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ABSTRACT: Helical steel pile (HSP) foundations are used to support critical infrastructure in many countries, on rail and road 
networks, power grids, solar farms, etc. HSP can be re-used and recycled, are portable and easy to install. HSP are readily deployable, 
even when access is difficult, can be used for augmenting the capacity of existing infrastructure, and ensuring damaged infrastructure 
can be quickly reinstated when damaged following extreme events. The work presented here describes the set-up, and some preliminary 
results from numerical analysis and physical tests undertaken on helical piles in the large geotechnical test pit at TU Darmstadt, under 
the auspices of the EU-funded trans-national access project GEOLAB. The tests were undertaken in dense sand and involved monotonic 
& cyclic lateral loading of single helical piles in various configurations, principally involving the addition of one or two helices close 
to the soil surface, to understand the improvement in lateral loading response that these provide. Clear improvements in stiffness of 
about 20% across the range of loading applied were found and the numerical analysis undertaken ahead of the tests provided a 
remarkably good prediction of the response. 
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1 INTRODUCTION 

Helical steel pile (HSP) foundations have been used to support 
infrastructure in many countries, dating from their use at the 
Maplin Sands Lighthouse at the entrance to the River Thames 
in 1838 (Mitchel, 1848; Lutenegger, 2011). Since then, HSP 
have been widely used to support an extensive range of critical 
infrastructure – on rail and road networks, power grids, solar 
farms, etc. HSP present a number of favourable characteristics 
including the ability to re-use and recycle, portability, ease of 
installation, utility in sites with difficult access, and so on. In 
the face of climate change, HSP represent an important element 
which is readily deployable and can be used for augmenting the 
capacity of existing infrastructure (e.g., telecommunications 
masts under higher climatic loads) and allowing damaged 
infrastructure (e.g., electricity pylons) to be quickly reinstated 
after disasters. 

HSP are metallic foundation elements comprising a 
relatively narrow shaft with one or more helical plates attached 
at intervals towards the pile base, which are screwed into the 
ground. There are a multitude of different configurations – this 
study is focussed on so-called “low capacity” HSP with shaft 
diameters (d) less than about 100 mm and helix diameters less 
than say, 450 mm. Full- and small- scale testing of HSP has 
been undertaken for many years but the interpretation of these 
test results and potential to underpin the development of 
numerical studies, to extrapolate the behaviour of HSP in other 
conditions/configurations, is often hampered by limited 
geotechnical ground characterization, complex ground profiles, 
lack of repeat tests, limited instrumentation data and differing 
testing procedures, amongst others.  

It is generally accepted that HSP with small diameter shafts 
have limited lateral loading resistance and either “high 
capacity” HSP with shafts of larger diameter and greater wall 
thickness are used (Sakr, 2018; Elkasabgy & El Naggar, 2015) 
or supplementary devices (“angel wings” or similar) are added 
to increase the bearing area between the pile and soil, close to 

the ground surface (Maier & Oskoorouchi, 2010; Screwfast, 
2022). It is also the case that studies involving lateral loading 
of HSP are not widely reported (Cerato et al., 2017), and few 
studies involving numerical modelling of this problem have 
been identified (Seider & Chisholm, 2012; Al-Baghdadi et al., 
2015; George & Alexander, 2025).  

Al-Baghdadi et al. (2015) and Kim et al. (2022a & b) 
considered the possibility of employing helices close to the 
surface to improve the behaviour of HSP under lateral load, 
using numerical analysis and field testing respectively. Al-
Baghdadi et al. (2015) considered the effect of a single helix 
located at depth to helix diameter (H/D) ratios, H/D of 0.25 to 
1 below the surface. The greatest improvement in lateral load 
resistance relative to a plain shaft was found to occur for the 
shallowest helices (around 10 to 20%) with the improvement 
increasing with the lateral displacement used to define the load. 
They also considered differing ratios of helix to shaft diameter 
(D/d = 2.4 to 3.3) and found an increase in resistance with 
increasing helix diameter. 

