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A B S T R A C T

This paper uses 3D numerical analyses to investigate the stress path experienced by soil elements around
large diameter piles in sand subjected to monotonic drained lateral loading. Inspection of the loading-induced
stresses in the soil revealed the multiaxial nature of these stress paths, which are characterised by rotation of
one or more principal stress axes. Based on the outcome of the finite element analyses, typical stress paths
for different soil elements around the piles are extracted. Such stress paths are then evaluated against those
enabled by conventional and advanced laboratory soil element testing. It is found that a combination of tests
in the Hollow Cylinder Torsional Apparatus (HCTA) can reproduce most features of the numerically identified
stress paths for soil elements around the pile. Unavoidable limitations in laboratory testing are discussed as well
as the major challenge in replicating the loading direction with respect to the material axes. Some guidance
for the experimental implementation of these stress paths in the HCTA are provided as well as a discussion on
the use of conventional experimental equipment, such as the conventional triaxial or simple shear apparatus.
1. Introduction

The experimental characterisation of soils through the use of lab-
oratory element testing is crucial for any robust geotechnical system
design process. Advanced design procedures benefit from laboratory
tests which eventually mimic stress paths experienced by critical soil
elements around geotechnical systems. The prediction of a geotech-
nical structure response invariably relies on accurate mechanical soil
characterisation which must be appropriately embedded (i.e. through
constitutive modelling) in analytical and/or numerical methods.

The growth of offshore renewable energy systems in the last decade
has considerably driven the engineering and design optimisation of
large diameter monopiles, which have been the selected foundation
option for about 80% of the installed offshore wind turbine projects
(Ramirez et al., 2020). To produce more wind power, the offshore
wind market is progressively considering larger turbines in deeper
water sites, currently requiring extremely large sized monopiles with
diameter in excess of 10 m for wind turbines up to 14–15 MW capac-
ity. While the challenges associated with the manufacturing, storage,
transportation and installation of foundations of this size (note that pile
length can easily exceed 100 m considering both the soil embedded and
underwater sections) have cost project implications, any optimisation
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of the foundation design should reduce these costs including mitigation
of project risks. Currently, 3D finite element (FE) analyses are typically
employed in the design of large diameter monopiles either for the
direct prediction of pile behaviour or for extracting soil reaction curves
which can be incorporated into simplified one-dimensional analyses, if
a large number of foundations and load cases must be scrutinised. The
appropriate selection of the soil constitutive model and calibration of its
parameters are of crucial importance in any numerical analysis and will
invariably rely on material characterisation either from in-situ testing
or laboratory testing on high-quality, representative, undisturbed or
reconstituted soil samples.

The soil stress–strain response is dependent on the imposed stress or
strain paths. Current laboratory practice for laterally loaded monopile
design typically involves triaxial and direct simple shear testing, follow-
ing simplified analyses considering that triaxial conditions mimic the
loading state of soil elements in front of the laterally loaded pile while
simple shear tests reproduce the tangential shearing experienced by
elements on the side of the pile (Randolph and Houlsby, 1984; Fan and
Long, 2005; Won et al., 2015; Ahmed and Hawlader, 2016; Andersen
et al., 2013). However, the stress state of soil surrounding a laterally
loaded pile is expected to be more complex and invariably rotation
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Fig. 1. Finite element model and investigated soil elements.
Table 1
Values of parameters used in the memory surface constitutive model (Liu et al., 2021).

Description Parameter Value
Karlsruhe sand Pile-sand interface

Elasticity Dimensionless shear modulus 𝐺0 110 73.3
Poisson’s ratio 𝜈 0.3 0.3

Critical state Critical stress ratio in compression 𝑀 1.27 0.953
Compression to extension strength ratio 𝑐 0.712 0.712
Reference critical void ratio 𝑒0 0.845 0.845
Critical state line shape parameter 𝜆𝑐 0.049 0.049
Critical state line shape parameter 𝜉 0.27 0.27

Yield surface Yield locus opening parameter 𝑚 0.01 0.01
Plastic modulus Hardening parameter ℎ0 5.95 5.95

Hardening parameter 𝑐ℎ 1.01 1.01
Void ratio dependence parameter 𝑛𝑏 2.0 2.0

Dilatancy ‘Intrinsic’ dilatancy parameter 𝐴0 1.06 1.06
Void ratio dependence parameter 𝑛𝑑 1.17 1.17
of principal stress axes within the soil around the pile is expected to
occur (i.e. Andersen et al. 2013, Yang et al. 2022). Laboratory element
studies have shown that soil stiffness degradation and monotonic/cyclic
strain development, crucial inputs in monopile design procedures, can
be affected by the rotation of principal stress axes (Miura et al. 1986,
Wichtmann et al. 2007, Tong et al. 2010, Mandolini et al. 2021, among
others).

This research seeks, for the first time, to investigate the stress paths
experienced by soil around laterally loaded piles in order to:

(1) discover the characteristics of the stress paths experienced by
representative soil elements;

(2) assess the relevance of current laboratory testing practices to
reproduce the stress paths;

(3) provide suggestions for replicating these stress paths through
laboratory element testing.

