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Due to very low noise emission during installation, prefabricated concrete screw-type piles (PCSP) could potentially be
viable options as foundations for offshore and onshore structures. However, little attention has been paid to the axial
load-bearing behaviour in compression of this specific prefabricated screw-type pile system in comparison with con-
ventional displacement pile systems. This article describes an experimental campaign of centrifuge tests performed at
100g on both screw-type piles and straight shafted piles (SP) with diameters of 550 and 475 mm at prototype scale.
The outer screw diameter (D;) to pile core diameter (D) ratio amounted to D,/D = 1.25, and the screw pitch (L) to pile
core diameter (D) ratio (pitch ratio) was selected as L,/D = 0.57. Saturated Vingerling Clay was used to model the soil
layer, and a low loading rate was selected to simulate drained conditions. Piles were installed at 1g; therefore, the pile
installation process was not fully modelled. For both pile diameters investigated, the results indicate an approximately
45% higher bearing capacity with the PCSP compared with the capacity of the SP.

Keywords: centrifuge modelling/foundations/geotechnical engineering/piles and piling/soil structure interaction

Notation Q axial pile load
AR advancement ratio Qp base res~ist~ance
CD consolidated, drained (for triaxial testing) Qs shaft friction
Cy consolidation coefficient Qm shaft friction at ultimate limit state
D pile core diameter (identical to outer diameter for Rq roughness depth'
straight shafted piles) S degree of saturation
Dy outer screw diameter SP straight shafted pile
d length of drainage path s settlement
e void ratio Su undrained shear strength
€ initial void ratio Su,crit undrained shear strength at critical state
g Earth’s gravitational acceleration Sumax  peak undrained shear strength
hg helical rib height T, time factor for one-dimensional consolidation
ho initial height of triaxial probe t time
I, plasticity index Un coefficient of consolidation
K lateral earth pressure coefficient ULS ultimate limitstate
Ko lateral earth pressure coefficient at rest URL unloading-reloading line
k hydraulic conductivity USCS unified soil classification system
L pile length \% normalised velocity
Lo embedded length of the pile v settlement rate
L, screw pitch w in-situ water content
Mg soil stiffness from an oedometer test (normal WL liqui(.i limiF
compression line) Mg = Ad’[Ae Wp pla.stlc .11m1t S
MEg soil stiffness from an oedometer test (unloading- Aa ax1'al displacement in triaxial tests
reloading line) Mg = Ac’/Ae an helix angle
NCL normal compression line B drained interface strength parameter
OCR over consolidation ratio Y unit w§ight.of soil .
PCSP prefabricated concrete screw-type pile Va dry unit weight of soil
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Vs unit weight of solid particles

Vi unit weight of water

o' angle of friction between pile and soil

o}, horizontal effective stress

o, mean vertical effective stress

o) effective normal stress in an oedometer test

0o effective preconsolidation stress from an oedometer
test

Tint interface shear strength

o' friction angle
friction angle at critical state

peak friction angle

1. Introduction

A new prefabricated concrete screw-type pile (PCSP) system has
been developed (details given in Table 1 and Figure 1) and
employed for a wide range of applications, such as pile founda-
tions for masonry buildings and nearshore test foundations for the
feasibility studies of a cable car project across Lake Zurich
(Arnold et al., 2021). This system offers several advantages over
conventional cast-in-place pile systems:

Table 1. Details on the PCSP geometry

Geometry details Larger PCSP Smaller PCSP
Outer screw diameter Ds 550 mm 475 mm

Pile core diameter D 440 mm 365mm
Screw pitch L, 250 mm 250 mm

Helix angle ayy 30° 30°

Helical rib height hz 55mm 55mm

DJ/D 1.25 1.30

Lp/Ds 0.45 0.53

Detail of the screw shaft: mm

250

(b)

Figure 1. Prefabricated concrete screw-type piles (PCSP) for the test
foundation of the cable car project across Lake Zurich. (a) Prefabricated
concrete screw-type piles (Arnold and Askarinejad, 2020); (b) general
information on PCSP geometry
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= Prefabricated piles have constant cross-sections; hence, there
is no risk of cross-sectional narrowing due to local soil failure
within the drilled hole.

= There is no possibility of a hydraulic fracture forming at the
base of the pile during installation since the pile system is
close-ended.

= The screw-type geometry provides a rough pile shaft surface,
which leads to a potentially enhanced load-bearing behaviour
compared with the widely used straight shafted concrete piles.

The screw blades are uniformly distributed along the total embed-
ded length of the pile.

1.1 Aim of centrifuge tests

The aim of centrifuge tests is to enable a direct comparison of the
load-bearing behaviour of this specific PCSP to that of commonly
used straight shafted piles (SP) with equal diameter in the same
soil layer. The focus is to demonstrate possible advantages of this
specific screw geometry over a straight shafted system by means
of physical models. The geometry of the PCSP has already been
determined at an earlier stage. The physical model tests, therefore,
serve to analyse the load-bearing behaviour of the given PCSP.

