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Modeling the Pile Cycle of an Axially Loaded
Pile in Sensitive Natural Clay

Jonatan Isaksson1 and Jelke Dijkstra2

Abstract: The pile cycle of an axially loaded displacement pile in a sensitive natural clay has been modeled using a coupled finite-element
code for large deformations. The originality lies in the effective stress–based analysis with a consistent set of model parameters that considers
all necessary soft soil features, i.e., anisotropy, destructuration, and rate dependency. Furthermore, the modeling approach is successfully
benchmarked at all stages of the pile cycle (initialization, installation, equalization, loading). The benchmarking consisted of model cal-
ibration at element level, model selection using simulated and measured cone penetration test (CPTu) data, comparisons of measured
and computed radial and shear stress during pile installation, and pile load testing. The results indicate that, with the exception of the absolute
magnitude of the excess pore-water pressures generated during installation, the trends observed in the experimental data were captured well at
all stages. Furthermore, several aspects of large deformation modeling of CPTu penetration, and pile installation were discussed. Most im-
portantly, the difficulty in modeling the postpeak softening behavior and the balancing effects of the viscoplastic response (rate dependence)
and strain-softening (destructuration) was highlighted. Finally, the empirical relation between the CPTu response and the bearing capacity of
pile could be numerically confirmed. In conclusion, a first step is provided for the inclusion of the spatiotemporal response of sensitive natural
clay over the full pile cycle in system-level geotechnical finite-element analysis. DOI: 10.1061/JGGEFK.GTENG-13179. This work is
made available under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Introduction

The geotechnical aspects of civil engineering projects are becoming
increasingly more challenging. One of the main challenges is to
limit the damage to the foundations of existing, often historic,
structures and to analyze their response when building in urban
areas. Therefore, there is a need for system-level analyses that en-
able the quantification of the spatiotemporal interactions between
the natural clay and the new and existing structures. Finite-element
analysis has commonly been used to study these interactions at the
system level over the life span, e.g., Bodas Freitas et al. (2015) of
geotechnical structures (Korff et al. 2016; Stanier and White 2019;
Franza et al. 2021; Tornborg et al. 2023; Singh et al. 2022). An
outstanding problem in geotechnical Finite Element Analysis is
the incorporation of (the effects of) large deformations associated
with the installation of displacement piles (Wang et al. 2015).

Deep foundations in deposits of soft natural clay commonly use
displacement piles, i.e., in Sweden, they represent up to 60% of the
piles installed (Pålkommisionen 2023). During pile installation, the
natural clay is displaced and distorted. The hydromechanical re-
sponse of soft natural clays, in their natural undisturbed state, is
characterized by features such as consolidation, rate dependency
(both from generation of pore water pressures and creep), strain

softening (destructuration), and (strength and stiffness) anisotropy
(Casagrande and Wilson 1951; Leroueil et al. 1979; Tavenas and
Leroueil 1977; Burland 1990). Hence, the state (i.e., the effective
stress, the preconsolidation pressure, the excess pore water pres-
sures, the degree of bonding, and the orientation of the fabric)
evolves during and after installation. The immediate and long-term
impact of the installation of displacement piles in (soft) clays has
been studied extensively (e.g., Torstensson 1973; Bozozuk et al.
1978; Roy et al. 1981; Azzouz and Morrison 1988; Lehane
1992). Those findings led to the introduction of four stages and
their corresponding intermediate states in the soil (Randolph and
Gourvenec 2011):
1. Initial state in situ prior to pile installation;
2. Pile installation;
3. Equalization of excess pore water pressures and ongoing creep/

relaxation; and
4. Loading of the pile head.

The response of soft natural clays is strongly linked to the initial
state in situ before the hydromechanical loading. The K0 condition
(the ratio of horizontal and vertical effective stress), the apparent
preconsolidation pressure, and the magnitude of (excess) pore
water pressures all control the response upon subsequent loading
of the pile. During pile installation, the clay adjacent to the pile is
subjected to high loading rates that induce large shear strains. Fur-
thermore, large excess pore water pressures are generated during
this largely undrained response (Randolph et al. 1979; Roy et al.
1981). In natural sensitive clays, the large strains lead to softening
of the material. The softening in natural clays is linked to the loss of
bonding and the rearrangement of the initial fabric (Burland 1990).
Thus, the clay in the vicinity of the pile will be in a remolded state
(Karlsrud and Haugen 1985).

Subsequently, in the equalization stage, the effective stresses in
the clay recover due to the dissipation of the excess pore water pres-
sures that were generated during installation. In addition, relaxation
and creep continue to change the state in the clay after the dissi-
pation of excess pore water pressures has finished. The latter
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accounts for a substantial recovery in pile bearing capacity and
partly compensates for the loss of bonding in sensitive clays
(Karlsson et al. 2019). In the final stage of the pile cycle, when
the pile is loaded, the pile response depends on the nature of load-
ing and the current state after installation and equalization. There-
fore, to accurately describe the spatiotemporal response of deep
foundation systems in a finite-element (FE) analysis, the loading
history in the clay at all stages before the application of the loads,
governed by the state in the soil, need to be considered.

