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ABSTRACT: Field studies have consistently highlighted a discrepancy between the measured capacity of helical steel piles (HSP) and
the capacity calculated using conventional bearing capacity theories. This inconsistency has largely been dismissed as being due to
installation effects without any questioning of the calculation models used. The uplift resistance of HSP and anchor plates have been
widely studied, especially for shallow depths where the presence of the ground surface limits the tension bearing capacity. The study
presented herein used numerical analysis to revisit this problem in terms of the theoretical values of bearing capacity factor in
compression and tension, for undrained (Nc) and drained (Ng) loading conditions. For undrained loading, the results are shown to be
consistent with previous analytical and numerical solutions, and yield Nc-factors for collapse that are higher than those derived from
physical testing. It is shown, that the test-based values are consistent with factors based on plate resistance obtained by displacement-
based definitions of failure. In drained conditions, the results for tension loading are shown to be consistent with previous studies and
then, the compression problem is presented. The results confirm that at H/D-values in excess of about 8, Nq: ceases increasing and
eventually starts to reduce. It is also shown that N reduces across all values of H/D and approaches that for Ng. for high H/D-values.
The values of Ngt and Ng,c are shown to be consistently lower than those given by commonly used bearing capacity theorems, as they
include the soil compressibility. It is believed that the results provide a way forward in terms of accounting for some of the reported
discrepancies noted earlier, and improving design reliability.
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1 INTRODUCTION loading. A number of these are presented in the following
ti in th text of di ing th Its of th t
Helical steel piles (HSP) are metallic foundation elements ;(E:Aions, i the cortext O Qiscussing the resutts of the currett

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 but this study is focussed on so-called “low
capacity” HSP with shaft diameters less than about 150 mm. A
significant proportion of the load resistance of these HSP
derives from bearing on the helices and therefore, reliable

Further, in reviewing a multitude of HSP load testing case
studies, it became apparent that a wide range of definitions for
the failure have been employed. In small-scale tests, failure is
generally defined as the maximum load attained while in the
field, displacement-based criteria are widely used, e.g., ratios of
displacement at failure to helix diameter, yuw/D of 5% to 20%,
and e.g., the Davisson (1972) criteria or variants, have been

Value's fqr the bearing capacity factors used to estlmatfe this employed. Perko (2009) collated a database of 300 HSP tests

contribution are needed. Unfortunately, numerous studies to . . - . Lo

date h rted sienificant di ies bet d which reported pile capacities with yw/D ratios in the range of
ate have reported signilicant discrepancies between measure 2% to 59%, with an average around 15%. Hao et al. (2019)

and calculated HSP resistance. To-date this has generally been
explained through reference to installation effects without
actually looking critically at the calculation models used.

This paper presents and overview of a study undertaken

ysing numericgl analysis'which SO‘,lght to h,i ghlight deﬁcif{ncies only consider H/D-values that are less than about 10; often on
in the conventional bearing capacity theories that are typically the basis that “helical piles are not installed to great depths”.

rec.ommended and useq for the calculation of heli.x load beari.ng However, the Perko (2009) database had HSP load tests in
resistance. Both undrained (total stress) and drained (effective

stress) approaches are examined.

Equations (1) and (2) define how the bearing capacity
factors reported here have been derived, for undrained and
drained conditions, respectively.

showed that the displacement to reach failure in sand varied
with H/D, implying that using a fixed, displacement-based
failure criterion may not be consistent.

In relation to this, it is also worth noting that many studies

compression and tension, for H/D values across the range
considered in this study, and beyond.

2 BASIS FOR ANALYSES

The two-dimensional (2D) finite element analyses (FEA)

Nex =Ry/A.cyn = qun/cun M presented herein were undertaken assuming axisymmetric
Ngx =Ry /A. o’é'h = q;'h /o';'h ) conditions using the software PLAXIS 2D 2024 (Brinkgreve et
al., 2024). To simplify the geometry and allow the use of 2D
Where Ry is the load resistance of the plate calculated using the FEA, It was assumed that the ultimate bearing pressure on a
finite element method, A is the resultant area of the bearing horizontal flat plate is representative of that acting on a helix.
plate/helix, cun is the undrained shear strength at the plate/helix This is supported by Ghaly et al. (1991), Hao et al. (2019) &
level, c'v,h, is the vertical effective stress at the plate/helix level, Stefopoulos et al. (2023), who found differences of less than
and the subscript x is “c” for compression (pushing into the 10%.
grout;d) al}d t fo.r tension (uplift) loadlgg. ' . 21 Geometry
or piles, various proposals for bearing capacity factors in
compression have been developed since the mid-20" Century, Figure 1 illustrates the basic FEA model dimensions. The plate
and latterly, for helical piles and plate anchors under tension had a diameter (D) of 0.8 m and was buried at a depth (H) which
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was varied. The side and base boundaries were positioned far
enough away to ensure the failure mechanism was isolated. The
imposed boundary conditions are indicated in Figure 1, and the
loading was applied as a uniform displacement across the plate.