1.2 Background

Several studies have been conducted on steel screw piles with hel-
ical form and a discrete number of blades (generally <5) for off-
shore and onshore applications (e.g. Byrne and Houlsby, 2015;
Davidson et al., 2022; Knappett et al., 2014; Nabizadeh and
Choobbasti, 2017). Generally, the ratio of the outer screw diame-
ter to pile core diameter (D,/D) ranges between 2 and 4.

Hird and Stanier (2010) observed cylindrical failure surfaces in
their tests on single- and triple-helix piles (helix diameter:
Dy = 20 mmy; pile diameter: D = Smm; L,/D; = 1.5 or 3; D/D = 4.0)
installed in synthetic transparent soil (screwed into a clay analogue at
constant screw rate). The observed cylindrical shear bands are
formed more clearly with the use of a triple-helix pile. Furthermore,
their results indicate that the triple-helix pile provided an approximate
axial bearing capacity of 130N, which is an improvement compared
with the axial bearing capacity of the single-helix pile, with approxi-
mately 70 N.

Byrne and Houlsby (2015) showed failure mechanisms of helical
screw piles with two blades in clay and sandy soils. They con-
cluded that an envelope friction with a virtual pile diameter equal
to the blade diameter might be considered. Furthermore, Knappett
et al. (2014) showed that the bearing capacity of screw piles with
a discrete number of blades in sandy soil is substantially higher
than that of SP.

Meng et al. (2017) conducted both numerical investigations and
small-scale physical model tests to study the load-bearing behav-
iour of drilled displacement piles with uniformly distributed screw
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blades along the pile shaft in sandy soil. In the numerical model,
the piles, which were modelled as ‘wished in place’, had a length
of 15m, a core diameter (D) of 0.370 m, and an outer screw diam-
eter (Dy) of 0.550m, giving a Dy/D ratio of 1.49. The cross-
sectional dimensions are comparable with those of the PCSP
(Figure 1), although D/D is slightly higher. The soil was simu-
lated using an elastic-perfectly plastic model, employing a Mohr—
Coulomb failure criterion. Results of their numerical simulations,
depicted in Figure 2, qualitatively illustrate the plastic zones sur-
rounding the screw threads at the ultimate limit state (ULS).
Contrastingly, the numerical simulations for piles with a straight
shaft revealed no plastic zone in the surrounding soil. The size of
the plastic zone was found to depend on the screw pitch (L,).
A smaller L, ranging from 250 mm (L,/D = 0.68) to 500 mm
(L,/D = 1.35) led to the formation of a continuous plastic zone,
whereas a larger L, (750-1000 mm) resulted in discontinuities in
the resulting plastic zone. This suggests a strong correlation
between screw pitch ratio and bearing capacity of the pile.
However, it is important to note that the size and shape of plastic
zones derived from numerical models are influenced by the finite-
element mesh size and the constitutive model used for the soil.
Consequently, the results should be viewed as qualitative indica-
tions of the effect of screw pitch ratio on local pile—soil interaction.
Approximate values of bearing capacities using the slope tangent
method after O’Rourke and Kulhawy (1984), derived from the dia-
grams in Meng et al. (2017), are provided in Table 2.

Both the contributions of Meng et al. (2017) and Hird and Stanier
(2010) showed plastic zones around the screw piles, which indicate
that shear strength due to axial pile loading is mobilised directly in
the soil and not on the pile—soil interface, as results with SP.

Gorasia (2013) conducted centrifuge model tests at 50g to study
the behaviour of ribbed piles (piles bored and cast at 1g; pile core
diameter D = 16 mm; outer rib diameter D; = 19 mm; pile length
L = 180mm) in overconsolidated, artificially produced kaolin

LD, =045 L,/D,=091 L/D, =136
L,=250 mm L, =500 mm L, =750 mm
(a) (b) (c)

Figure 2. Numerical model after Meng et al. (© 2017; reproduced
with permission of the licensor through PLSclear) to qualitatively
show the plastic zones (indicated in red) at ULS as a function of L:
screw piles with D =370 mm, Ds =550 mm and (a) L, =250 mm,
(b) 500 mm and (c) 750 mm

Table 2. Approximate bearing capacity for the piles given in
Figure 2 (Meng et al., 2017)

Approximate

bearing Normalised
capacity in terms bearing

Pile of capacity in terms
D,/D=1.49 axial load: kN of axial load
Straight shafted pile 1000 1
L,/D=0.68; L,=250mm 2300 2.3
L,/D=1.35; L,=500mm 2000 2
Ly/D=2.03; L,=750mm 1600 1.6

clay. The tests showed that the use of ribs was found to always
increase the bearing capacity compared with SP (D = 16 mm). It was
also concluded that the helically ribbed profile with D¢/D = 1.19 and
L/Ds = 0.53 was shown to be the most effective of all tested profiles.
Of main interest for the herein presented model tests are the load-
settlement curves Gorasia (2013) shows for ribbed piles compared
with SP. It can be observed that the SP shows a similar increase in
load for low settlements compared with ribbed piles. With larger pile
settlements, the ribbed pile shows a higher bearing capacity than the
SP, whereas the SP seem to show a decrease in axial load with larger
pile settlements.

