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Using DEM to create a CPT based method to estimate the installation requirements of rotary
installed piles in sand

Yaseen Umar Sharif*, Michael John Brown, Matteo Oryem Ciantia, Benjamin Cerfontaine, Craig
Davidson, Jonathan Knappett, Gerrit Johannes Meijer, Jonathan Ball

Abstract

Deep foundations maybe used in a range of soil types where significant foundation resistance is
required but their installation is often associated with disturbance due to noise and vibration. Greater
restrictions on use in urban and offshore environments is now commonplace. Screw piles and rotary
jacked straight shafted piles are two potential methods of silent piling that could be used as alternative
foundation solution, but the effects of certain geometric and installation properties such as
installation pitch i.e. the ratio between vertical displacement and rotation, on the required installation
torque and force in sand are not well understood. In this paper the effects of installation pitch and
base geometry on the installation requirements of a straight shafted pile are simulated in 3D using the
discrete element method (DEM). The installation requirements of straight shafted piles into sand have
been validated against centrifuge testing, in three different relative densities. The DEM shows
reductions in installation force can be achieved by increasing the installation pitch or including a
conical tip. An existing cone penetration test (CPT) based prediction method for installation
requirements has been improved to include the effects of installation pitch and base geometry for

rotary installed piles in sand.

Keywords

DEM, Rotary installation, Silent piling, Installation requirements, CPT
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1 Introduction

Deep foundations may be used in a range of soil types where significant foundation resistance is
required but, depending on the pile type, their installation may be associated with environmental
disturbance due to noise and vibration e.g. in classic pile driving. In the urban environment, noise
pollution is usually restricted to specific times of day and vibrational sources are limited in minimum
separation from specialist equipment in building such as hospitals and laboratories (BS5228, 1992). As
well as limitations onshore, legislation and restrictions on the allowable level of noise generated when
installing deep foundations have recently been introduced by countries involved in offshore
renewable energy development (Huisman, 2019). These restrictions are designed to limit the
disturbance to marine mammals, but there is a trend to increase foundation size and capacity
(Golightly, 2014) which may make it more challenging to meet existing and future environmental
controls. Therefore, current onshore “silent” piling methods are being investigated to aid in the

development of potential offshore “silent” piling techniques.

Several methods have been developed to mitigate the noise problem especially in urban
environments through alternative pile construction techniques such as continuous flight auger (CFA)
(Mandolini et al., 2002), bored displacement piles such as the continuous helical displacement pile
(CHD) (Jeffrey et al., 2016), the press-in piling method (White and Deeks, 2007) and rotary press-in
method (Deeks and White, 2008) and screw piles (Lutenegger, 2009). If current onshore “silent” piling
techniques are exported to the offshore environment many factors need to be considered. The CFA
and CHD piling method do not lend themselves to offshore installation as both methods require the
pile to be cast in-situ using concrete. This limits the available “silent” construction methods to steel
displacement piles, such as a tubular piles installed using the press-in or rotary press-in methods or
screw piles. In offshore applications the foundation options would be required to resist larger forces,
both axially and horizontally. Davidson et al.(2020) have suggested that for large jacket structures

installed in a water depths up to 80m, an individual pile installed at one corner of a jacket structure
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may be required to resist axial compressive and tensile forces of up to 35MN and 26MN respectively,
with an associated horizontal load of 6MN. This will result in a need to significantly increase the
current sizes of the piles, in terms of both capacity requirements but also structural section sizes. This
increase in size raises concerns over the ability to install the steel displacement piles using the
aforementioned methods where Davidson et a/ (2020) suggested vertical installation or crowd forces
of up to 22MN in 84% density sand where pitch matched installation of screw piles was used. This
raises concerns over the large vertical compressive forces that would be required during installation
and practical challenges of creating large capacity load reaction systems in the offshore environment.
Thus, where possible it would be advantageous to reduce vertical or crowd installation forces where
there is greater ability to control or vary the torque input as required. For example, previous work by
Deeks and White (2008) has shown that by using the rotary press-in method and varying the approach
to installation, the installation force required to install a tubular pile can be significantly reduced. Both
rotary press-in piles and the screw piles are installed in a similar way, through the application of
rotational and vertical displacement with the only difference being the addition of helices to the screw

pile.

The necessary increase in pile size limits the ability to predict the installation requirements, of both
techniques, in terms of torque and vertical force (“crowd force”), which may not be adequately
captured by current analytical and empirical based approaches (Davidson et al., 2018). In addition to
this, the effects of geometry and installation properties such as installation pitch (P,) (the ratio
between vertical (W) and rotational or angular (9) velocity) (Equation 1) on the required installation

torque and force have seen little previous attention.

od, (1)

= 2w

were d. is the diameter of the pile shaft or core. As the geometry of a screw pile is complex, with the
addition of helices, this paper will focus on the effect of P, on the installation requirements of a straight

shafted pile.
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Currently there are no existing methods focusing on predicting the installation requirements of rotary
installed straight shafted piles. Several methods for the predicting installation requirements have been
developed for screw piles, with the majority focusing on the prediction of installation torque. Some of
these methods split the geometry of the pile into component parts (helix, base and shaft), which
allows them to be modified to create a prediction method for the installation requirements of rotary

installed straight shafted piles.

For instance Ghaly and Hanna (1991) and Sakr, (2015) developed analytical methods for predicting
torque which split the installation torque into components based upon geometric features of the
screw pile (helices and shaft). These approaches have a tendency to overpredict installation
requirements (Davidson et al., 2020) and may have limited validation. For example, the Ghaly and
Hanna (1991) method, for predicting installation force and torque, was developed through 1g model
testing in dry sand and has limited field test verification. The Sakr (2015) procedure has been validated
against some limited field scale tests, but with relatively small geometries in comparison to those

proposed by Davidson et al.(2020).