The research work employs 3D FE analyses, using implicit consti-
tutive modelling, to assess and extract stress paths in the soil around
laterally loaded piles. The work focuses on offshore wind monopile
foundations installed in sand under drained monotonic lateral loading
conditions. Assessing the monopile behaviour under monotonic condi-
tions invariably forms the first fundamental step of monopile design to
identify the backbone monotonic curve on which ultimate limit state
and cyclic design procedures build upon.
2

Fig. 2. FE outputs: Moment versus pile head rotation.

2. Reference system and notation

This section introduces the spatial coordinate and stress reference
systems used in this investigation. Fig. 1 illustrates the 3D FE model of
the reference pile–soil system (half-problem due to plane of symmetry),
including the cylindrical coordinate system (𝑥, 𝜃, 𝑧) employed for
defining the position of the soil elements around the pile, where × axis
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Fig. 3. Contours of deviatoric stress at (a) initial stage (after pile generation), (b) half of ultimate loading condition and (c) ultimate loading condition.
is the radial direction from the pile centre, the 𝑧 axis is the vertical axis
and 𝜃 is the angle from the lateral pile loading direction to the element’s
location. As shown in Fig. 1, the stress state is defined using six stress
components (𝜎𝑥, 𝜎𝑦, 𝜎𝑧, 𝜏𝑥𝑦, 𝜏𝑦𝑧, 𝜏𝑥𝑧) in the local coordinate system (𝑥,
𝑦, 𝑧). Compressive normal stresses are positive. The stress invariants
are the mean pressure 𝑝, the deviatoric stress 𝑞 and the Lode’s angle
𝜃𝐿, defined as following:

𝑝 =
𝜎𝑥 + 𝜎𝑦 + 𝜎𝑧

3
(1)

𝑞 = [
(𝜎𝑥 − 𝜎𝑦)2 + (𝜎𝑦 − 𝜎𝑧)2 + (𝜎𝑧 − 𝜎𝑥)2

2
+ 3(𝜏2𝑥𝑦 + 𝜏2𝑦𝑧 + 𝜏2𝑥𝑧)]

1∕2 (2)

𝜃𝐿 =
arcsin(− 3

√

3
2

𝑆
𝐽1.5 )

3
(3)

where

𝑆 = (𝜎𝑥−𝑝)(𝜎𝑦−𝑝)(𝜎𝑧−𝑝)−(𝜎𝑥−𝑝)𝜏2𝑦𝑧−(𝜎𝑦−𝑝)𝜏
2
𝑥𝑧−(𝜎𝑧−𝑝)𝜏

2
𝑥𝑦+𝜏𝑥𝑦𝜏𝑦𝑧𝜏𝑥𝑧 (4)

𝐽 =

√

3𝑞
3

(5)

𝜃𝐿 varies between −30◦ and 30◦ with 𝜃𝐿 = −30◦ corresponding to
triaxial compression and 𝜃𝐿 = 30◦ to triaxial extension.

3. FE modelling of soil-monopile and overall outputs

3.1. 3D FE modelling configuration

A representative steel hollow monopile foundation of a typical
8 MW capacity wind turbine driven in medium-dense sand (relative
density 𝐷𝑟 = 50%) has been selected as a case study, based also on
data from Kementzetzidis et al. (2019). The dimensions of the monopile
foundation, diameter 𝐷 = 8.0 m, embedded length 𝐿 = 27.0 m and wall
thickness 𝑡 = 0.062 m, are illustrated in Fig. 1.

The 3D FE model has been built in the Opensees software (McKenna,
1997) following a procedure already adopted and thoroughly tested
by Corciulo et al. (2017), Kementzetzidis et al. (2019), Cheng et al.
(2021) and Liu et al. (2021). The overall dimensions of the soil domain
are 70 m × 35 m × 47 m to minimise the effect of the boundary condi-
tions on the stress distribution in the soil adjacent to the monopile,
as shown in Corciulo et al. (2017) and Liu et al. (2021). The pile
is modelled as a linear-elastic 3D hollow cylinder represented by a
Young’s modulus, 𝐸 = 200 GPa, the unit weight of steel, 𝛾𝑠 = 77 kN∕m3

and Poisson’s ratio, 𝑣 = 0.30. The above-ground part of the pile is
modelled as an elastic beam by using 20 Timoshenko beam elements.
The soil–pile interface is simulated according to Griffiths (1985) by
inserting a thin layer of solid elements, with a thickness equal to 4%
of the monopile diameter along the shaft, 8% of the pile diameter
under the pile tip. The elastic shear modulus and critical stress ratio
3

of these thin layers of solid elements are set to, respectively, 2/3 and
3/4 times lower than those of the surrounding soil, as recommended
by Kementzetzidis et al. (2019) to account for the ‘friction fatigue’
promoted by initial pile driving (Randolph and Gourvenec, 2017).

The soil behaviour has been modelled using the enhanced version of
critical state, bounding surface, kinematic hardening SANISAND2004
constitutive model (Dafalias and Manzari, 2004), named SANISAND-
MS. The adopted monotonic values of the soil constitutive parameters
are the same with those proposed by Liu et al. (2019, 2021) for
Karlsruhe sand, as summarised in Table 1. Successful application of the
SANISAND-MS model to a 3D FE analysis of a monotonically loaded
monopile–soil interaction system was done by Liu et al. (2021). The
soil is considered to respond in drained conditions and an effective soil
unit weight 𝛾 ′ = 9.4 kN∕m3 was also considered.