Gorasia and McNamara (2015) describe their centrifuge model
tests on the load-bearing behaviour of ribbed piles compared
with SP in the same soil layer. They constructed the piles at
1g conditions and tested the piles in the centrifuge (at 50g). Their
results show that the normalised bearing capacity (normalised to
the SP) decreases with increasing rib spacing, which can be com-
pared with the findings given by Meng et al. (2017).

1.3 General load-bearing behaviour of axially
loaded piles

The general load-bearing behaviour of piles is summarised to cor-

rectly interpret the test results (Figure 3). Kempfert (2009) pro-

posed a normalised settlement of s/D = 0.1 to mobilise the bearing

1Q axial pile load

:2: Q
Wl
<]
K | e
oy ‘
bﬁ Q_shaft friction
T s ! Q
T .
o
%
kil
s |
Ed Il
Q, base resistance 10 mm s/D=0.1 L

Load settlement curves

Figure 3. General load-bearing behaviour of piles after Atkinson
(© 2007, reproduced by permission of Taylor & Francis Group),
indicating the mobilisation of base resistance and shaft friction
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capacity for all kinds of soils. Franke (1982) proposed a normal-
ised settlement of s/D = 0.1...3.0 for the development of full base
resistance in sandy soil and 0.05...2.0 for clay, whereas the shaft
resistance could be mobilised with a settlement of 20 mm in sandy
soils and 10 mm in clay. It is generally observed that the base
resistance Q, (Figure 3) increases steadily up to the bearing
capacity and can be improved by increasing pile penetration. The
shaft friction Q, (Figure 3), however, is already fully mobilised
after small settlements and remains approximately constant for
further pile penetration.

2. Centrifuge model tests on PCSP

Model tests were carried out using the geotechnical centrifuge
at Delft University of Technology (Allersma, 1994; Li et al.,
2020) to study the axial compressive load-bearing behaviour of
the PCSP at an acceleration of 100g. The installation effects
were, however, not investigated. The centrifuge tests were con-
ducted in saturated clay under drained conditions, as the PCSP
are typically employed to bear permanent loads. Furthermore,
the centrifuge tests were conducted under strain-controlled
conditions.

The piles had an outer screw diameter D, of 475 and 550 mm,
respectively, at prototype scale, resulting in an outer diameter of
4.75 and 5.5 mm, respectively, at model scale.

2.1 Soil properties and model preparation

Each centrifuge model consisted of two piles, one PCSP model
and one SP model in clay (Figure 4(a)). The PCSP models were
manufactured using a three-dimensional (3-D) metal printer and
exhibited the same geometry as the prototype piles, including the
pile tip (Figure 5). The SP had the same outer diameter (D =
5.5mm), length, and the same tip as the PCSP model (D, =
5.5mm, D = 44mm; L, = 2.5mm). The only difference being
that these piles had a straight shaft consisting of aluminium with a
certain roughness caused by the 3-D printing process. Pile stiff-
ness and strength were not compared with the concrete prototype.
However, the prototype pile was considered to be stiff in relation
to the soft clay soil. The surface roughness (e.g. Fioravante, 2002;

—
B
o
o
£

=0 .
£
2

Figure 4. (a) Model piles in clay soil; (b) soil model with sand layer
and water storage
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Figure 5. Model of the straight shafted pile and the screw-type pile;
both piles had an embedment length Lo ~ 90 mm

Tolun et al., 2023) of the SP model was measured in terms of
roughness depth R, and compared with concrete surfaces available
in the lab (Table 3) as well as with investigations on pile rough-
ness (Table 4) by Tolun et al. (2023).

The roughness of the SP model was higher compared with a con-
crete surface produced with plastic formwork but comparable with
ordinary produced mortar and also with steel and aluminium piles
investigated by several authors (Tolun et al., 2023; Table 4).
However, the roughness of prototype piles (straight shafted;
installed as a displacement pile with cast-in-situ concrete) depends
on the production method as well as on the adjacent soil type. The
surface roughness of the PCSP was not directly measured, as the
screw geometry assumingly has a greater influence on the inter-
face behaviour than its surface roughness. However, as the PCSP
was printed the same way as the SP, the surface roughness should
be the same.