Prediction methods based upon in-situ cone penetration tests (CPT) have been shown to be potentially
more reliable, due to the availability of continuous data logging along the path of installation and the
full displacement nature of the CPT test. Existing CPT design methods are typically used to predict the
installation torque of screw piles (Gavin et al., 2013; Spagnoli, 2017; Davidson et al., 2018), with a
single method proposed for associated installation force by Al-Baghdadi (2017). A common
assumption in all of these methods is that the screw piles are installed at P; that matches the geometric
pitch (P,) of the helix, so that for each rotation the screw pile displaces one P, vertically. This is referred
to as pitch matched or “perfect” installation by Lutenegger (2019). The methods do not consider the

effects of P; on the base and shaft components.

Previous studies on rotary installed straight shafted piles in very dense sands (Deeks and White, 2008;

Ishihara et al., 2015) have shown that by altering the installation pitch, the vertical force required to
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install a straight shafted pile can be reduced, but knowledge regarding the effects at other relative
densities is limited. Al-Baghdadi (2017) investigated the installation requirements of a straight shafted
pile with a conical tip in different relative densities at a single installation pitch. The results showed
that the percentage reductions in vertical compressive force with the application of rotation, were

density dependent.

Through the use of discrete element modelling (DEM) calibrated against triaxial and centrifuge tests,
the effect of installation pitch on the installation requirements of straight shafted piles is assessed in
this paper and guidance is given on how to optimise the pile geometry and installation pitch in order
to reduce the installation requirements. The simulations took place in soils at three different relative
densities in sand. Using the results of the simulations, an improvement to the existing CPT based
design method for predicting installation torque and force proposed by Davidson et al. (2018) and Al-
Baghdadi (2017) respectively are made to include the effects of varying installation pitch and pile base

geometry.

2 Methodology used in discrete element method simulation

The discrete element method (DEM) is a numerical modelling framework which can be used to
simulate large deformation problems in granular soils (Arroyo et al., 2011). Rather than using a
continuum to model the soil as finite element analysis (FEA) does, the DEM uses discrete particles that
are able to interact to represent the soil body. DEM has been previously used to model a variety of
different soil-structure interaction problems including pile plugging (Liu et al., 2019), cone penetration
tests (Butlanska et al., 2014) and jacked piles in sand (Ciantia et al., 2019). With the application of an
increase gravitational field, the DEM is able to act as a virtual centrifuge (Ciantia et al., 2018) which
when properly calibrated, has the added benefit of using a single soil chamber which can be reset and

used multiple times. This allows for direct comparisons to be made in parametric studies and
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potentially removes the reliance on specialist laboratory facilities or comparisons to expensive field

studies, where soil variability can be an issue with interpretation.

To model the installation of the straight shafted piles, Particle Flow Code 3D 5.0.35 (Itasca Consulting
Group, 2016) was used alongside a simplified Hertz-Mindlin contact model (Mindlin and Deresiewicz,
1953). The parameters for the soil-soil and soil-structure interaction, were calibrated against
laboratory triaxial and centrifuge tests respectively (Sharif et al. 2019a) and validated against
centrifuge tests of straight shafted piles (Sharif et al. 2019b) and screw pile (Sharif et al. 2019a)
geometries. Further details on the calibration and validation of the contact models used within this
study can be found in Sharif et a/ (2019a) and are outlined in Table 1. The sand modelled in the
simulations is based upon the properties of HST95, which is a medium to fine well graded sand that is
commonly used at the University of Dundee in physical modelling and element testing with the
behaviour and properties of the soil being previously investigated and well documented (e.g. Al-Defae
et al., 2013; Lauder et al., 2013). Frictional rigid boundaries (walls) were used to model the straight
shafted pile. The model scale pile had a diameter of 10mm, a length of 200mm and a tip with an apex
angle of 60 degrees (Figure 1a). Using a gravitational acceleration of 50g, the prototype scale of the
pile is 0.5m diameter and an installation depth of 10m. The calculated results from the simulations
were scaled in accordance with centrifuge scaling laws (Garnier et al., 2007), such that the length is
multiplied by N force by N?and torque by N3, where N is the model scaling factor (N =50). For the DEM
implementation of the structure, the pile was split into base and multiple shaft components. The 10
mm diameter model scale CPT used within this study was segmented such that it mimicked the
instrumentation of a cone penetrometer i.e. there is a “sleeve” of length 4 d. behind the cone which

is used to calculate the sleeve friction (f;).

The virtual soil chambers for the DEM analysis were created in accordance with the specification in
Sharif, et al (2019b), which implements the particle refinement method (PRM) (McDowell et al., 2012),

which is a similar process to mesh refinement commonly used in FEA (Figure 1b). This methodology
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has previously been implemented by McDowell et al (2012) and Shi et al.(2019). Three soil chambers
were created in this manner each having a different relative density (D,). The relative densities chosen
were 32%, 55% and 73% in line with the centrifuge tests on straight shafted piles conducted by Al-
Baghdadi (2017). The dimensions and properties of the soil chambers can be seen in Table 2. To avoid
any boundary effects, the radius of the soil chamber was made to be greater than the 20R as suggested
by Bolton et al (1999), where R is the radius of the pile. Figure 2 shows the mean effective stress (c”)
profile with depth at different radial distances from an installed pile in the dense soil bed. It can be
seen that at a radial distance of 20R there is no significant change in mean effective stress compared

to the initial soil conditions confirming adequate model sizing.