Kim et al. (2022a & b) carried out field tests on triple-helix 
HSP where the shallowest helix (D3 = 400 or 450 mm) was 
located 0.3 m below ground level (H/D = 0.5 or 0.44) while the 
other two helices had a smaller diameter (200 or 300 mm) and 
were spaced a 1 m intervals. Three shaft diameters were 
considered, with D/d-ratios in the range of 3.9 to 5, along with 
two shaft wall thicknesses. Unfortunately, no tests on plan HSP 
are reported however the effect of various parameters can be 
seen, i.e., with respect to the stiffness at 50% of the maximum 
applied load, K50: 
 Increasing D3 from 400 to 450 mm led to an increase in K50 

of 30 to 60%. The largest increase was for the lightest shaft 
section; 

 Increasing d, increased K50 between 35 and 100%, with the 
largest impact again occurring on the HSP with the 
smallest shaft diameter. The improvement reduced by 
about half as D3 increased however; 

Proceedings of the 21st ICSMGE, Vienna, Austria, 14 – 19 June 2026. Pistrol, Adam & Schweiger (eds.)
Published by: ÖGG, Austrian Society for Geomechanics, Salzburg, Austria, ISBN 978-3-9503898-4-5

https://doi.org/10.53243/ICSMGE2026-2082

1483

https://doi.org/10.53243/ICSMGE2026-2082


 Increasing the shaft wall thickness, t also increased K50 (20 
– 60%). 

 Altering d and t was only approximately proportional to 
the change in 2nd Moment of Area; sometimes it was 
smaller and others, larger. 
Neither of these studies considered more than one 

additional helix, nor did they examine unloading or cyclic 
behaviour.  

With limited study of lateral loading effects on HSP and 
noting the importance of this type of loading, it seems 
reasonable to examine it further and evaluate alternative means 
for augmenting lateral resistance to compare with existing 
interventions and e.g., optimising the range of application of 
each. 

The aim of the work presented herein, undertaken within 
the EU-funded GEOLAB programme (https://project-
geolab.eu/), is to test single HSP in sand, under controlled 
conditions, and to physically test the novel idea of using one or 
more helices close to the surface to modify the lateral load-
displacement response of HSP. The resulting test database can 
then be used to validate and confirm the robustness and 
reliability of advanced numerical analyses and simpler design 
methodologies with respect to HSP lateral loading behaviour.  

In this paper, the physical test setup and the basis of 
preliminary finite element analysis are briefly outlined and then 
some results from the monotonic loading stages of the tests and 
analyses are compared and discussed. 

2 BASIS FOR TESTING & ANALYSIS 

2.1 Experiments 

The experiments were undertaken in the large test pit managed 
by TU Darmstadt (TUDa). In all, 6 pile configurations were 
considered (Figure 1 and Table 1) with 10 tests undertaken 
which allowed repeat tests on pile types 1 to 4 (Bourne-Webb, 
et al., 2025). Only pile types 2 and 3 (plain shaft) are discussed 
herein; these are interesting as in one set of tests the piles were 
strain gauged (SGed) and in the repeat tests, they were not but 
were loaded beyond the elastic limit (Table 3).  

The basic pile configuration comprised a 1500 mm long 
central shaft formed from 60.3 mm outside diameter S355 steel 
tube, with a wall thickness of 7.1 mm, to which was welded a 
single, 157 mm diameter, 6 mm thick S255 steel helix located, 
about 1D from the base of the shaft. The modifications 
described in Table 1 relate to the size and location of additional 
helices added near the head of the pile. The helices were 
supplied by Hélica, while the HSP and loading rig were 
fabricated inhouse at TUDa. 

An approximately 5 x 5 m2 section of the 3 m deep part of 
the pit was walled off and filled with dry Darmstadt sand. Basic 
parameters for this sand are the median grain size d50 = 0.48 
mm, coefficient of uniformity CU = 2.41, maximum and 
minimum void ratios emax = 0.788 and emin =0.444 respectively.  
and are detailed in Beroya-Eitner et al. (2024). The sand was 
placed in layers and compacted to achieve a target dry density 
of about 1770 kg/m3 (relative density of 90%). Plate 
deflectometer tests were under taken on each layer and, after 
the tank was filled, dynamic penetrometer profiles were 
undertaken to confirm that the test sand had been prepared in a 
uniform manner. 