Blocks of Vingerling Clay K122 (Hiemstra and Rijsdijk, 2003),
which is a naturally occurring clay sediment available in blocks,
were used in the tests. The blocks were placed into the strong-
boxes (Figure 4) and subsequently flooded with water through the
water storage. The water table in the water storage was set equal
to the clay block height. The geotechnical properties of the natural
material were obtained from laboratory tests using vane shear-,

Table 3. Surface roughness of different materials

Roughness
Investigated surface depth Rz mm
Straight shafted model pile (3-D-printed 0.0198
aluminium)
Concrete (produced with plastic formwork) 0.0046-0.0133
Mortar 0.0177-0.0283

Table 4. Surface roughness of different pile materials
(after Tolun et al., 2023)

Investigated surface Roughness depth R;: mm

Fioravante (2002) (aluminium) 0.002-0.10
Jardine et al. (2013) (steel) 0.008
Lehane et al. (1993) (steel) 0.016
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oedometer-, triaxial-, and direct shear tests (Table 5 and Figure 6).
Vane shear tests were conducted after the centrifuge tests in undis-
turbed zones of the clay blocks. The soil parameters were subse-
quently used in the consolidation calculations as well as for
analytical modelling.

The clay blocks were placed in the strongbox (inner geometry:
270 x 150 x 150 mm) with thin layers of fine sand underneath and
on one of the side walls to ensure drainage to the water storage.
This measure was to more accurately simulate drained soil condi-
tions through shorter drainage paths to the ground floor and one
side wall (Figure 4(b)). The clay blocks showed an overconsoli-
dated behaviour during the pile load tests with an OCR of approxi-
mately 2.4 at Lo/2 (Figure 6(a)).

Table 5. Soil properties of Vingerling Clay K122 blocks
Soil property

Water content

Plastic limit

Liquid limit

Plasticity index

USCS classification
Initial void ratio

Unit weight of solid particles
Dry unit weight

Unit weight

Saturation degree
Hydraulic conductivity*

Peak undrained shear strength in situ (Vane shear tests after centrifuge tests)
Undrained shear strength at critical state (Vane shear tests after centrifuge tests)

Peak friction angle (direct shear test; vertical effective stress 100 kPa)
Friction angle at critical state (direct shear test and triaxial CD test)
Pre-consolidation stress

Soil stiffness (normal compression line)

Soil stiffness (unloading—reloading line)

2.2

The model piles were either pressed into the soil (SP) or screwed

Installation of model piles in the soil

(PCSP) manually with a constant penetration rate at 1g. The
installation effects generally influence the loading behaviour of
piles (Madabhushi, 2014). However, the focus of the tests
described herein was to compare the load-bearing behaviour of SP
to PCSP. Therefore, a simplified pile installation at 1g was
accepted, as installation conditions were similar for both pile geo-
metries. An installation tool was used (Figure 7) to ensure reproduc-
ible installation conditions at lg, applying a pitch-matched
installation (AR = 1.0) of the PCSP as described in Cerfontaine
et al. (2021) to reduce soil disturbance during pile installation. The
strongbox was finally covered with a plastic cover to prevent the
model from drying out. Table 6 provides an overview of the

Notation Measured value
w 30.4%

W, 24.0%

w, 49.6%

I 25.6%

— Y

o 0.81

7 27.5kN/m?

7 15.2 kN/m?

y 19.5kN/m?
S, 96%

k ~1-10"°m/s
Sumax 37 kN/m?
Sucrit 27 kN/m?
Prmax 31.8°

Prit 24...26°

a6 ~ 100 kPa
Mg 4000 kN/m?
M 12 000 kN/m?

*The hydraulic conductivity k could not be measured directly and was assumed to be equal to 1x 107° m/s

0.80
0.76
L]
o
7 072
b=}
g 068
153 — 255 kPa
0.64 |M,= 4000 kN/m?
M, = 12000 kN/m?
0.60

100

200 300
o, kPa

(a)

500

7,/ 0’ =tan(g)

0 2 4 6 8 10 12
Axial displacement Aa: mm

(b)

14

Figure 6. Laboratory testing of Vingerling Clay K122: (a) oedometer test with NCL, URL, ¢ ~ 100 kPa; (b) mobilised shear strength against
axial displacement in a triaxial CD test (axial compression) with shear rate 0.001 mm/min
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Figure 7. (a) Installation of the model piles at 1g with an installation tool; (b) and (c) detail view of the installation tool for PCSP

Table 6. Overview of installed piles and measured soil conditions. Pile diameter, embedded length, and penetration rate are given in

prototype scale

Pile (outer) Embedded Penetration

Test name diameter length rate
T D(s): m Lo: m v:mm/s
T1 (screw) 0.55 9.2 0.01

T2 (screw) 0.55 9.25 0.005
T3 (screw) 0.55 9.29 0.005
T4 (straight shafted) 0.55 9.34 0.005
T7 (screw) 0.475 9.5 0.005
T7r (screw) 0.475 9.4 0.005
T8 (straight shafted) 0.475 9.4 0.005
T8r (straight shafted) 0.475 9.3 0.005

installed piles, the penetration rates used, and the measured soil
conditions. All piles had a distance of at least 4.5D to the bottom of
the strongbox after installation. Hence, the influence of the base on
the bearing capacity of the piles may be considered to be negligible
(e.g. Lambe and Whitman, 1969; Lang et al., 2011).