To reduce the run-time of the simulation, a particle size distribution (PSD) scaling value (n;) of 20 was
adopted. This value represents the multiplier applied to the diameter of particles, so that each particle
now represents n? particles with the bulk properties of the soil remaining the same. The particle
scaling of 20 at the centre of the chamber was selected based upon the minimum recommended ratio
of diameter of the pile (d.) over the median particle size (ds,) of 2.69 (Arroyo et al.2011). To limit the
possibility of particle migration between scaling zones, the increase in the PSD scaling value (n;),
between adjacent concentric zones, was limited to 1.35 for this soil type, such that the smallest
particle (dy) of the larger scale is smaller than the median particle in the smaller scale. A maximum n;
of 120 was selected at the boundaries. An example soil chamber can be seen in Figure 1b. Where the
shading of the particles represents different values of n;. The variable scaling values, shown in Figure
1b, are consistent across all soil beds used within this study The gravitational field of the chamber was
set at 50g to match the centrifuge tests of Al-Baghdadi (2017). Table 3 outlines all of the simulations

conducted in this study.
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3 Results

3.1 Overview of the reductions in total Installation force and increase in total
installation torque with an increase in installation pitch

Figure 3 shows the global reduction in total vertical compressive force and the increase in torque with
an increase in installation pitch. A 300-point adjacent averaging of the 80,000 point output data with
a reflective end constraint, was used to reduce the level of noise in the outputs from DEM simulation,
which was produced by the particle scaling. Results show that the total vertical force is reduced, and
the total torque is increased as the installation pitch increases. By separating out the contribution of
the total force and torque produced by the base and the pile shaft on the straight shafted pile, it is
shown (Table 4) that the vertical resistance is primarily produced by the base of the pile and the torque
by the shaft for all densities and at all installation pitches. During a monotonic push (P; = 0), 75% of
the vertical force, generated during installation, is attributed to the base of the pile. Therefore, to
reduce the installation force in sand, it is much more important to reduce the base component of

force rather than the shaft. These effects will be studied in detail in the following section.

3.2 Reduction in installation force due to increase in installation pitch

Consideration of the results is undertaken with a view to improving the shaft and base component
terms in the existing CPT based installation prediction techniques for rotary pile installation (Al-
Baghdadi, 2017; Davidson et al., 2018) where these methods are broken down into force and torque
predictions based upon CPT cone resistance (g.). To assess whether the percentage reduction in
vertical force due to varying P; is consistent across different relative densities, the base resistance (qgy)
and the vertical component of shaft resistance (t,) (Figure 4) were normalised by the CPT cone
resistance (g.) from a 10mm model scale (0.5m prototype scale) virtual CPT conducted in each of the
50g DEM chambers. The normalised resistance was then plotted against P; (Figure 5). Figure 5a shows

that at high installation pitches (P; >8) the application of rotation causes a 34% reduction in the base
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resistance. Whereas for the shaft resistance an average decrease of 85% was achieved (Figure 5b) with
small variations in normalised shaft resistance occurring between densities. Thus, changing the
distribution of total vertical force during rotary installation from 75% to 94% at the base and from 25%

to 6% on the shaft.

From Figure 5a the reductions in normalised base resistance are consistent across all three relative
densities for all installation pitches. At high installation pitches it appears that the normalised base
resistance is asymptotic to 0.66 (34% reduction). The asymptote can be used to assess how resistance
is produced at the base of the pile during installation. During a monotonic push (P; = 0) full soil
resistance is mobilised and it is assumed that the soil is flowing around the base of the pile as it
advances. As the pile advances, frictional resistance would form at the interface of the base and the
soil. The vertical component of this shear stress would contribute to g,. When the pile is rotated (P; >
0), the direction in which the base shear stress (t,) acts, rotates accordingly (Figure 4). Thus, the
vertical component (t,,) would reduce, and the tangential component (t,;) would increase (Figure 4).
At high installation pitches (P; >8) 1, would act primarily in the tangential direction, with very little
frictional/shear resistance acting vertically. This would result in a reduction of g,, with the percentage
reduction representing the proportion of base resistance due to friction. Thus, it can be stated that
34% of g, at P; =0 is produced through interface friction, for the geometry shown in Figure 1a. The
reduction in the base resistance as P; increases, can be expressed as:

d» 1 (2)
—= +b
de 1+ (Pi+25)?

where g, is the base resistance of the pile, g. is the cone resistance from a CPT and b is the percentage
base resistance other than from friction (0.66). Equation 2 appears to capture the reduction in base

resistance well (Figure 5a) for all installation pitches and densities.

The normalised base resistance results suggest that rotary installing straight shafted piles, at P;< 4 is

not ideal. Low installation pitches in practice are difficult to maintain and appear to yield low
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reductions in base resistance. It is much more optimal to install at P; > 8 as this reduces the base

resistance by approximately 34% from the P; = 0 case.

The normalised shaft resistance (Figure 5b) shows some small variations between the relative
densities, with the difference being more apparent at low installation pitches (P; < 4).As discussed by
White and Deeks (2007), the radial stress regime (o,) on the pile shaft is caused by unloading of the
soil in contact with the shaft, after it has passed around the base of the advancing pile. Jardine et al
(1993) have shown that the radial stress (o,) regime on the shaft of the pile is both density and depth
dependent. Therefore, leading to small variations when normalising by g.. Continuing with the analogy
of a displacement pile, at P; = 0, being similar to CPT, the shaft resistance (t,) of the pile is comparable

to the sleeve friction (f;) of a CPT. 1, on a displacement pile is commonly defined by equation 3:
Ts=o,tan § (3)
where 1, is the shaft resistance, o, is the radial stress on the shaft during installation and é is the

interface friction angle. Rearranging Equation 3 gives:

T (4)
" tané

Or

From the DEM simulations it can be determined that o, on the pile is the same as o, on a CPT (Figure
4c) as suggested by White and Deeks (2007) and Lehane et al. (2005). It is therefore possible to relate

T, to f; through o,. f; can be related to g. through the CPT friction ratio (Fr = f./q.):

tan (6pile) (5)

Ts=fs—F—~ = aq.and,;
s Stan (6CPT) dc pile

o _n (6)
" tan ocrr

where a is the stress drop index (Lehane et al., 2005; Schneider et al., 2007), &cpr and b, are the
interface friction angles of the CPT and the pile respectively. Direct comparison between f; and t; is
not recommended (White and Deeks, 2007), due to the lack of confidence in sleeve friction

measurements which may be affected by misalignment and wear over time. From the CPT
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classification charts proposed by Robertson et al. (1986) it is shown that F, of a CPT changes with soil
type, but also that small changes in F, occur in sands of different relative densities, resulting in
different values of a. The values of F, for the CPTs from this study range between 0.75% and 1.05%,
which results in a 25% difference in the value of the stress drop index. If the shaft resistance is then
normalised using Ts,/(aq.tan ,;.) (Figure 5¢c) the small density effect seen in Figure 5b is removed.