The procedure of the numerical analysis has been performed in the
following steps:

(1) Application of soil’s self-weight (geostatic pressure);
(2) Generation of a wished in place monopile. The effects of dis-

turbance of the soil surrounding the monopile are not explic-
itly considered in this study. However, some considerations of
the installation effects on the soil stress paths will be briefly
discussed;

(3) Application of the lateral monotonic load (𝐻∕2 due to the sym-
metry of the problem) with an eccentricity (𝑒) of 20 m above
ground level (𝐻 and 𝑒 as defined in Fig. 1).

3.2. Overall FE outputs and inspection of soil behaviour

The overall monotonic moment-pile head rotation response of the
monopile foundation is reported in Fig. 2. The capability of reproducing
the monopile–soil interaction has been validated by Corciulo et al.
(2017), Kementzetzidis et al. (2019) and Liu et al. (2021) who used the
same 3D FE model with slightly different geometries or soil parameters.
An ultimate limit state condition (ULS) corresponding to a 1.5◦ pile
head rotation (an arbitrary value within the typical limits used in
monopile design at ULS which varies between 1◦ and 4◦, i.e. LeBlanc
et al. 2010) is considered here to define the ultimate pile capacity.
Therefore, the stress paths in the soil elements will be analysed up
to this load level, which corresponds to an ultimate horizontal load
𝐻𝑢𝑙𝑡 = 34.08 MN and a relative pile head displacement of 0.51 m.

The contours in Fig. 3 reveal the development of deviatoric stress (𝑞)
around the pile shaft after ‘‘wished in place’’ pile generation (Fig. 3(a))
and during the application of the lateral load at two stages 0.5𝐻𝑢𝑙𝑡
(Fig. 3(b)) and 𝐻𝑢𝑙𝑡 (Fig. 3(c)). Please note that the pile is still modelled
as an hollow cylinder and its solid shading is providing only for the sake
of clarity. As expected, the most loaded soil sections appear to be arch
shape generated in the upper part of the monopile and at the back toe
of the pile. As the applied load increases, the extent of the pressure arch
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Fig. 4. Contours of Lode’s angle at (a) initial stage (after pile generation), (b) half of ultimate loading condition and (c) ultimate loading condition.
Fig. 5. Stress paths in 𝑝′ − 𝑞 − 𝜃𝐿 space, projection on 𝑝′ − 𝑞 plane and relationship between 𝜃𝐿 and pile head horizontal displacement for soil elements at: different distance to
pile (a, b, c), different depth below ground level (d, e, f) and different orientation with respect to loading direction (g, h, i). Note that the failure line has been drawn for triaxial
compression conditions.
in the surrounding soil also increases. At the ultimate load conditions,
the range of the influence of the upper pressure arch in front of the pile
reaches to about 2R (where R = pile radius) radial distance from the
pile shaft and extends over the top three quarters of the pile length.

The 3D spatial distribution of the Lode’s angle (𝜃𝐿) is shown in
Fig. 4. The soil’s stress state before the application of lateral loading
is largely characterised by 𝜃𝐿 = −30◦, which corresponds to triaxial
compression (Fig. 4(a)). As the lateral load is applied (Fig. 4(b) shows
stress states for 50% ultimate load), the Lode’s angle in soil elements
in front of the pile shows areas of triaxial compression (𝜃𝐿 = −30◦)
transitioning to triaxial extension (𝜃𝐿 = 30◦) further away from the pile.
Triaxial extension is also experienced by soil elements, at the back of
the pile. As the lateral loading reaches ultimate conditions (Fig. 4(c)),
the areas subjected to triaxial compression in front of the pile and to
triaxial extension at the back of the pile increase. Such observations
4

are consistent with those reported in other FE studies of monopile
foundations in sand, such as Taborda et al. (2020).

3.3. Analysis of stress invariants

The analysis of the stress invariants is conducted for eight represen-
tative soil elements in the vicinity of the laterally loaded pile as shown
in Fig. 1. Their location is defined in the table provided within the same
figure. The soil elements EF1-4 located in front of the pile (EF1-3 at the
same depth) and the EB element, at the back of the pile, are all in-plane
with the lateral pile loading direction (Fig. 1). The soil elements ES1-3
are located at the same depth as EF1-3 but off-plane with respect to the
lateral loading direction, at different angles 𝜃 as defined in Fig. 1.

The overall stress paths experienced by the eight representative
samples in terms of the stress invariants 𝑝′ − 𝑞 − 𝜃 are reported in
𝐿



Computers and Geotechnics 154 (2023) 105139X. Cheng et al.
Fig. 6. Stress components in soil elements at various positions: (a) element EF1, (b) element EF2, (c) element EF3, (d) element EF4, (e) element EB, (f) element ES1, (g) element
ES2, (h) element ES3.
Fig. 5. The stress paths are grouped in such way they provide the
effects of the horizontal distance (Figs. 5(a)–5(c)), depth (Figs. 5(d)–
5(f)) and orientation (Figs. 5(g)–5(i)) of the soil elements with respect
to the pile. For each group, three dimensional views of the stress
paths (Figs. 5(a), 5(d) and 5(g)), their projections on the 𝑝′ − 𝑞 plane
(Figs. 5(b), 5(e) and 5(h)) and the evolution of the Lode’s angle 𝜃𝐿
versus the pile displacement (Figs. 5(c), 5(f) and 5(i)) are reported. All
the soil elements undergo shearing under increase of mean effective
pressure, which is due to the increase of all normal stress components
as shown in Figs. 5(b), 5(e) and 5(h). For all the elements, the Lode’s
angle 𝜃𝐿 shows a sharp increase from an initial stress condition close
to triaxial compression (𝜃𝐿 ∼ −25◦ − 30◦) to reach a peak before
a decrease towards an asymptotic value (Figs. 5(c), 5(f) and 5(i)).
While the asymptotic value is close to triaxial compression for all the
elements at 𝜃 = 0◦ (Figs. 5(c) and 5(f)), the rate with which the triaxial
5