23
The models were consolidated at 100g during a period of 40 min

Test procedure

to obtain well-defined soil conditions in terms of consolidation

110

Undrained shear strength (Vane shear tests)

s,: kN/m?
Water content
Su,max Su,crit w: %
39 24.5 30.4
39 24.5 30.4
34 23.6 30.4
34 23.6 30.4
37.7 28.6 30.4
36.3 28.1 30.3
37.7 28.6 30.4
36.3 28.1 30.3

(free water table in the water storage; water storage linked to the
clay block by way of sand layers). A period of 40 min of consoli-
dation in the centrifuge at 100g translates to a prototype consoli-
dation duration of 278 days and leads to a consolidation degree
U,, of approximately 89% using the one-dimensional (1-D) con-
solidation theory of Terzaghi (1943):

ket-Mg

1. T P
w
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Considering the parameters k = 10™° m/s, ¢t = 278 days, and

% = 12 000 kN/m? (provided by the oedometer test for over-
consolidated soil), a maximum drainage path of d = 6m
(assuming vertical, 1-D drainage; see Figure 4(b)) and
7, = 10kN/m?, T, results in a value of 0.801. Finally, U,, is
calculated using 7, and Equation 2 (e.g. Knappett and Craig,
2012):

2. T,=-0.933"log(1 — U,) — 0.085 for U, > 0.526

For values of U,, < 10%, mainly undrained behaviour can be
assumed, whereas for U,, > 70%, the soil will have a drained behav-
iour (Wehnert, 2006, after Vermeer and Meier, 1998). With U,
amounted to approximately 89% after the consolidation, the clay
blocks were assumed to have a drained behaviour at the onset of the
pile loading tests according to Equations 1 and 2. U,, is even higher
in the soil model. This assumption is based on the fact that the con-
solidation of the clay blocks was not exclusively 1-D (due to one
side of the block being in contact with fine sand; see Figure 4(b)).

After consolidation, one of the two piles was tested axially at model
scale. The pile was loaded at a constant penetration rate of
0.005 mm/s in accordance with the recommendation of Knappett and
Craig (2012). The penetration rate is equal in model and prototype
scale (Madabhushi, 2014; Wood, 2004). Garnier et al. (2007) sug-
gested a normalised velocity V' (after Kutter, 1994, and Randolph
et al., 2005) to investigate the transition between drained and fully
undrained conditions in terms of loading rate:

0.005 % .5.5mm

d  ved
3. V=T e = —0.02[]
v T ME
. T 12000 kN /m?
10KN/m?
lAS

with the parameter /'equal to 0.01 for fully drained conditions and
V' = 30 for fully undrained conditions. A value of V' = 0.02 indi-
cates that the loading rate is low enough to maintain drained con-
ditions. The centrifuge had to be stopped for a short period to
install the load actuator for the second model pile. The centrifuge
was subsequently accelerated again, and the model was consoli-
dated at 100g during a further 5 min to ensure consolidated condi-
tions for the second pile test (Figure 8).

3. Test results

3.1
Two different penetration rates (rate vz;: 0.01 mm/s, V' = 0.05; rate
vy 0.005 mm/s, V' = 0.02) were used on the model piles with
Dy = 5.5mm to investigate the influence of the penetration rate on

Influence of the penetration rate

the load-bearing behaviour. Tests T1 and T2, which were con-
ducted using the same Vingerling Clay block (drainage regime as
mentioned in Section 2.3), exhibited no difference in behaviour,
even though T1 was performed with double the penetration rate
compared with test T2. This comparison is illustrated in Figure 9.