The FE mesh was generated in blocks with higher mesh
density close to the plate, as indicated in Figure 2. The influence
of mesh refinement on the bearing capacity factors obtained is
discussed in Section 3.1. Interface elements were also generated
between the plate and soil, and were assumed to be smooth.

The plate was assumed elastic and assigned the properties
of steel but is in effect rigid due to the uniform displacement
imposed during loading. The soil and interfaces were modelled
as linear elastic-perfectly plastic with a Mohr-Coulomb failure
criteria (Tresca in undrained shearing).

2.2 Material properties

In all the analyses reported here, the initial stresses were set
based on an at-rest earth pressure coefficient, Ko = 1, to allow
comparison with analytical solutions. The soil was assigned a
unit weight of 18 kN/m?, unless otherwise indicated. The
interfaces were assumed to be smooth (zero adhesion or
friction) but otherwise shared the same parameters as the soil.
Either a no tension (NT) or tension allowed (TA) condition was
assumed on the interfaces. The TA condition was only
employed for the undrained case.
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Figure 2. Mesh réﬁnémént ;clroimd‘pléte '

For undrained analysis, a uniform undrained shear strength, cu
of 50 kPa was assumed along with a modulus ratio, Ev/cu 0f 250
and Poisson ratio of 0.495.

In the drained analyses, the plastic response was assumed
to be either associated with the angle of shearing resistance (¢’
= 25° to 45°) equal to the angle of dilation (y), or non-
associated with ¢’ = 30° and y = 0 (zero dilation). It is
recognised that peak shear strength parameters are stress-
dependent but it was decided that over the depth range
considered it was not likely to have a significant effect, so this
was not considered, to simplify the analyses. The Young’s
modulus was assumed to be uniform and was defined based on
the stress-state at the plate level, using Eq. (1) and a Poisson
ratio of 0.25 was assumed (Figure 3).

I 0.5
E = 50000 (ah/loo) (3)

This variation of stiffness results in a rigidity index (Vesic,
1975; Eq. 4) that reduces with depth (Figure 3), i.e.
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Figure 3. Profile of soil compressibility

3 UNDRAINED SHEARING

In the analyses reported, the plate was displaced until a constant
load resistance was achieved. This was defined as the collapse
load while loads were also derived at specified displacements,
namely 10%D, 25%D and 100%D. These values were then used
to define the bearing capacity factor, Ncx, via Eq. (2).

3.1 Validation against other solutions

Figure 4 compares the current FEA with exact analytical
solutions for deep, full-flow failure mechanisms on a smooth
plate from Martin and Randolph (2001), Nt = 12.4, and
numerical analysis from Merifield et al. (2003), Nct= 12.6. The
results presented herein (Nt = 12.88) were within 4% of the
exact solution which was considered reasonable. As can be seen
in Figure 2, these analyses had seven elements across the plate
radius; a check was made with the mesh refined to have 14
elements across the plate and the resulting bearing capacity
values (Nt = 12.62) improved to within 2% of the exact
solution but at the expense of significantly longer calculation
time.

Also shown in Figure 4 are the proposed values for Nc;
suggested by Meyerhof & Adams (1968) which transition to a
value of 9.3 at H/D = 2 to 4. These values compare favourably
with load test results for piles generally (including HSP) which,
for larger H/D where a deep failure mechanism is invoked, lie



between about 7.5 and 11, Skempton (1950). Most analytical
solutions, such as those presented, yield Nc-values that are
larger than these empirical values.
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Figure 4. Comparison of derived Nc-values with published solutions
for undrained plate bearing capacity

3.2 Bearing capacity factors in compression & tension

Figure 5 presents the bearing capacity factors derived from the
present FEA. Both compression and tension (uplift) loading
modes are shown and consider weightless soil, soil with weight
and both the NT and TA condition (note that the TA condition
is independent of soil weight). Also shown (grey shaded box)
is the range of Nc-values that have been reported from testing
that were discussed above.
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Figure 5. Undrained bearing capacity factors

3.3 Discussion

The key takeaway from these results is that the collapse
load is consistent with analytical solutions but higher than
reported values for Nc. However, the values associated with
displacement-based failure criteria which load test-based values
are usually derived from, lie across the range of reported values.
It is also apparent that the critical H/D values reported in the
experimental literature (in the range of 2 to 4) are also
consistent with the displacement-based failure criteria.
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It is apparent therefore that load testing should involve a
consistent and common failure criterion, to allow results across
clays of differing consistencies and piles of differing
configurations, to be reliably compared.