condition is reached is reduced as the elements move away from the
pile (Fig. 5(c)), which agrees with the observations from Fig. 4. The
trends of Fig. 5(i) (for 𝜃 ≥ 0◦) show that the ultimate loading conditions
departs from triaxial compression with increasing 𝜃 (i.e. as the soil
element moves away from the direction of lateral pile loading). Close
inspection of all the stress paths reveals that the peak point of the Lode’s
angle 𝜃𝐿 in Figs. 5(c), 5(f) and 5(i) is associated with the horizontal
radial stress (𝜎𝑥) becoming the largest normal stress component.

However, while the Lode’s angle provides information on the overall
loading conditions (i.e. compression, extension or in-between), it does
not consider the loading directions with respect to the material axes.
Therefore, the full six-dimensional stress state needs to be analysed, as
shown in the following section.
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Fig. 7. Rotation of principal stress axis in three-dimensional plots and corresponding projections on 𝑥− 𝑧 plane and 𝑥–𝑦 plane for elements: (a) element EF1, (b) element EF2, (c)
element EF3, (d) element EF4, (e) element EB, (f) element ES1, (g) element ES2, (h) element ES3.
4. Stress variation in soil elements around the pile

4.1. Generalised stress states

The analysis of the six-dimensional stress variation is conducted for
the eight representative soil elements (Fig. 1) and illustrated in Fig. 6.
For all the elements in-plane with the direction of loading (𝜃 = 0◦),
elements EF1-4 and EB, the three normal stresses (𝜎𝑥, 𝜎𝑧, 𝜎𝑦) and
the shear stress 𝜏𝑥𝑧 show significant changes as the horizontal load
increases, while the two other components of the shear stress outside
the 𝑥 − 𝑧 plane (𝜏𝑥𝑦 and 𝜏𝑦𝑧) appear to be negligible (Figs. 6(a)–6(e)).

For the soil elements outside the direction of loading (i.e. 𝜃 > 0◦,
elements ES1-3), the magnitude of variation of all stress components
decreases with the increasing of the angle 𝜃. The soil element located
orthogonally to the loading direction (𝜃 = 90◦, element ES3) developed
the lowest changes in all stress components (Fig. 6(h)). It can also be
noticed that the shear stress 𝜏𝑦𝑧 remains negligible for all the samples
with 𝜃 ≠ 0◦ during the whole loading process (Figs. 6(f)–6(h)). Careful
inspection of Figs. 6(a) and 6(f)–6(h) confirms the expectation that,
as 𝜃 increases, the 𝜏𝑥𝑧 stress component becomes progressively less
influential while the shear stress component 𝜏𝑥𝑦 gradually becomes the
largest shear stress component.

4.2. Rotation of principal stress axes

Given a specific stress matrix, the determination of eigenvalues
and corresponding eigenvectors enables the derivation of the principal
stresses and their directions with respect to the original (𝑥, 𝑦, 𝑧) coordi-
nate system. Therefore, the evolution of the principal stress orientation
has been investigated for all the inspected representative soil elements
(see Fig. 1) and all trends are reported in Fig. 7. The orientations
of the principal stress axes, without distinguishing between major,
6

intermediate, and minor principal stresses, are represented by unit
vectors, 𝑟𝑖, at three stages: (0) initial condition prior to pile generation
(𝑟0, black vectors), (1) after pile installation (𝑟1, blue vectors) and (2)
when the lateral load reaches 𝐻𝑢𝑙𝑡 (𝑟2, red vectors). Three-dimensional
view of the unit vectors orientation as well as their projection on the
𝑥−𝑧 and 𝑥–𝑦 planes are also given in Fig. 7. It can be noted that for all
the elements aligned with the direction of lateral loading (i.e. 𝜃 = 0◦)
the rotation of principal stress axes takes place in the 𝑥− 𝑧 plane only.
For the elements in front of the pile (EF1-4), the rotation of principal
stress axes from pile generation to end of loading is between 35◦ and
70◦ in the 𝑥 − 𝑧 plane. An opposite rotation of principal stress axes
for the soil element at the back toe of the pile (element EB), could
be noticed compared to the other soil elements, due to the inverse
variation of shear stress 𝜏𝑥𝑧. The rotation of the principal stress axis
for element EB from pile generation to end of loading is about 45◦.
As the location of the soil elements moves away from the lateral load
direction (increasing 𝜃), the rotation of the principal stress axes in the
other two stress planes becomes more pronounced, such that all three
principal stress re-orient during loading for elements ES1-3.

4.3. Multiaxial stress paths

The analysis of the multiaxial stress paths is conducted for the
lateral pile loading up to 𝐻𝑢𝑙𝑡. The effects of the radial distance from
the pile, depth and orientation with respect to the loading direction of
the representative soil elements are taken into consideration.