HSP are installed by screwing (torque) and the application 
of axial force (crowd). Ten HSP were installed in the pit in a 
triangular grid, having a centre-to-centre distance of 1.5 m. The 
current test piles were installed with an embedment of about 
1.4 m, using an electric, handheld torque machine. This 
machine has two torque settings and installation always began 
with the lower 2.2 kNm setting, before switching to 5 kNm 

when higher torque was required, usually the last couple of 
rotations. The crowd can be considered constant and equivalent 
to the weight of the machine (approximately 0.25 kN).  

Torque was not measured during installation but 
penetration and no. of rotations were, allowing for a check on 
the consistency of the installation process, Figure 2. This shows 
that each of the piles followed a very similar pattern during 
installation suggesting that the installation effects will be 
similar for all. In addition, it was confirmed that each pile 
developed a plug after penetrating 20-30 cm. 

 
Figure 1. Pile configurations. 

Table 1. Pile modifications 

Type Modification 

Approx. helix depth 
below surface: mm 

1st-Level 2nd-Level 

1 Single 157 diam. helix 200 - 

2 Single 239 diam. helix 200 - 

3 None – plain shaft - - 

4 Two 157 diam. helices 200 400 

5 Single 157 diam. helix - 400 

6 Two 239 diam. helices 200 400 

 
Figure 2. Advancement rate during HSP installation (note: helix pitch 
was about 10 cm). 

During testing, the load and displacement (on 3-axes) were 
measured at the pile head, and where SGs were installed, strain 
was measured along the axis of the pile shaft, on opposing sides, 
in line with the load direction, to allow bending moments to be 
inferred. Temperature was also measured on the pile within the 
sand, at the pile head and for the testing room generally. The 
monotonic loading part of each test was broadly similar as 
summarized in Table 3, below. The tests on the piles with strain 
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gauges, especially the plain shaft HSP (L03), were used to 
define loading parameters for piles without SGs and when 
loading beyond the elastic limit. 

Table 2. Loading sequence for monotonic loading stages 

Stage Mode Action 

0 FC Apply contact force of 0.1 kN 

1 DC 

Tests L01 and L03 - SGed piles, elastic 
loading: 
Monotonic loading at 2 mm/min. until any of 
the strain gauges reaches  = 0.9fy/E = 1560 
or applied load, F = 16 kN (limit in loading 
rig). 
Tests L06 and L08- Non-SGed piles: 
Monotonic loading at 2 mm/min. until 
displacement reaches 2x that achieved above 
(about 85 mm) or applied load, F = 16 kN. 

2 FC Maintain the force reached constant for 20 min 

3 DC Monotonic unloading to 0.1 kN at 2 mm/min. 

4 FC Maintain force constant for 20 min. 

2.2 Finite element analyses 

Numerical simulations of the lateral loading of pile types 2 and 
3 (tests L03 and L01, respectively) were conducted before the 
experiments, in order to determine the magnitude of pile head 
loads that correspond to the elastic limit of the piles. The 
simulations were performed with the finite element program 
PLAXIS 3D. Figure 3 illustrates the finite element mesh used 
for the analysis of pile type 2. The length and height of the mesh 
are equal to 26.5 shaft diameters (1.6 m), while the width is 
equal to 20 shaft diameters (1.2 m). These mesh dimensions 
roughly correspond to the distance between the different piles 
installed in the test pit and were considered to be sufficiently 
large to have minimal effect on the analyses results. However, 
further investigation of the effect of mesh size and density will 
be undertaken. The soil was modelled with 20.523 tetrahedral 
10-node volume elements and the helical pile (shaft and helix) 
with a total of 1844 6-node plate elements. Interface elements 
were placed between the pile and the soil. The vertical 
boundaries of the mesh were fixed in the normal direction, 
while the base was fixed in all directions. The simulation 
procedure consisted of two phases. First, the pile was wished-
in-place, therefore, no installation effects were considered and 
subsequently, a prescribed lateral displacement of 50 mm was 
applied at the pile head, which was sufficient to exceed the 
elastic limit of the shaft.  