The additional data shown in Figure 5c will be discussed at a later stage in this paper.

With the application of rotation (P; >0), the direction of T, is no longer purely vertical. Therefore, the
shear stress has both a vertical component (t,,) and a tangential component (t,) (Figure 4). t,
contributes to the vertical force and t,; contributes to installation torque. Assuming o, is constant for
all values of P, in a given density, the relationship between t,, and P; can be expressed using simple

trigonometry leading to equation 7 (Figure 5c).

Tep 1 (7)

aq.tan (Spile Bl J1+ Piz

As the measurements of CPT sleeve friction and therefore F, are not always considered reliable, as

previously discussed, the value of the stress drop index can be assumed to be fixed. In the UWA-05
design method for driven piles in sand (Lehane et al., 2005) it is recommended that a=0.03 (F,=1%) for
piles loaded in compression. The fixed value maybe deemed as an acceptable approach as the shaft

component of vertical force is small in sand for all installation pitches.

3.3 Increase in installation torque with an increase in installation pitch

As well as considering the vertical force requirements for installation, the existing CPT prediction
methods also consider torque separately (Davidson et al., 2018). Installation torque is generated
during rotary installations by a tangential force acting at a lever arm from the centre of the pile (Figure
4). The tangential force is generated by the tangential component of the shear stress at the interface
between the pile and soil. To normalise the base component of the installation torque (T,), T, is divided
by g.A, R where A, is the surface area of the base and R is the equivalent radius of the pile base. The

12
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shaft component of installation torque (T;) can be expressed as the tangential component of shear
stress acting over the surface area of the shaft (A;) with a lever arm of the radius of the pile (R). To
then normalise the shaft component of torque, T, is divided by t,A; R, where T, is defined by equation

5, A is the surface area of the shaft. The normalised base and shaft torque can be seen in Figure 6.

The proportion of the total installation torque that is produced by the base of the pile is relatively low.
This is due to the small surface area associated with base geometry and the variable lever arm that
increases linearly from 0 to R moving up the pile tip. From the normalised base torque (Figure 6a), all
three densities show the same trend. At P; > 4 the value of the normalised torque reaches a limit of
0.34. This agrees with results from the reduction in vertical resistance. Both the normalised base
torque and force suggest that 34% of base resistance, for the geometry shown in Figure 1a, during a
monotonic push in sand is produced through interface friction. The increase in normalised torque can

be expressed as per equation 8 (Figure 6a):

Ty (1-b)P; (8)

aAR 1+ P2

When the normalised shaft torque is plotted against the installation pitch (Figure 6b), a distinct density

effect can be seen. The asymptotic value of normalised torque for each density varies. Installation
torque is produced through interface friction, which for the shaft is governed by the radial stress that
acts on the shaft of the pile. The normalisation method used in Figure 6b applies a variable stress drop
index (a) and therefore represents the radial stress that acts on the pile at P; = 0. As the asymptotic
value is not 1 for any of the densities, a reduction in radial stress on the shaft of the pile has occurred

when it is rotated, and the percentage reduction is density dependent.

3.4 Effect of installation pitch on the radial stress and particle displacement

To assess the change in radial stress along the shaft of the pile, the particle-wall contact forces for
each individual section of the segmented pile are assessed at the end of the installation process (Figure

7). The percentage reduction in radial stress on the shaft of the pile installed into the loose soil
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chamber is much higher than the percentage reduction of the radial stress in the dense soil. This
confirms that the radial stress on the shaft of a pile reduces, if the pile has been rotated, and the

percentage reduction of radial stress is density dependant.

The reduction in radial stress is thought to be caused by the rotation of the principle stress, which in
turn change the direction of shearing within the soil. This would result in the principal strain direction
of the soil to changing accordingly. This has previously been shown in torsional shear tests of hollow
cylinder samples of granular material (Tatsuoka et al., 1986), where it was shown that the principle
strain direction under torsional shearing is inclined between the tangential and vertical direction. In
the Pi =0 case the direction of shearing, along the shaft of the pile, is primarily in the vertical direction.
Therefore, the principle strain direction is perpendicular to the shaft of the pile, or in other words the
soil attempts to move in the radial direction. The soil movement is restricted by the rigid shaft of the

pile, resulting in large radial stresses.

When the pile is rotated during installation (Pi > 0), the direction of the principle stresses within the
soil are assumed to also rotate accordingly. The rotation of the principle stresses results in the
direction of shearing no longer being purely in the vertical direction. The direction of shearing when
Pi>0isassumed to be inclined between the vertical and tangential directions. As a result, the principle
strain direction would be perpendicular and therefore no longer be purely in the radial direction. The
pile would therefore only experience a projection in the radial direction of the stresses induced by the
particle displacement. Which ultimately appears as a reduction in the radial stress on the shaft of the

pile.