Effect of radial distance from the pile

The analysis of the variation of the six stress components shown
in Fig. 6 revealed that, for all the soil elements in the direction of
loading (𝜃 = 0◦), the two stress components 𝜏 and 𝜏 are negligible.
𝑥𝑦 𝑦𝑧
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Fig. 8. Stress paths in ( 𝜏𝑥𝑧
𝑝′

∼ 𝜎𝑥−𝜎𝑧
2𝑝′

∼ 𝜎𝑦−𝑝′

𝑝′
) space, projection on ( 𝜏𝑥𝑧

𝑝′
∼ 𝜎𝑥−𝜎𝑧

2𝑝′
) plane, and on plane ( 𝜎𝑥−𝜎𝑧

2𝑝′
∼ 𝜎𝑦−𝑝′

𝑝′
) for soil elements at: different distance to pile (a, b, c), different

depth below ground level (d, e, f) and different orientation with respect to loading direction (g, h, i). Stress paths in ( 𝜏𝑥𝑦
𝑝′

∼ 𝜎𝑥−𝜎𝑦
2𝑝′

∼ 𝜎𝑧−𝑝′

𝑝′
) space, projection on ( 𝜏𝑥𝑦

𝑝′
∼ 𝜎𝑥−𝜎𝑦

2𝑝′
) plane,

and on plane ( 𝜎𝑥−𝜎𝑦
2𝑝′

∼ 𝜎𝑧−𝑝′

𝑝′
) for soil elements at different orientation with respect to loading direction (j, k, l).
Therefore, the evolution of the remaining four stress components is
analysed in the three dimensional stress space ( 𝜏𝑥𝑧𝑝′ ∼ 𝜎𝑥−𝜎𝑧

2𝑝′ ∼ 𝜎𝑦−𝑝′

𝑝′ ),
which combines the deviatoric stress plot in the plane 𝑥−𝑧 ( 𝜏𝑥𝑧𝑝′ ∼ 𝜎𝑥−𝜎𝑧

2𝑝′

stress plane) with the addition of the deviatoric stress axis ( 𝜎𝑦−𝑝
′

𝑝′ ) to
consider the influence of the out of plane (intermediate) stress (Wood,
2017), as shown in Fig. 8. The Matsuoka and Nakai (1974) peak failure
envelope for the sand material for an assumed friction angle 𝜙 of 36◦ is
provided for reference in the ( 𝜏𝑥𝑧𝑝′ ∼ 𝜎𝑥−𝜎𝑧

2𝑝′ ) plane (Figs. 8(b), 8(e) and
8(h)). The applicability of the Matsuoka–Nakai criterion for the mate-
rial tested and the loading conditions was demonstrated by Mandolini
et al. (2019).

The three-dimensional stress paths, alongside two planar projec-
tions, are presented in Figs. 8(a)–8(c) for all the elements at 𝜃 = 0◦ and
depth 𝑧∕𝐿 = 0.15 at different distance in front of the pile (elements EF1-
3). The stress paths in ( 𝜏𝑥𝑧𝑝′ ∼ 𝜎𝑥−𝜎𝑧

2𝑝′ ) plane (Fig. 8(b)) follow an almost
linear trajectory, whose slope is defined here as 𝛽𝑥𝑧 = 𝛥 𝜏𝑥𝑧

𝑝′ ∕𝛥
𝜎𝑥−𝜎𝑧
2𝑝′ .

The inclination 𝛽𝑥𝑧 is rather similar for all considered elements and its
numerical values will be analysed in the next section. However, it can
be noticed from Fig. 8(b) that the closer the element to the pile, the
larger the shear component 𝜏 becomes.
7

𝑥𝑧
The projections of the stress paths on the stress plane ( 𝜎𝑥−𝜎𝑧2𝑝′ ∼ 𝜎𝑦−𝑝′

𝑝′ )
superimpose (see Fig. 8(c)). They also appear rather linear and could
be characterised by a sole inclination (𝜁𝑥𝑧 = 𝛥

𝜎𝑦−𝑝′

𝑝′ ∕𝛥 𝜎𝑥−𝜎𝑧
2𝑝′ ) of about

−15◦ (adopted sign convention for angles is positive anticlockwise).

Effect of depth along the pile

The three-dimensional stress paths and their projections for the soil
elements located in line with the loading direction but at different
depths are reported in Figs. 8(d)–8(f). Fig. 8(d) shows that, while the
two elements in front of the pile follow a qualitatively similar stress
path, the element EB is subjected to a rather different evolution of the
stress state. Fig. 8(e) demonstrates that the difference is mostly related
to the stress components of the vertical deviatoric projection plane
( 𝜏𝑥𝑧𝑝′ ∼ 𝜎𝑥−𝜎𝑧

2𝑝′ ) and particularly to the reversed value of the shear stress
𝜏𝑥𝑧 as well as to the 𝜎𝑥 stress components not exceeding the magnitude
of the 𝜎𝑧 components. The slope 𝛽𝑥𝑧 for EB soil element is about −60◦.