3.2
The test results for the model piles with diameters of 5.5 and
4.75 mm are shown in Figures 10 and 11, respectively. The axial
load is transformed to the prototype scale. The results indicate that

Pile-bearing capacity

the bearing capacity of the PCSP is higher than the bearing
capacity of the SP for both investigated model pile diameters.
Piles of tests T3 and T4 were placed together in the same soil
block. The results indicate that there is a difference in the absolute
value of the bearing capacity between tests T2 and T3. This differ-
ence can also be seen in the measured shear strength of the clay
blocks (Table 6). This illustrates that different blocks of
Vingerling Clay do not provide reproducible conditions. The same
effect is illustrated in Figure 11 where T7 and T8 were placed
together in one block, and T7-repeat as well as T8-repeat were
again placed together in a different block.
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Figure 8. Centrifuge test sequence
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Figure 9. Model-pile test results with a diameter of 5.5 mm and
different penetration rates. T1 and T2 were conducted in the same
clay block
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Figure 10. Model-pile test results with a diameter of 5.5 mm.
T3 and T4 were conducted in the same clay block

4. Discussion

From the results given in Figure 9, it can be concluded that the
loading rate is sufficiently low to assume drained material behav-
iour; otherwise, an influence on the bearing capacity would have
been observed. Furthermore, it can be concluded that the consoli-
dation of the clay blocks was sufficient at the onset of the test, as
the tests show virtually identical behaviour, which would presum-
ably not be the case if the clay changed its density between tests
T1 and T2. The result given in Figure 9 also shows, that the pitch-
matched installation of PCSP at 1g provides similar initial condi-
tions for different piles.
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4.1 Ultimate limit state: mobilisation of shaft
friction and base resistance

As shown in the load-settlement curves, the ULS was reached for
all tested piles (increase in settlements under constant load).
Furthermore, it can be assumed that the bearing capacity of the
piles was not influenced by the lower model boundary, as the dis-
tance between the pile tip and the model boundary was approxi-
mately 3.6 times the pile diameter after completion of the pile
load test.

The mobilisation of full shaft friction is expected within the first
10 mm of settlement at prototype scale according to Figure 3 and
Franke (1982). The development of shaft friction in relation to set-
tlement is thereafter expected to remain constant. In the case of
the model piles, this translates to the mobilisation of shaft friction
within approximately s/Dy = 0.02 for both pile diameters. The
mobilisation of the base resistance, in contrast, is expected to
occur gradually up to a ratio of approximately s/D5) = 0.1.

The load-bearing behaviour of the two pile systems was identical
for small pile settlements (up to approximately s/D(;) = 0.04) and
in terms of unloading and reloading hysteresis (Figures 9—11).
However, a distinct difference in the way in which the ULS was
reached could be observed. The SP reached a peak load (at
approximately s/D = 0.04) without exhibiting any measurable
decrease in stiffness, followed by a subsequent decrease in axial
load. This compares well to the tests of Gorasia (2013), where
s/D = 0.04 for the SP. The PCSP, however, indicated a steady
increase in axial force with a gradual decrease in stiffness for
s/Ds > 0.04.

The PCSP did not exhibit a defined peak load. A constant bear-
ing capacity with increasing pile displacement was observed at
approximately s/D; = 0.15 for the 5.5 mm PCSP (Figure 10) and
at s/D5y > 0.2 for the 4.75 mm PCSP (Figure 11). This compares
well to the tests of Gorasia (2013), where s/D(, = 0.13 for the
ribbed pile.

A comparison of the test results to the expected load-bearing
behaviour of piles shows that the SP seemingly do not mobilise
any significant base resistance, as no further axial load is devel-
oped for s/D > 0.04 (Kempfert, 2009). This observation could be
ascribed to the cone-shaped tip of the pile, which is identical to the
tip of the screw-type pile (Figure 5). The pile settlement at full
mobilisation of the shaft friction was approximately s/D = 0.04
(20mm at prototype scale) for the SP (Figure 12), resulting in a
value which exceeds the recommended value given by Franke
(1982) for clay soils by a factor of two. The PCSP exhibits a differ-
ent loading behaviour with greater values of s/D; than described in
the literature, considering base resistance mobilisation. However,
the load-settlement curves of all PCSP also indicate a constant axial
load at larger pile settlements. This possibly indicates that the base
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Figure 11. Model-pile test results with a diameter of 4.75 mm
same clay block
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Figure 12. Load-bearing behaviour of the piles at small settlements. Axial load translated to prototype scale

resistance does not play a significant role, as the bearing capacity
would increase with increasing embedment depth due to ongoing
pile settlements (Kempfert, 2009).

The shaft friction was calculated as 7;,, = 18.7 kN/m?> according to
the following approach (e.g. Knappett and Craig, 2012).

4. Tie = - Oy

using the best fit for § after Burland (1993):

5. f=052- <S—> +0.11

Oy

The undrained shear strength s, was assumed to be constant
(Sucrit = 27 kN/m?; Table 5) as no clear s,-profile over the height

of the soil model could be estimated.