The differences in the NT and TA analyses are also notable
with the later implying much shallower depths to mobilise a
deep failure mechanism and Nc values which were largely
independent of the failure criterion. These N values lie well
away from the range of reported values from load testing which
suggests that separation between the plate and the soil (NT) is
likely to be influencing the plate capacity to some extent.

The above does not preclude the possibility of installation
effects impacting on the available resistance of the HSP but it
does go some way toward explaining the differences between
calculated and measured resistances, and should allow a more
rational basis for assessing such effects.

4 DRAINED SHEARING

Again, load resistance values have been defined at specified
displacements, namely 10%D, 25%D and 100%D and collapse.
These values were then used to define the bearing capacity
factor, Ngx, via Eq. (3). In the drained, non-associated analyses
at larger H/D-values, it was not possible to reach collapse in a
reasonable time frame.

4.1 Validation

Figure 6 compares the results of a selection of drained FEA with
experimental data from Hao et al. (2019) and Giampa et al.
(2017) which illustrate how in frictional soils, the bearing
capacity factor in tension (Ngt), increases with burial ratio
(H/D) but eventually levels off. Ngsvalues from the FEA
associated with the range of displacement ratios at failure,
reported in the experiments, i.e. 10%D to 25%D, which show
very similar trends in behaviour, despite the clear differences
between the very simple assumptions used in the FEA and the
actual experimental conditions. Based on this comparison, it
was considered reasonable to expand the study across a wider
range of conditions, including compression loading.
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Figure 6. Comparison of tension bearing capacity factors with those
reported from experiments in sand

4.2 Bearing capacity factors in compression & tension

Figure 7 presents the bearing capacity factors derived for
drained shearing and associated flow for ¢' =y = 30° and 40°.
These confirm an important influence of H/D and
compressibility (E) in the displacement-based Ng-values which
leads to the Ng-factors initially increasing with H/D but
eventually transiting to reducing values as H/D increases
further. Importantly, there is a critical H/D value where the
compression and tension factors converge. This varies
depending on the failure criteria employed, reduces with
increasing ¢' and also (not shown) depends on the soil



compressibility. Collapse loads increase across all H/D-values
and appears to be converging, although at H/D-values much
larger than those considered.

Figure 8 shows the equivalent results for case with ¢' = 30°
and y = 0, noting that for typical values for the critical state
angle of shearing resistance in sandy soils, the Ng-factors
obtained represent a possible lower bound for granular soils.
The trends are similar to those for the associated case but with
Ng-values that are somewhat lower, as would be expected. It is
also notable that the convergence of the Ngc and Nq: values is
delayed , and in some cases, does not occur within the range of
H/D-values considered in the FEA. Beyond H/D of about 10,
the computational time and imposed displacements required to
arrive at the collapse load became excessive and were
interrupted. Interestingly, while not shown here, a conventional
pile configuration could reach collapse (although at very large
displacements) and at very similar values up to H/D = 15,
suggesting that the problem geometry played a role, in addition
to the assumption of zero dilation.
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Figure 7. Bearing capacity factors for drained, associated shearing
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shearing

4.3 Discussion

In Figures 9 and 10, the FEA results presented above (for ¢' =
30°) are compared to various existing methods for evaluating
Ny, for compression and tension loading, respectively.

Perko (2009) recommended that HSP in granular soils be
designed using conventional bearing capacity theory but also
introduced a limiting unit resistance based on the comparison
of these methods with a test database. While this empirical
correction should reflect data trends, the database did not
differentiate between compression and tension tests and did not
use a consistent failure criterion. Even with this correction, the
reported correlation between calculated and measured HSP
resistances remained quite poor. This method has been included
in the following figures in any case, where equivalent Ng
values have been evaluated using the limiting bearing pressure
correction; leading to reducing values with increasing H/D (i.e.,
q'vh remains constant below a depth of 2D but the vertical
effective stress increases, see Eq. (2)). This method shows
similar trends but significantly lower factors compared to other
methods for compression loading and does not reflect surface
effects (at low H/D) for tension loading.