The values of the slope 𝛽𝑥𝑧 for a larger set of soil elements located at
varying distance from the front face of the pile and with soil depth is
reported in Fig. 9. The 𝛽𝑥𝑧 values show limited changes for element
locations up to 4.5R distance from the pile shaft, then decreases at
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Fig. 9. Relationship between inclination 𝛽𝑥𝑧 of stress path for element in front of pile
and distances at various depth.

further distance from the piles. For soil elements within the top third
of the pile, expected to be the most loaded and contribute to the lateral
loading soil resistance, 𝛽𝑥𝑧 values lie in the range of 10◦ to 25◦.

The stress paths projection in Fig. 8(f) are rather coincident and
independent whether the element is in front or at the back of the pile.
The stress paths are characterised by the same inclination 𝜁𝑥𝑧 of about
−15◦.

Effect of orientation with respect to the loading direction (same distance
from the pile shaft)

It has been shown in Fig. 6 that for the soil elements outside the
direction of loading (i.e. 𝜃 > 0◦, elements ES1-3), the stress state
is defined by five stress components, with the component 𝜏𝑦𝑧, being
negligible. Therefore the representation of the stress paths for these
elements requires two 3D stress spaces: ( 𝜏𝑥𝑧𝑝′ ∼ 𝜎𝑥−𝜎𝑧

2𝑝′ ∼ 𝜎𝑦−𝑝′

𝑝′ ) and

( 𝜏𝑥𝑦𝑝′ ∼ 𝜎𝑥−𝜎𝑦
2𝑝′ ∼ 𝜎𝑧−𝑝′

𝑝′ ) as shown in Figs. 8(g) and 8(j) respectively.

The stress paths in the ( 𝜏𝑥𝑧𝑝′ ∼ 𝜎𝑥−𝜎𝑧
2𝑝′ ∼ 𝜎𝑦−𝑝′

𝑝′ ) space show larger
increase of the normalised shear stress component in the 𝑥−𝑧 plane for
low values of 𝜃, while becoming constant for 𝜃 = 60◦ to then showing
a decreasing trend for the element positioned on the side of the pile
(𝜃 = 90◦). As a result, 𝛽𝑥𝑧 decreases as 𝜃 increases. The projections of the
stress paths on the stress plane ( 𝜎𝑥−𝜎𝑧2𝑝′ ∼ 𝜎𝑦−𝑝′

𝑝′ ), Fig. 8(i), superimpose
and show the same 𝜁𝑥𝑧 inclination as for the other elements in front of
the pile except for 𝜃 = 90◦ which shows 𝜁𝑥𝑧 = 0◦.

Conversely, the analysis of the vertical deviatoric projection plane
( 𝜏𝑥𝑦𝑝′ ∼ 𝜎𝑥−𝜎𝑦

2𝑝′ ) stress plane in Fig. 8(k) reveals that all the stress paths
start close to the origin and follow a rather linear trajectory with an
inclination (𝛽𝑥𝑦 = 𝛥

𝜏𝑥𝑦
𝑝′ ∕𝛥

𝜎𝑥−𝜎𝑦
2𝑝′ ) dependent on the element location

(𝜃). Fig. 10(a) shows the variation of 𝛽𝑥𝑦 for several soil elements
around the pile at distance 𝑥∕𝑅 = 1.375 but with varying 𝑧∕𝐿 and 𝜃.
Evidently, the 𝛽𝑥𝑦 in Fig. 10(a) shows only little variations from the
initial values with the increase of depth. The relationship between 𝛽𝑥𝑦
and 𝜃 is summarised in Fig. 10(b) and it appears that can be reasonably
approximated by 𝛽𝑥𝑦 ≈ 𝜃.

The projection of the stress paths on the ( 𝜎𝑥−𝜎𝑦2𝑝′ ∼ 𝜎𝑧−𝑝′

𝑝′ ) stress plane
(Fig. 8(l)) appears also rather linear and could be ideally characterised
by an inclination (𝜁𝑥𝑦 = 𝛥 𝜎𝑧−𝑝′

𝑝′ ∕𝛥 𝜎𝑥−𝜎𝑦
2𝑝′ ). The projection is rather similar

for all the soil elements with a limited variation for ES3. The value of
the inclination 𝜁 , for all the elements is between −55◦ and −70◦.
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5. Relevance of laboratory testing to reproduce the stress paths

This section aims to assess whether available laboratory testing
procedures can reproduce field situations (as simulated through 3D FE
analysis).

The 3D FE analysis revealed that four stress components vary in
magnitude for all the elements in front and back of the pile, whereas a
change of five stress components is involved for those soil elements out-
of-plane with the lateral loading direction. Given these observations, it
is clear that no laboratory apparatus is able to reproduce the prescribed
stress paths for soil elements out-of-plane with the lateral loading
direction. Concerning the other soil elements, the Hollow Cylinder
Torsional Apparatus (HCTA) is the only apparatus that may offer the
control of four stresses. However, as a degree of approximation, given
the similarity of the stress paths in Fig. 8(g) and the element in line
with the direction of loading (i.e. Fig. 8(a)), only the stress paths in
the ( 𝜏𝑥𝑦𝑝′ ∼ 𝜎𝑥−𝜎𝑦

2𝑝′ ∼ 𝜎𝑧−𝑝′

𝑝′ ) space are considered for the soil elements
located out of the lateral loading plane as such the HCTA could also
be employed for these elements. Nevertheless, when imposing HCTA
loading conditions, it will be taken into account the restrictions of
the availability of the stress space due to the sample geometry and
boundary effects (Hight et al., 1983). Based on the 3D FE analysis,
it has also been shown that the stress paths experienced by the soil
elements around the pile shaft are fairly linear during monotonic pile
loading. Therefore, consideration of linear stress paths in experiments
is considered an acceptable approximation.

