tests (Schiavon et. al 2016b).

5.3 Comparison with field behaviour

Clemence et al. (1994) performed pullout tests on
field helical anchors with one, two, and three helices.
These tests were carried out on helical anchors of
300mm helix diameter with inter-helix spacing of 3
times the helix diameter installed in sand. Although
there are some differences in sand properties, the
load-displacement curves of these field tests are
comparable to the load-displacement curves of the
centrifuge model tests of Tsuha (2007) on helical
anchor models with 326mm helix diameter in sand.

In addition, the centrifuge tests of Tsuha (2007)
provide results of Ky factors (Eq. 1) of same magni-
tude found in full scale field tests (Fig. 39). There-
fore, the centrifuge modelling well reproduced the
field behaviour of helical anchors during installation
and under tensile loading.

Schiavon et al. (2016a) also found results of Ky
factor similar to the field-measured value presented
in Gavin et al. (2014) for a single-helix anchor. Ac-
cordingly, this fact suggests that the relationship be-
tween the final installation torque and the uplift ca-
pacity of helical anchor could be successfully
investigated using centrifuge models tests.
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Figure 39. Torque correlation factor results (Tsuha 2007).

5.4 Advantages and Limitations

The main advantages of using centrifuge model tests
to investigate helical anchors behaviour are the fol-
lowing:

a) permits comparisons between helical anchors of
different geometries as the models can be installed
in a uniform soil mass.

b) easy repeatability of testing;

c) reproduces the field stress conditions;

d) considerable saving in time and cost involved;

e) allows the reproduction of the installation effects
on the helical anchor behaviour;

f) allows the reproduction and measurements of the
torque required to install helical anchors in differ-
ent soil conditions;

g)allows the verification of the helical anchor re-
sponse under closely controlled test conditions.

Although the centrifuge modelling is an advanta-
geous toll to simulate helical anchors behaviour,
there are some problems and limitations of this tech-
nique for this purpose:

a) Buckling of shaft and helical plates during helical
anchor installation in flight. Figure 40 illustrates
helical anchor models installed in dense sand un-
der 22 g that were buckled (Tsuha, 2007). The so-
lution found for this problem was to performed the
first part of the anchor installation at 1g, and the
last part at 22g.

b) Levesque (2002) had problems to install helical
anchor in flight. The motor used in this cited in-
vestigation did not have enough torque to screw
model anchors in dense sand. In this case, this
problem was solved using a special pulley system
to increase the torque delivered to the anchor dur-
ing installation. However, using this solution it
was impossible to install the model anchor and
pull it in the same flight.

c) Scale effects on helical plate bearing capacity and
on the shaft friction. The helical anchor models
should be fabricated with helix and shaft diame-
ters required to avoid scale effect on the uplift ca-

pacity results (this limitation is discussed in
Schiavon et al. 2016a).

d) Limitations on anchor embedment depth. For the
simulation of deep helical anchors, sometimes it is
not feasible to use of greater helical diameter to
avoid scale effects on the uplift capacity. If the
helical plate dimension is increased, the height of
the sample in the container also should be in-
creased, and in some cases, it is not possible to
augment the container dimensions.

e) Simulation of helical anchors in residual struc-
tured soils. In this case, the helical anchor installa-
tion causes the breakdown of the natural soil
structure that affects the anchor uplift capacity
(Tsuha et al., 2015). This type of soil and installa-
tion effect is difficult to be reproduced in model
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Figure 40. Buckling of shaft and helical plates after anchor in-
stallation in the dense sand container in flight (Tsuha, 2007).

5.5 Future applications using centrifuge modelling

The existing centrifuge studies on helical anchors
mentioned above indicate that this technique can be
a valuable tool for improving the current understand-
ing of various aspects of helical foundations as:

—The helical foundations performance under dif-
ferent loading conditions: compression, seismic, dy-
namic, cyclic, and lateral loadings.

—The advantages of using helical foundations
with different geometries (for example: tapered
shaft, open ended shaft, tapered helices, etc.)

—The installation effect on the helical foundation
behaviour. This need discussed previously in this
text is fundamental for the improvement of the de-
sign of helical foundations.



6 CONCLUSIONS

The sections above have attempted to provide a suc-
cinct summary regarding helical anchors modelling,
and a general picture of the existing centrifuge inves-
tigations on this theme. The most important aspects
highlighted in this paper are as follows:

-The use of helical foundations is increasing rap-
idly; therefore there is an urgent need of further stud-
ies to improve the current unsatisfactory understand-
ing in this area.

- The installation effect of the helical plates on
the soil penetrated is the main reason of the discrep-
ancy between the measured and predicted perfor-
mance of helical anchors. This crucial effect can be
efficiently investigated using centrifuge tests, since
the helical anchor installation can be well repro-
duced in flight.

- The centrifuge modelling technique has shown
to be a promising and advantageous tool to investi-
gate different aspects of helical anchors. However,
there are still many questions about helical founda-
tions performance to be investigated in future re-
searches using centrifuge tests.
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