The difference in percentage reduction of the radial stress seen in the different relative densities
(Figure 7), is most likely due to the volume of void space and particle packing that is present for a given
density, and how this facilitates the movement of particles during shearing. To assess the effect of
installation pitch on particle displacement around the pile during installation, the Cartesian

coordinates of the individual particles were extracted before and after an imposed vertical
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displacement of 0.25 m. The initial location of each particle of interest was then plotted onto a scatter
graph and shaded in accordance with its magnitude of displacement in the polar axis being
investigated (Figure 8). In loose soil it is much easier for the individual soil particles to displace into a
void and for a volume of loose soil to contract under shearing. With the direction of the shear band
being inclined, when Pi>0, the soil movement would no longer be restricted by the rigid pile shaft
(Figure 8a & b). Which should allow for much more particle displacement to occur in the tangential
direction (Figure 8b) and result in a larger reduction in radial stress. In dense soils there is much less
void space for particles to displace in to. Therefore, during the shearing process the direction of the
shear band has little effect on the principle strain direction (and therefore particle displacement) and
the soil dilates to accommodate the volume of the pile (Figure 8c and 8d). As a result, the reduction
in radial stress is highly density dependent, with larger reductions occurring in loose soil and smaller
reductions in denser soils. This reduction in radial stress during the installation process of rotary
installed piles has previously been reported in the centrifuge tests of both Deeks (2008) and Al-
Baghdadi (2017). Al-Baghdadi (2017) also suggested that the reduction in radial stress was density
dependent with, with denser soils having a lower percentage decrease in radial stress than looser soils,

as also shown by the DEM results.

Using the difference in normalised torque from Figure 6b and Figures 7a-7c for the three different soil
chambers, it is possible to plot the rotation reduction factor (f) against relative density (Figure 7d).

The relationship shown in Figure 7d appears linear and can be expressed as:

f=0.73D,+0.3 (9)
Including f in the normalisation of the shaft component of installation torque (Figure 9), removes the

density effect seen in Figure 6b. The relationship between T, and P; can be expressed by equation 10:

T, P; (10)

afq.AsR B J1 + Piz
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The normalised installation torque has shown that at P; > 4 the installation torque does not appear to
increase. Whereas for the installation force, the reductions in normalised base resistance becomes
asymptotic at P; > 8. Which in practice means it is much more beneficial to install piles at P, > 8 as there

is still potential to reduce the installation force without increasing installation torque.

3.5 Comparison of DEM results to previous studies on rotary installed piles

To assess whether the results of the DEM simulations give the same relationships as observed in
independent physical model tests, the results were compared to the centrifuge tests conducted by
Deeks (2008) in very dense sand (D, = 84%). The pile used in the centrifuge tests was an instrumented
close ended flat based pile. To make the results of the DEM simulations comparable to those of Deeks
(2008), the normalisation of the base component of installation force and torque no longer uses the
cone resistance q,, as this information is not available for the tests conducted by Deeks (2008). In place
of g. the base resistance of the pile during monotonic push (P; = 0) is used and notated as gy, ,. For the
shaft, the normalisation can remain the same as t; is used by Deeks (2008) which can be expressed as
ag.tand. Using equation 9, the radial stress reduction factor can also be obtained for the centrifuge

tests, as D, is known.

The normalised DEM results for the shaft component of installation force and torque are in agreement
with the physical model tests (Figure 5c & 9). The relationships between the normalised installation
requirements and P; expressed in equations 7 & 10 fit the trend of the centrifuge tests well. However,
when comparing the normalised base components of installation force and torque, a large difference
can be seen between the DEM and centrifuge results presented by Deeks (2008) (Figure 10). The DEM
simulations show much larger reductions in normalised base resistance during rotary installation, and
lower increases in normalised torque. It is assumed that the difference in geometry between the pile
used in the centrifuge tests (flat base) and the one used in the DEM simulations (60° cone) causes the

difference in normalised installation requirements.
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4 Development of an Analytical model to predict the base component

of installation force and torque

With the assumption of normal stress (o,,) acting along the interface of the pile base, two components
contribute to vertical resistance (Figure 4 & 11a). The first contributor is the vertical component of the
normal stress. The second is frictional in nature and is the vertical component of the base shear stress
(tp) induced by o,. Assuming that g, does not change when the pile is rotated and that t, rotates in
accordance with the Installation pitch, an analytical solution can be obtained for the installation
requirements of the base of the pile. The full derivation of the analytical solution can be seen in the
supplementary data for this paper. The variation of force and torque compared to g, predicted by

the analytical solution can be expressed as:

qp tanf 2tané cosf (112)
- = +
b0 tanf+tand = (tanp + tans),/cos’p + P + cosp

cosB\? cosp\? cosp\’? (12)
1_2( P; )] 1+(Ti) +2( P; ))

where B is half of the apex angle of the pile base (Figure 11a). For a flat base = 90° and 3 = 0° would

) 2tanf tans {
qroApR  tanp + tan6\

represent an infinitely tall cone.

To test the applicability of the analytical model (Equations 11 and 12), a series of DEM simulations
were conducted using a straight shafted pile with different base geometries in the dense soil chamber.
The apex angle of the base of the pile were varied from 20° to 80° as well as a flat base case (Table 3).
To be able to evaluate the reduction in base resistance when the pile is rotated, each of the piles were
installed at P; = 0 and 4. To compare the base resistance of each pile, a shape function (S) is required.
S can be formulated by comparing g, to g. and can be seen in (Figurellb). The relationship between

the normalised base resistance and the apex angle appears to be linear and can be expressed as:
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db,0 (13)
=0.014f8 + 0.55

S =

¢
The results in Figure 11b show that larger apex angles produce much more resistance to penetration,
with a flat base having the largest. This is expected as, during full flow conditions, a flat base is
assumed to form a cone of sand in front of itself in order to displace the soil radially (White et al.,
2005). The sand cone would result in soil- soil shear along the interface, which would increase the
resistance to installation. A similar phenomenon was also shown in the work of Coyne and Lewis
(1999), when investigating seabed ploughs. Their tests showed that nearly double the force was
required when laterally displacing a flat wall in comparison to a plough blade with an angle of 40°. This
in itself would suggest that to reduce installation force for a rotary installed pile, such as a screw pile,

a conical base would be much more beneficial than a flat base.