By multiplying the shaft friction ;,, calculated in Equation 4 with
the length of the pile (an initial pile length of approximately 9 m
was assumed for the prototype scale), the calculated bearing
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capacity for the pile with a diameter of 0.55 m at prototype scale
resulted in a value of 291 kN. The calculation for a pile with a
diameter of 0.475 m at prototype scale results in a bearing capacity
of 251kN. The SP show a bearing capacity of approximately
260 kN with a diameter of 0.55 m and 150-210kN with a diameter
of 0.475m at prototype scale. The comparison of the calculated
bearing capacities of 291 kN (D, = 0.55m) to 260kN in the
model tests or 251 kN (D(5) = 0.475m) with 210 kN, respectively,
indicates that (7) the analytical model shows reasonable results for
the shaft friction under drained conditions and (i7) that the base
resistance does not play a significant role in the load-bearing
behaviour, which seems plausible regarding the pile tip shape
(Figure 5).

More insight into the differences in bearing capacity of the two
different pile systems may be obtained by considering the mobi-
lised shaft friction at ULS (Table 7), as the piles showed different
penetration depths at the beginning of the tests. The tip resistance
was neglected, and the shaft friction was calculated as follows:

0

6. m =
m (Lo+s)-D-x

The length L is provided in Table 6. The ULS-Force Q is defined
as the beginning of the horizontal part in the load-settlement curve
(Figures 9-11), that is, constant axial load, accompanied by
increasing settlements.

Comparison of tests T3 and T4 (D = 0.55m), in which both tests
were performed in the same soil model, shows a 45% higher shaft
friction for the PCSP. Comparing the results of tests T7 to T8 indi-
cates a 52% higher shaft friction for T7, and from the comparison
of T7-repeat to T8-repeat, a 44% higher shaft friction could be
observed in T7-repeat. It should be noted that these results are pre-
liminary in nature, as only a small number of tests were conducted
in the experimental campaign in a single soil type with a rather
large scatter in absolute values of the bearing capacity. However,
the results clearly exhibit the advantage of the screw-type geome-
try with regard to bearing capacity.

A comparison of the test results given by Meng et al. (2017) and
by Gorasia and McNamara (2015) to the herein described tests is
given in Figure 13. The results given by Gorasia and McNamara
(2015) are normalised with a SP with D = 800 mm, whereas the
ribbed piles (concentric ribs) have an outer diameter of D, =
950 mm.

The graph in Figure 13 shows that for Meng et al. (2017),
increased bearing capacity results with the presence of continuous
plastic zones around the pile, whereas for larger ratios of L,/D,,
decreased bearing capacities with discontinuous plastic zones
around the pile (Figure 2) result. The tests given by Gorasia and
McNamara (2015) show a similar trend. In the context of the test
results given by Meng ef al. (2017) and Gorasia and McNamara
(2015), it could be argued that the herein examined PCSP geome-
try in terms of L,/D, ~ 0.53 is most probably close to the opti-
mum, as the normalised bearing capacity given by Meng et al.
(2017) and Gorasia and McNamara (2015) decreases both with a
greater ratio of L, over D,. However, it should be noted that the
bearing capacity for the PCSP at greater ratios of L,/D is not
described by the herein presented centrifuge tests. Moreover, the
results given in Figure 13 show greater bearing capacities with
increasing pile diameter ratio Dy/D.

4.2 Load-bearing behaviour and interface
between pile and surrounding soil

The following discussion focuses on three aspects: (7) estimation
of K (after pile installation); (i7) comparison between the theoreti-
cal estimation and physical model-test measurements of shaft fric-
tion; and (ii7) localisation of the shear band.

i. It is reasonable to expect that the two pile systems will develop
different interface characteristics with the surrounding soil,
which in turn corresponds to a different load-bearing behaviour
due to the different shaft geometries. This characteristic has
already been mentioned by Meng et al. (2017), as discussed in
Section 1.2.

Neglecting any influence of base resistance, an average shaft
friction for the SP of 7;,, = 15.1 kN/m? can be calculated at
ULS (Table 7). The mobilised shaft friction in the centrifuge

Table 7. Estimated shaft friction and bearing capacity from the centrifuge tests

Outer pile  Settlement over diameter
diameter at ultimate limit state

Test-name Ds): m (s/Ds))urs

T3 (screw-type) 0.55 0.15

T4 (straight shafted) 0.55 0.04

T7 (screw-type) 0.475 0.2

T8 (straight shafted) 0.475 0.04

T7r (screw-type) 0.475 0.2

T8r (straight shafted) 0.475 0.04

*Compared with a straight shafted pile, tested in the same clay block
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Shaft friction at

ultimate limit state

Measured bearing Normalised

Qm at (s/Diy)uLs: kN/m? capacity: kN bearing capacity*
23.9 387 1.45
16.5 267 1
18.6 266 1.56
12.2 171 1
24.0 340 1.47
16.7 232 1
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Figure 13. Comparison of normalised bearing capacity of tests given by Meng et al. (2017) and Gorasia and McNamara (2015)

tests is therefore lower than predicted, with z;,, = 18.7 kPa
(Equation 4) would result.