 
 

Figure 3. Finite element mesh for the analysis of pile type 2 

The mechanical behaviour of the sand was modelled with 
the bounding surface plasticity constitutive model IC-MAGE 
M14, which is based on the model of Manzari & Dafalias 
(1997) and later expansions by Papadimitriou & Bouckovalas 
(2002) and Taborda et al. (2014), and was implemented into 
PLAXIS by Moller (2024) and Taborda et al. (2024). The 
model has important features for the modelling of dense sand, 
e.g., dilatancy and bounding surfaces, and the incorporation of 
the effect of stress state and density. The model parameters 
were calibrated against the results of the extensive element 
testing program on Darmstadt sand presented in Beroya-Eitner 
et al. (2024), based on the method described by Taborda (2011).  

The helical pile was modelled as linear elastic with zero-
thickness plate elements placed on the outer perimeter of the 
pile shaft, to correctly model the geometry of the problem. 
However, this results in an incorrect second moment of area of 
the pile section. Thus, in order to model the correct bending 
stiffness, an equivalent Young’s modulus of 137.9 GPa was 
used, instead of that for steel (200 GPa). 

3 RESULTS FOR MONOTONIC LOADING 

3.1 Loading in elastic range of shaft 
Figure 4 compares the effect of modifying a plain shafted 

HSP (Type 3) with an additional (239 mm OD) helix installed 
at shallow depth (Type 2). There is a clear stiffening of the 
response with the equivalent lateral stiffness increasing by 
about 20% across a range of displacement between 10%D and 
the maximum displacement of around 70%D (43 mm). The 
finite element analysis, other than being slightly stiffer, shows 
very good agreement with the testing, highlighting the benefits 
of using advanced soil models calibrated with suitable element 
tests, for this type of loading scenario. 

Figure 5 compares the bending moment profiles along the 
HSP when the maximum load was applied. The maximum 
bending moment is not greatly affected but its location seems 
to rise towards the surface. This is also seen in the finite element 
analysis which again shows close agreement with the test 
results. 

 
Figure 4. Comparison of test and predicted lateral load-displacement 
response of HSP Types 2 and 3 

3.2 Loading beyond elastic range 

Figure 6 compares the tests that were kept in the elastic range 
of the steel shaft to those that were extended into the plastic 
range. When extracted Test HSP L06 & L08 both showed 
evidence of permanent bending deformation.  
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It is apparent that the load-displacement response of the 
Type 3 piles is very consistent but that there is some difference 
between the Type 2 piles across the elastic load range (up to 
about 8 kN). In effect, a reduction in stiffness of 10 to 20% from 
test L03 to L08. The reason for this needs to be examined 
further but it probably represents natural variation in the 
preparation for and execution of the tests.  

 
Figure 5. Comparison of test and predicted bending moment profiles 
for HSP Types 2 and 3 

 
Figure 6. Comparison of lateral load-displacement response of HSP 
Types 2 and 3 in elastic (L01 and L02) and plastic range (L06 and L08) 

4 CONCLUSIONS 

In this paper, the initial results of an extensive set of tests on 
helical steel piles installed in dense sand and subjected to lateral 
loading are presented. The results show that the tests are 
repeatable with some small natural variation and that finite 
element analysis can successfully capture the behaviour of the 
piles. Further technical and economic analysis is required to 
establish whether the modification of the HSP in the manner 
described and tested here is a viable option and, if so, in which 
circumstances it is best deployed. 

Going forward, the presented tests and the other tests in the 
programme, will be used to further validate the finite element 

analysis, extend this to wider situations and will also be used to 
validate simpler calculation models. 
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