To deduce the percentage reduction in base resistance for the different geometries when the pile is
rotated, g, of the piles installed at P; = 4 can be normalised by Sq. and plotted against the B (Figure
11c). Figure 11c shows that smaller apex angles, have larger scope for reduction in vertical resistance.
The analytical model for the reduction in vertical resistance (Equation 11) shows a good comparison
to DEM results (Figure 11c), although the DEM results show a small variation against the analytical
model for the flat base. The analytical solution expressed in equation 11 assumes that there is no loss
in normal stress when the pile is rotated and reductions in vertical base resistance only occur on the
vertical component of shear stress. For a flat base the normal stress is perpendicular to the surface of
the base and therefore there is no vertical component of shear stress. If there is no vertical component
to 1, then the analytical model will result in no reductions in base resistance. As a result, Equation 11
is unable to predict the reduction in vertical base resistance for a flat base, which is seen in both the
DEM and centrifuge tests of Deeks (2008). The most likely explanation for the reduction in base
resistance for the flat base is a change in geometry of the soil cone (as shown in Figure 12) when the
pile is rotated compared to a monotonic push, as proposed by Deeks (2008). Figure 12 shows the

magnitude of average particle displacement (U) for a flat based pile, installed at P, = 0 and 4. For the
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P; =0 case the shape of the nose cone is conical in nature and extends vertically by 2 d. and radially by
1.5 d.. In contrast to this the nose cone of the pile installed at P; = 4, the vertical and radial extent of
the nose cone are 1.6 d. and 2.0 d. respectively. It is therefore recommended that the analytical
solution is not used to predict the reduction in base resistance for a flat base and a 10% reduction in
base resistance for piles installed at P; > 4 is used for flat based piles. This though needs further

investigation.

As equation 11 appears to successfully predict the reduction in vertical base resistance due to rotation
for the conical tip of different apex angles, it was then compared to the results of the 60° cone installed
using DEM at different installation pitches (Figure 11d). The analytical equation fits the results well,
for the conical tip. It should also be noted that as previously discussed the analytical model is unable
to predict the reductions of the flat base due to a potential difference in mechanism. Thus, showing
that by changing the base of the pile from a flat base to a 60° conical tip and rotary installing at P; > 8,

a reduction in base resistance of 67% is possible (Figure 11c &d).

The proposed analytical model predicts the increase in the base component of the installation torque
(Equation 12). Similar to Equation 11, Equation 12 compares the base torque to g,. To normalise the
base component of torque in terms of q., S is required. Figure 11e shows the normalised base torque
against B. The results show that with an increase in apex angle, there is an increase in normalised
torque, which agrees with the analytical solution in Equation 12. Although the normalised torque is
low for small apex angles, the value of base torque is larger than the torque for the shallow apex
angles. This is due to the increased surface area associated with small apex angles. It can also be seen
in Figure 11e, that the normalised base torque for the flat base matches the centrifuge test of Deeks
(2008). Figure 11f shows that Equation 12 is able to capture the behaviour of the normalised torque

for the 60° cone installed at different installation pitches.

The analytical solutions (Equation 11 & 12) compare well with the DEM, with only the flat base, from

both DEM and the centrifuge tests, showing some small variations against the analytical model. The
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results show that it is possible to reduce the base resistance significantly by changing from a flat base
to a conical tip. The conical tip will increase the base component of installation torque, but the base

component remains relatively low in comparison with the shaft contribution to installation torque.

5 Moadification of the CPT prediction method to incorporate installation

pitch and base geometry

Using the relationships obtained through this investigation it is now possible to modify the base and
shaft components of the CPT based prediction method for installation torque and installation force
originally proposed by Davidson et al. (2018) and Al-Baghdadi (2017), respectively. The updated
equations include additional terms to add the effects of installation pitch and base geometry. The

installation torque can be predicted using the following equations:

T=Ty+T,
3 2 2 3
— dZ  tanptand { cosB cosp cosp
Tp= q.ST—— 1—-2(—— + +2
12sin ftanf + tandk P; P; P;
Axi=1L Pi
Ts=

Z aatan onlAxd——f
e J1+P?

f=0.63D, + 0.52

F,
4= tans

0d,
Pi=5%

§$=0.0138+0.6

where T is the total torque resulting during installation, T, is the torque associated with the base of

the pile, T, is the torque associated with the shaft of the pile, a is the average value of g. over a depth
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of 3d. (1.5d. above and below), B is half of the apex angle of the pile tip (for a flat base f=90°) and S is

the shape function for the base of the pile.

To predict the installation force the following equations are used:

F=F,+F,
— a’ tanf 2tand cosf
Fo=qcSmy 5* 81 P2
tanff +tand = (¢anp + tan6)\/cos B+ P+ cosf
Axi=1L 1
Fg= Z aatan (O)rAxd—
o= J1+P#

where F is the total force encountered during installation, F, is the force attributed to the base of the
pile, F; is the force generated through shear resistance on the shaft of the pile. When calculating the
base resistance for a rotary installed pile with a flat base, a 10% reduction in g, should be considered
in place of Equations 22 for piles installed at P; > 4. This is due to the analytical solution used to
formulate Equation 22 being unable to capture the behaviour of the flat base. The installation
requirements for the shaft are calculated from the sum of intervals of length Ax (Figure 1a) over the
total length of the pile. Although f should be present in Equation 23, the parameter has been omitted
for simplicity. This is due to the negligible contribution of the shaft to the installation force at P>1

(Table 4).

5.1 Model-scale pile torque and force predictions

The proposed methods were used to predict the installation torque and force of a model pile installed
in medium dense HST95 sand. The installation pitch of the 50g centrifuge test was 3.97 and the total
torque and force were recorded with depth. The pile was 200 mm in length with an apex angle of 60°.
CPT cone resistance data in the same density of sand was recorded in the centrifuge tests and can be
seen in Figure 13a. Figure 13b&c shows the comparison between the predicted and measured values
for both Installation force and torque. The predictions using the proposed equations show a good
correlation with the measured values for both the torque and force, predictions using the original
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equations reported in Al-Baghdadi (2017) and Davidson et al. (2018) can also be seen to over predict
installation requirements (Figure 13b&c). Showing that the proposed changes to the CPT installation

prediction method are better at predicting installation requirements.