An estimate on the lateral earth pressure acting on the pile shaft
can be obtained through an inverse calculation of K with o,
selected at half the pile height and an assumed interface friction
angle o' = 2/3¢"

Tint

’ 2 ’
g,- tan g ¢c‘rit

Comparison of K = 1.18 with the estimated horizontal earth pres-

7. K= =1.18

sure ‘at rest’ (Ko = 0.58) implies that the horizontal stress
increased due to the installation of the displacement piles.
Knappett and Craig (2012) suggested that K/K for displacement
piles could be as high as K/K, = 2.0.

ii. For PCSP, Equation 8

8.  Tyu=o0j- tan(ér)

results in a ‘shaft friction’ of approximately 23.5 kN/m?, consider-
ing the same K as was derived for the shaft friction interface with
SP and considering full friction over the interface. The analytical
model results in slightly higher values than the measured averaged
results in the centrifuge tests (g, average = 21kPa). However, the
value of K cannot be derived directly from the tests conducted. The
conceptual calculation of K in comparison with literature (e.g.
Knappett and Craig, 2012) shows that the installation of the piles
prior to the centrifuge test might play an important role in terms of
more realistic values of K compared with pile prototypes. On the
other hand, the results also show that the installation effects do not
call into question the direct comparability of the two pile systems
(SP and PCSP) in one soil model.

iii. Byrne and Houlsby (2015) presented different failure mechanisms
for helical piles under tensile loading and distinguished between
shaft friction and envelope friction (Section 1.2). It is feasible to
distinguish between a shaft friction interface for SP and a soil
friction interface for PCSP. For SP, the shear band develops
between the straight pile surface and the surrounding soil. This
means that the shaft friction reaches a maximum value (Figure
12; right-hand side) without any increase in strength, as is shown
in the load-settlement curves by different authors. For PCSP, how-
ever, the shear band develops in the soil in the vicinity of the
screw profile. In the herein presented tests, the measured shaft
friction of g,, average = 21 kN/m? multiplied with the
cylindrical surface of the outer screw diameter, results in a
load of approximately 336 kN, which is comparable with test
T2 (embedded length of 9.25 m), as is illustrated in the results
provided in Figure 9. It can thus be inferred that the devel-
oped shear band has a cylindrical form along the embedded
length of the pile with a diameter comparable with the outer
diameter of the PCSP. Knappett ef al. (2014) and other
researchers have also indicated that the shear band with
axially loaded helical screw piles is supposed to develop
directly at the edge of the screw blades.

5. Conclusions

The experimental campaign of centrifuge tests indicates that
PCSP exhibits a higher bearing capacity in comparison with that
of SP for the same outer diameter. Furthermore, a comparison of
load-settlement characteristics indicates a more favourable behav-
iour for PCSP with continuously increasing settlements up to the
maximum axial load. In contrast, SP exhibited a stiff behaviour up
to the ULS with low settlement values. This was also found by
Gorasia (2013).

A preliminary calculation on the interface friction of both pile sys-

tems shows that the PCSP geometry enables the development of
shear bands in the soil in close proximity to the screws. The SP,
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however, show shearing directly on the pile—soil interface with
less friction.

The bearing capacities of the PCSP, which were reached at
s/Dg == 0.15 for a pile diameter of 0.55m and at s/Ds =~ 0.2 for a
pile diameter of 0.475 m, were slightly higher in the clay soil used
at specific conditions than the widely used ratio of s/D=0.1.
Based on the comparison of the axial compression capacity of SP
with the PCSP, it may be concluded that the optimum value of
L,/Dy for PCSP is around 0.5. Furthermore, greater ratios of D,/D
also indicate an increase in bearing capacity. This could be helpful
for future optimisation of pile geometries. However, the effect of
installation and soil compaction on the friction interface requires
further investigation.

6. Practical relevance and potential
applications

The pile installation process influences the mobilised friction
between the pile shaft surface and surrounding soil as well as the
coefficient of lateral earth pressure along the pile. A cast-in-situ
concrete pile typically exhibits a rough surface texture, which
results in increased shaft friction (Atkinson, 2007). The process of
drilling the hole for the placement of in situ concrete piles reduces
the horizontal stresses to a further decrease due to the shrinkage of
the concrete. The use of the newly developed PCSP combines
many advantages:

= Screwing in the pile increases horizontal stresses in the
surrounding soil and will therefore increase friction along the
pile shaft.

= The helical geometry of the PCSP results in a rough soil-pile
interface. Furthermore, the prefabricated piles exhibit a well-
defined and stable cross-section, hence limiting the
corresponding decrease in horizontal stresses.

Potential applications could be housing, nearshore foundations,
or foundations in clayey soils. The advantages of PCSP out-
lined in this article suggest a promising potential for future
practical application.
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