The range of typical Nq values that might be derived from
conventional bearing capacity theory (e.g., Terzaghi, 1943;
Brinch Hansen, 1970; Vesic, 1973) that assume no H/D effect
is also shown on each of the figures. Even though these methods
were derived from collapse analyses of various types, the values
align reasonably well with the Nq values obtained where the
FEA assumed associated flow, at large H/D and using a
displacement-based failure criterion. Chance (2023) is a
technical guide which includes design recommendations for
HSP in which a modified form of Ng for granular soils is
employed, Eq. (4).

1 1
Ny =5 (12975 5)

The values returned by Chance (2023) are half'to a third of those
for the conventional methods, and are also shown in Figure 9
and Figure 10(b), for ¢' = 30°. The recommendation in Chance
(2023) is that this is applicable for deep failure modes where it
is suggested that this occurs for H/D values in excess of 5 to 7.
It is understood that this method is largely empirical and was
developed to better match field testing experience. It is
interesting to note that for compression and tension, the method
agrees very well with the limiting Nq values from the FEA
assuming zero dilation, although it begins to overshoot slightly
for H/D greater than about 20.

For compression loading, the methods of Skempton et al.
(1953) and Vesic (1977) are also shown. These methods are
based on cavity expansion solutions and therefore incorporate
the influence of soil compressibility, and yield reducing Nq.c
values as H/D increases. The resulting factors agree quite well
with those obtained where the FEA assumed associated flow,
across the range of H/D values considered. The semi-empirical
method of Berezantzev et al. (1961) is also included and
provides an interesting comparison. The H/D effect is stronger
which probably reflects that some of the parameters were
derived from experimental testing of piles in sand, and perhaps
explains the close comparison with the trend in the semi-
empirical method of Perko (2009).

In tension, methods for estimating Ngt proposed by
Meyerhof & Adams (1968), Merifield et al. (2006), Giampa at
al. (2017) and Al Hakeem & Aubeny (2019) are shown. The
FEA assuming associated flow, Figure 10(a), agrees well with
Merifield et al. (2006), Giampa at al. (2017) and Al Hakeem &
Aubeny (2019) when making the same assumption, at least up
to H/D = 10. The method of Al Hakeem & Aubeny (2019) is



applicable beyond H/D = 10 and maintains a similar trend but
overshoots the values returned by the FEA, before stabilising.
This difference can be attributed to Al Hakeem & Aubeny
(2019) considering a constant rigidity index with depth.
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e 25%D e 10%D
Conventional BC: 30° Skempton et al., 1953
= Berezantzev et al., 1961 - \esic, 1975
—— Perko, 2009 = Chance (2023)
Figure 9. Comparison with exiting compression bearing capacity
solutions

When zero dilation is assumed, Figure 10(b), the Al Hakeem &
Aubeny (2019) again agrees well with the current FEA, up to
H/D = 5 but the cut off imposed in the method means that for
higher H/D values, the FEA result is underestimated. It should
be noted that Nq can only remain constant if the rigidity index
is constant with depth, which was assumed in developing the
method. The Giampa et al. (2017) method undershoots the FEA
for H/D up to 10 (the range of application of the method). The
semi-empirical method of Meyerhoff & Adams (1968), also
shows broadly good agreement with the FEA results across the

range of H/D considered, although beyond this it will be
overshooting.

5 CONCLUSIONS

The work presented herein was prompted by a concern that the
reported discrepancy between measured and calculated HSP
bearing capacities may not be entirely the consequence of
installation effects and that there may be some deficiencies in
the theoretical methods being employed in the calculations.

In both undrained and drained loading conditions, it was
found that the widely varying definitions of failure used in HSP
load testing will lead to differing levels of mobilisation on the
helices and thus, inferred bearing capacity factors that will not
only be lower than conventional analytical values but appear
somewhat inconsistent. It is therefore imperative that future
testing is reported on the basis of a consistent failure criterion
that recognises how the H/D-ratio impacts on the displacement
to failure.

For undrained conditions, the differences between the
theoretical bearing capacity factors in both compression and
tension, and those obtained by measurement seem to be broadly
consistent, at least where deep failure is concerned. This means
that defining appropriate calculation model factors to account
for this difference and ensure safe design should be relatively
straightforward. Possible installation effects also need to be
considered which may be done through the shear strength
parameters used in calculating the resistance.

For drained conditions, the situation is not so straight
forward but it is clear that any theoretical approach for
calculating the bearing capacity of plates and helices should
account for the effects of soil compressibility. This will allow a
more consistent approach in the evaluation of calculation model
factors, than if bearing capacity factors independent of H/D are
employed.
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Figure 10. Comparison with exiting tension (uplift) bearing capacity solutions
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