6 Conclusions

The introduction of restrictions upon the allowable level of noise generated when installing deep
foundations offshore has increased the demand for “silent” piling techniques to be developed for the
offshore environment. One potential onshore silent piling technique that may be exported offshore is
the rotary installation of steel displacement piles, such as the rotary press-in method for tubular piles
or the installation of screw piles. Methods for predicting the installation requirements of rotary
installed straight shafted piles are limited, although several have previously been developed for small
scale onshore screw piles which may not be adequate for larger geometries. The effect of installation
pitch and base geometry, on the base and shaft components of installation force and torque has been
investigated for straight shafted piles in multiple relative densities using the DEM technique. The DEM
simulations conducted within this paper have been calibrated and validated against physical triaxial

and centrifuge tests.

From the investigation it can be concluded that it is possible to significantly reduce the vertical
installation force (or crowd) of a straight shafted pile by increasing the installation pitch in all relative
densities. Simulations conducted on a straight shafted pile with an apex angle of 60°, showed a
reduction in vertical base and shaft resistance of 34% and 85% respectively at P; > 8. The installation
torque that is generated when the pile is rotated, is primarily produced by the shaft of the pile. The
installation torque increases with installation pitch although the increase in installation torque is
negligible at P; > 4. Therefore, it is much more beneficial for rotary installed piles to be installed at P;
> 8. A reduction in shaft resistance during installation was discovered, with the percentage reduction

being larger in loose soil and much smaller in denser soils.
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Comparisons against independent centrifuge tests highlighted that the geometry of the pile base
affected the base components of installation torque and force. Flat based piles were found to increase
the resistance to penetration by nearly double when installed through the press in method (no
rotation). Moreover, the percentage reduction in installation force and increase in installation torque
during rotary installation are significantly influenced by the base geometry. This led to the
development of an analytical solution for predicting the change in the base component of the
installation requirements for conical base geometries. It was found that 40° is the optimum apex angle
for the base of the pile, reducing the installation force significantly while maintaining a relatively low

torque.

Using the results of the DEM simulations and the analytical model, modifications to the base and shaft
components of the existing CPT based predictions methods for installation torque and force proposed
by Davidson et al. (2018) and Al-Baghdadi (2017) respectively have been improved to include the
effects of varying installation pitch and pile base geometry. The improved method will aid in the
prediction of the installation requirements and plant development for large offshore “silent” pile

deployment.
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Table captions

Table 1: HST95 sand physical and numerical properties (Sharif et al, 2019a)

Table 2: Properties of the virtual soil chambers used in this study at different relative densities

Table 3: Overview of simulations conducted in this study.

Table 4: Percentage contribution to installation requirements from base and shaft for all soil densities

Figure captions

Figure 1: a)Schematic of the geometry of the pile used by (Al-Baghdadi, 2017) and in the DEM
simulations (model scale dimensions in brackets) b) Example soil chamber used in DEM simulations,
shading indicates the particle size distribution scaling applied, diameter 25 m (0.5m), height 20 m

(0.4m) and Dr = 73% (gravitational acceleration 50g).)

Figure 2: Mean effective stress with depth below ground level at different radial distances from an

installed pile (P; =0 D, = 73%).

Figure 3: Comparison of DEM results for medium dense sand at varying installation pitch, a) total

vertical force vs penetration depth, b) total torque vs penetration depth

Figure 4: Schematic diagram of a rotary installed pile, showing the component and direction of shear

stresses acting on a straight shafted pile during rotary installation.

Figure 5: Comparison of normalised vertical stress results versus increasing installation pitch a)
normalised base resistance (q,/q.) b) Normalised shaft resistance (t.,/q.) c) Comparison of the radial
stress distribution along the shaft of an installed pile and CPT in the dense soil bed (D, = 73%) d)
Comparison of equation 7 to the normalised shaft resistance from DEM and independent centrifuge

tests of Deeks (2008).

Figure 6: Normalised installation torque vs installation pitch a) base component of torque b) shaft

component of torque.
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Figure 7: Comparison of normalised radial stress on the pile shaft for various installation pitches a)
loose b) medium dense c) dense d) Rotation reduction factor for radial stress on the pile shaft vs

relative density.

Figure 8: Comparison of particle displacement during installation at P,= 0 & 4 for 0.25m of pile vertical
movement. (Particles are shaded by displacement in polar axis) a) Loose soil bed radial displacement
b) Loose soil bed rotational displacement c) Dense soil bed radial displacement d) Dense soil bed

rotational displacement

Figure 9: Comparison of normalised shaft resistance from DEM and independent centrifuge test of

Deeks (2008), with the inclusion of the rotation reduction factor, to Equation 10.

Figure 10: Comparison of base component of installation requirements between DEM and

independent centrifuge tests of Deeks (2008) a) Installation force b) Installation torque

Figure 11: Comparison of equation 11 and 12 to DEM and independent centrifuge tests of Deeks
(2008) a) Diagram of possible tip geometries b) normalised base resistance for pushed in pile with
different base geometries c) normalised base resistance against pile tip angle, d) normalised base
resistance against installation pitch e) normalised base torque against pile tip angle, B f) normalised

base torque against installation pitch.

Figure 12 Average particle displacement below the base of an advancing flat based pile. a) Installation

pitch = 0, b) Installation pitch = 4.