5.1. Evaluation of laboratory stress paths

The HCTA stress paths, that replicate FE predictions for four repre-
sentative soil elements in different locations around the laterally loaded
pile, are shown in Fig. 11 as follows:

∙ CASE F: soil element in front to the laterally loaded pile, repre-
sentative element EF1.

∙ CASE B: soil element at the back of the laterally loaded pile,
representative element EB.

∙ CASE D: soil element diagonal to the loading direction, repre-
sentative element ES2.

∙ CASE S: soil element on the side of the laterally loaded pile,
representative element ES3

Fig. 11 shows the HCTA admissible stress paths according to the
restriction on the applicable ratio of internal (𝑃𝑖) to external (𝑃𝑜)
pressures to avoid major stress non-uniformities across the sample wall:
0.9 < 𝑃𝑜∕𝑃𝑖 < 1.2 by Hight et al. (1983). The stress paths for simpler
triaxial or simple shear conditions are also reported in Fig. 11, where
considered appropriate.

Fig. 11 shows that the HCTA can well reproduce the stress paths
on the main deviatoric projection plane ( 𝜏𝑥𝑧𝑝′ ∼ 𝜎𝑥−𝜎𝑧

2𝑝′ or 𝜏𝑥𝑦
𝑝′ ∼ 𝜎𝑥−𝜎𝑦

2𝑝′ in
Figs. 11(b), 11(e), 11(h) and 11(k)) but some differences on the location
of the stress state at the early loading stage can be noticed in the 3D
plots for all the cases (Figs. 11(a), 11(d), 11(g) and 11(j)). This is due
to the initial value of the intermediate principal stress as shown in the
( 𝜎𝑥−𝜎𝑧2𝑝′ ∼ 𝜎𝑦−𝑝′

𝑝′ ) or ( 𝜎𝑥−𝜎𝑦2𝑝′ ∼ 𝜎𝑧−𝑝′

𝑝′ ) projection planes (Figs. 11(c), 11(f),
11(i) and 11(l)). Only higher ratios of 𝑃𝑜∕𝑃𝑖 well outside the applicable
limits would enable to match the FE predicted stress paths.

Imposing a ratio 𝑃𝑜∕𝑃𝑖 = 1.2 may help to approach the initial field
conditions but the improvement appears limited and probably does not
justify the increased testing complexity and risk of strain localisation.
Nevertheless, it should also be remembered that the field stress path
was determined considering wished-in-place pile generation and 𝐾0
stress conditions. Ashour et al. (1998) suggested the initial horizontal
effective stress in triaxial compression test should take as 𝜎ℎ = 𝐾 ⋅ 𝜎𝑣,
where 𝐾 = 1 due to pile installation effect. The results from the pile
penetration experiments carried out by Jardine et al. (2013) show that
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Fig. 10. Variation of 𝛽𝑥𝑦 for elements at distance 𝑥∕𝑅 = 1.375: (a) 𝛽𝑥𝑦 versus the depth 𝑧∕𝐿; (b) relationship between 𝛽𝑥𝑦 and orientation 𝜃.
horizontal stress is larger than vertical stress for the soil in the vicinity
of pile at the end of pile installation. The large increase in magnitude of
radial stress after the pile installation was also observed in numerical
simulation performed by Staubach et al. (2021). In such conditions, the
value of (𝜎𝑦 − 𝑝′) or (𝜎𝑧 − 𝑝′) for the initial field stress would approach
zero or even change sign, approaching the HCTA stress paths.

Figs. 11(a)–11(c) and 11(d)–11(f) also show that a conventional
triaxial test produces a rather different stress path in the multiaxial
stress space. Clearly, this type of test cannot reproduce the development
of shear stresses due to the frictional pile–soil interaction and the
continuous rotation of principal stress axes induced by the lateral
loading.

Figs. 11(j)–11(l) show that both HCTA and simple torsional loading
(similar to stress condition 𝑃𝑜 = 𝑃𝑖 in HCTA, which can be associated
to simple shear) can reproduce the predicted FE stress path in the
( 𝜏𝑥𝑦𝑝′ ∼ 𝜎𝑥−𝜎𝑦

2𝑝′ ) plane (Fig. 11(k)) at the early loading stage but does
not capture the late stage. It is conceivable that a stress path with
an orientation 𝛽𝑥𝑦 slightly lower than 90◦ may better capture the FE
predicted stress path, but the application of a vertical stress path in
the ( 𝜏𝑥𝑦𝑝′ ∼ 𝜎𝑥−𝜎𝑦

2𝑝′ ) plane may conversely enable to fully explore the soil
behaviour up to pure torsional conditions.

Based on the above discussion, a summary of possible options to
reproduce in the laboratory the stress paths of soil elements around
monotonic laterally loaded pile is provided in Table 2. The table
differentiates among four different soil element locations and provides
suggestions for initial and incremental stress conditions to be applied
in HCTA testing. The suggested testing conditions match those in the
previous section by considering: (1) linearised stress paths; (2) equal
9

outer and inner cell pressures (𝑃𝑜 = 𝑃𝑖); and (3) constant outer and
inner cell pressures during shearing, which neglects the large increase
in mean isotropic stress observed in Fig. 5 (and whose effect has been
normalised throughout the paper), but this follows conventional prac-
tice in laboratory exploration of the shear behaviour of soils (i.e. triaxial
shear tests are typically performed by maintaining constant cell pres-
sure). Table 2 provides a schematic view of the stress paths in the main
deviatoric stress plane only, since the account of the intermediate stress
axis is fixed by the condition 𝑃𝑜 = 𝑃𝑖.