Figure 13: Prediction of installation requirements of a rotary installed straight shafted pile. Installed
at P; = 3.97 in centrifuge test from CPT Cone tip resistance, a) CPT Cone tip resistance from CPT
conducted in the geotechnical centrifuge (D, = 55%), b) Predicted vs measured prototype installation

force, c) Predicted vs measured prototype Installation torque.
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Stress drop index

percentage base resistance other than from friction

Surface area of pile base

Surface area of pile shaft
Continuous flight auger pile
Continuous helical displacement pile
Cone penetration test

Minimum particle size

Median particle size
Maximum particle size
Diameter of pile core
Discrete element modelling

Relative density

Radial stress reduction factor
Total Installation force
Finite element analysis
Installation force from base
Installation force from helix

CPT friction ratio

Installation force from shaft
Sleeve friction

Coefficient of earth pressure at rest

Length of the pile

Particle scaling value
Model scaling factor
Geometric pitch
Installation pitch

Particle refinement method
Particle size distribution

Base resistance

Base resistance of pile installed at P; =0

CPT cone resistance
average q. over 3d,

average CPT cone resistance
Radius of the pile

average radius of cone
Shape function for pile base
Total installation torque

Base component of installation torque

Torque from helix

Torque from lower surface of helix

https://mc06.manuscriptcentral.com/cgj-pubs

Page 32 of 50



Page 33 of 50

SRR =

[oZ]
S

8CPT

Tot
Tby

Ts

‘CSV

Canadian Geotechnical Journal

Torque from outer perimeter of helix

Torque from leading edge of helix

Shaft component of installation torque

Magnitude of average particle displacement

Vertical velocity of pile

Horizontal distance from pile centre
Depth below ground level
Penetration depth

Half of the apex angle of pile base
Effective unit weight of soil

Interface friction angle
Particle radial displacement
Critical state friction angle of the CPT

Critical state friction angle of the Pile
Particle rotational displacement
Rotational velocity

Mean effective stress

Radial stress on the shaft of the pile
Normal stress on interface of pile base
Base shear stress

Tangential component of base shear stress
Vertical component of base shear stress

Shaft shear stress

Tangential component of shaft shear stress

Vertical component of shaft shear stress
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Table 1: HST95 sand physical and numerical properties (Sharif et al, 2019a)

HST95 silica sand property

Value
Physical properties
Sand unit weight y (kN/m?) 16.75
Minimum dry density Ymax (KN/m?) 14.59
Maximum dry density ymi, (KN/m?) 17.58
Critical state friction angle, ¢ (degrees) 32
Interface friction angle, 6 (degrees) 18
D30 (mm) 0.12
D60 (mm) 0.14
DEM Parameters
Shear modulus, G (GPa) 3
Friction coefficient, p (-) 0.264
Poisson’s ratio, v (-) 0.3
Interface friction coefficient [pile], tyie (<) 0.16
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Table 1: Properties of soil chambers used in this study at different relative densities (model scale parameters)

Property Loose Medium Dense Dense
Relative Density (%) 32 55 72
Voids ratio (e) 0.67 0.60 0.55
Height (mm) 400 400 400
Radius (mm) 250 250 250
Core PSD scaling (N.) 20 20 20
Gravitational field 50 50 50
Number of Particles 200,000 225,000 250,000
Pile Diameter (mm) 10 10 10
Cone penetrometer 10 10 10
Diameter(mm)
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Table 1: Overview of simulations conducted in this study

Test Pile type Relative density, D; (%)  Installation Pitch, P; (-)  tip geometry B
Number (degrees) (degrees)
1 CPT 32 60 NA
2 Straight shafted pile 32 0 60 30
3 Straight shafted pile 32 0.5 60 30
4 Straight shafted pile 32 1 60 30
5 Straight shafted pile 32 4 60 30
6 Straight shafted pile 32 8 60 30
7 Straight shafted pile 32 10 60 30
8 CPT 55 0 60 NA
9 Straight shafted pile 55 0 60 30
10 Straight shafted pile 55 0.5 60 30
11 Straight shafted pile 55 1 60 30
12 Straight shafted pile 55 4 60 30
13 Straight shafted pile 55 8 60 30
14 Straight shafted pile 55 10 60 30
15 CPT 73 0 60 NA
16 Straight shafted pile 73 0 60 30
17 Straight shafted pile 73 0.5 60 30
18 Straight shafted pile 73 1 60 30
19 Straight shafted pile 73 4 60 30
20 Straight shafted pile 73 8 60 30
21 Straight shafted pile 73 10 60 30
22 Straight shafted pile 73 0 20 10
23 Straight shafted pile 73 0 40 20
24 Straight shafted pile 73 0 80 40
25 Straight shafted pile 73 0 180 (flat) 90
26 Straight shafted pile 73 4 20 10
27 Straight shafted pile 73 4 40 20
28 Straight shafted pile 73 4 80 40
29 Straight shafted pile 73 4 180 (flat) 90
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Table 1: Percentage contribution to installation requirements from base and shaft for all soil densities

Installation Pitch Installation Force F Installation Torque T
Base (%) Fy, Shaft Fs (%) Base Ty, (%) Shaft T, (%)
0 75 25 0 0
0.5 80 20 39 61
1 82 18 37 63
4 90 10 38 62
8 94 6 40 60
10 95 5 39 61
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Figure 1: a)Schematic of the geometry of the pile used by (Al-Baghdadi, 2017) and in the DEM simulations
(model scale dimensions in brackets) b) Example soil chamber used in DEM simulations, shading indicates

the particle size distribution scaling applied, diameter 25 m (0.5 m), height 20 m (0.4 m) and Dy = 73%
(gravitational acceleration 50g)
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pile (P; =0 Dy = 73%).
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Figure 4: Schematic diagram of a rotary installed pile, showing the component and direction of shear
stresses acting on a straight shafted pile during rotary installation.
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installation pitch e) normalised base torque against pile tip angle, B f) normalised base torque against
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Figure 12 Average particle displacement below the base of an advancing flat based pile. a) Installation pitch
= 0, b) Installation pitch = 4.
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Figure 13: Prediction of installation requirements of a rotary installed straight shafted pile. Installed at P; =

3.97 in centrifuge test from CPT Cone tip resistance, a) CPT Cone tip resistance from CPT conducted in the

geotechnical centrifuge (D = 55%), b) Predicted vs measured prototype installation force, c) Predicted vs
measured prototype Installation torque.
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