5.2. Note on rotation of stress coordinates between field and laboratory

Laboratory samples are typically obtained from vertical cylindrical
cores (in cohesive soils) or prepared through vertical depositional and
compaction procedures. During the mechanical testing in the HCTA (or
triaxial, simple shear testing), the major variations are applied to the
normal or shear stress to a horizontal face.

Therefore, unless special and unconventional sampling or sam-
ple preparation procedures are adopted (i.e. horizontal coring from
block samples of clays or frozen sands, or laboratory reconstitution/
preparation of cylindrical samples maintaining the axis of symmetry
horizontal), the orientation between the stress direction and the mate-
rial axis cannot be maintained between field and laboratory conditions.
A relative 90◦ rotation between the material axis and the stress direc-
tion must be applied, as shown in Fig. 12. This denotes one of the
limitations of laboratory element testing in soils for laterally loaded
piles.
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Fig. 11. Comparison between idealised stress paths and those applicable in element testing in ( 𝜏𝑥𝑧
𝑝′

∼ 𝜎𝑥−𝜎𝑧
2𝑝′

∼ 𝜎𝑦−𝑝′

𝑝′
) space, projection on ( 𝜏𝑥𝑧

𝑝′
∼ 𝜎𝑥−𝜎𝑧

2𝑝′
) plane, and on plane

( 𝜎𝑥−𝜎𝑧
2𝑝′

∼ 𝜎𝑦−𝑝′

𝑝′
) for soil elements Case F (a, b, c), Case B (d, e, f), and in ( 𝜏𝑥𝑦

𝑝′
∼ 𝜎𝑥−𝜎𝑦

2𝑝′
∼ 𝜎𝑧−𝑝′

𝑝′
) space, projection on ( 𝜏𝑥𝑦

𝑝′
∼ 𝜎𝑥−𝜎𝑦

2𝑝′
) plane, and on plane ( 𝜎𝑥−𝜎𝑦

2𝑝′
∼ 𝜎𝑧−𝑝′

𝑝′
) for soil elements

Case D (g, h, i), and Case S (j, k, l).
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Table 2
Summary of recommended experimental tests for the soil elements around the laterally loaded pile.
Fig. 12. Schematic of transition from stress state in field situation to that in the HCTA.
11
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6. Summary and conclusions

Using three-dimensional finite element analyses, this paper has
investigated the stress paths experienced by soil elements around the
monotonically laterally loaded large-diameter pile in granular soils.
The main aim of the paper was to determine typical stress paths for
soil elements at different locations around the pile and assess whether
laboratory element testing procedure can mimic those stress paths and
identify the main shortcoming.

Inspection of the full six-dimensional stress state for the selected
soil elements demonstrated that either four or five stress components
undergo consistent variation as the pile is laterally loaded, inducing
variation of Lode’s angle and re-orientation of principal stress axes for
these soil elements. While there is no experimental apparatus which
enables to replicate the full six-dimensional stress state of soil elements
around laterally loaded piles, the HCTA is the only laboratory testing
equipment which permits the control of orientation and rotation of the
principal stress axes. However, if a reduction of the stress-state to four
dimensions by neglecting one of the shear stress component for the soil
elements out-of-plane of lateral loading is applied, the HCTA could offer
a reasonable replication of the numerically determined stress paths.

Typical linearised stress conditions for representative soil elements
– front (top) and back (bottom) of the pile in plane with the loading
direction as well as diagonal and on the side of the pile – have
been determined and they are summarised in Table 2 of this paper
alongside the conditions to be applied in HCTA element testing for
their simulation. The analysis also identified two further crucial points
for further considerations when assessing the relevance of laboratory
element testing:

(1) it appears that the HCTA would be unable to replicate the
initial magnitude of the intermediate principal stress from FE
predictions, but this limitation may be overruled or alleviated
if the pile installation effects are considered;

(2) there are difficulties in maintaining the relative orientation be-
tween material axis and the principal stress direction unless
special and unconventional sampling or sample preparation pro-
cedures are adopted (i.e. horizontal coring from block samples
of clays or frozen sands, or laboratory reconstitution/preparation
of cylindrical samples maintaining the axis of symmetry horizon-
tal). Nevertheless, this limitation applies to all laboratory test-
ing equipment and may be critical when dealing with strongly
anisotropic geomaterials.

It should be highlighted that the employment of HCTA testing is not
een as a replacement of the current conventional day-to-day testing
ractice (based on triaxial and direct shear testing) because of the
omplexity around sample preparation and testing, and the cost/time
mplications. Nevertheless, it is of utmost importance to recognise the
imitations of the current testing practice, which can then be accounted
o optimise the current design procedures. Research work using HCTA
nd exploring the soil behaviour under the proposed stress paths could
eveal these shortcomings. In addition, given the nature of the actions
n offshore wind applications, the study of the stress paths should be
xtended to cyclic loadings and further research is ongoing.
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