In principle, the installation effects should be incorporated by
modeling the complete pile cycle, so that the state in the soil
emerges from the analysis (Staubach et al. 2023). More commonly,
the new state from the pile installation is obtained from numerical
cavity expansion in a small-strain code (Sheil et al. 2015; Abu-
Farsakh et al. 2015). The numerical complexity of modeling dis-
placement piles implicitly in FE analysis arises from the following
combination of phenomena (Wang et al. 2015; Hunt et al. 2002;
Singh et al. 2022):
1. The large deformations around the pile tip during installation

call for special considerations;
2. The coupled hydromechanical response of the fine-grained soil

with very low hydraulic conductivity close to the pile; and
3. The evolving state of natural clays subjected to large strains, as

is the case for pile installation.
So far, not all of the governing processes that emerge in the soil

during and after the installation of displacement piles have been
modeled in an integrated manner. The rate dependency in fine-
grained soils in combination with strain softening was shown to
significantly influence the undrained response of cone penetration
test (CPTu) penetration (Liyanapathirana 2009). For CPTu and pile
installation problems in clay, the installation and equalization stage
has been numerically studied using different methods that address
or mitigate the issue of large deformations.

Methods used to analyze penetration problems in clay include
small deformation approaches, such as numerical cavity expansion
(Abu-Farsakh et al. 2015; Rezania et al. 2017; Sheil et al. 2015) and
the press and replace method (Sivasithamparam et al. 2015a; Tan
et al. 2023) as well as large deformation approaches, such as arbi-
trary Lagrangian Eulerian (ALE) methods (Sheng et al. 2013;
Mahmoodzadeh et al. 2014), coupled Eulerian Lagrangian (CEL)
approaches (Hamann et al. 2015; Konkol and Bałachowski 2017;
Staubach et al. 2023), the material point method (MPM) (Ceccato
et al. 2016), smoothed particle hydrodynamics (SPH) (Bui et al.
2008), and particle finite-element method (PFEM) (Monforte et al.
2021).

In the aforementioned approaches, with the exception of the
small-strain methods, including a representative effective stress-
based constitutive model with a large number of state variables
remains challenging. Only a few contributions combine large de-
formation analyses with state-dependent constitutive models, with
the state variables required to capture the more advanced features of
natural soil response (e.g., Monforte et al. 2021). A limited number
of studies have included the complete pile cycle when studying the
load-displacement behavior of the pile (Abu-Farsakh et al. 2015;
Staubach et al. 2023; Tan et al. 2023; Sivasithamparam et al.
2015a); however, none of these studies considered the rate depend-
ency of natural soft soils.

This paper presents a numerical study of the complete pile cycle
in a sensitive natural clay. As a major advancement from prior stud-
ies, an Eulerian-based hydromechanically coupled code for large
deformation analysis is combined with an advanced, effective
stress–based rate-dependent constitutive model for natural sensitive
clays. This work aims to investigate the feasibility of using an ad-
vanced constitutive model for soft soils with a consistent set of

model parameters to model the installation and service life of a
displacement pile in soft clay. The novelty of the work is that
all steps (i.e., laboratory tests, field characterization, pile installa-
tion, equalization, and pile load tests) are validated against data
from the Bothkennar test site.

Methodology

Numerical Model

The numerical simulation of the pile cycle is performed in a two-
dimensional (2D) axisymmetric domain, where the pile is pen-
etrated into the clay at the symmetry axis. For the soil domain,
a hydromechanically coupled Eulerian formulation enables the
large deformations around the advancing pile tip and the emerging
drainage conditions in the clay. The simulations are performed in
Tochnog Professional (Roddeman 2024); details on the Eulerian
numerical formulation implemented in Tochnog are presented in
Crosta et al. (2003). The penetration of the pile is modeled by a
series of velocity boundary conditions imposed onto the domain.
Practically, a geometric entity, representing an infinitely stiff pile, is
gradually expanded downward. Simultaneously, all nodes within
the expanded geometry are prescribed with the penetration velocity.
Horizontal movement in the nodes is prevented within the pile
geometry, and for simplicity, elements with all nodes within the
pile geometry are removed from the analysis. This method of mod-
eling the penetration of a pile in an Eulerian formulation is identical
to the moving pile method proposed by Dijkstra et al. (2011) in
which the details of the method are presented.

Although the numerical simulations do not use any specific
regularization techniques, the viscoplastic material response of
two of the constitutive models adopted has been shown to have
a regularization effect on strain softening materials (de Borst
and Duretz 2020). A full bond between the pile and the soil is mod-
eled, with failure in the soil. Thus, a relative displacement between
the pile and the clay will occur between the first and second node in
the first row of soil elements connected to the pile. In this work, a
similar constitutive model as for the rest of the domain is utilized,
leading to a rough interface formulation, which is in line with the
experimental findings of Lehane and Jardine (1992). If needed, any
other constitutive model can be prescribed to capture smooth or
rough behavior at the interface. For this modeling approach, the
penetration resistance varied from 5% to 10% between smooth
and rough interfaces (Isaksson 2022), which agrees with the pre-
vious findings (Liyanapathirana 2009).

Constitutive Model

The mechanical response of natural sensitive clays includes
destructuration (loss of bonding), evolving anisotropy, and rate
dependency (creep) (Leroueil and Vaughan 1990; Burland 1990).
Given that the sensitive natural clay near the pile is subjected to
different magnitudes of strain rates during the installation, equali-
zation, and loading stages of the pile cycle, a rate-dependent
constitutive model is preferred. Furthermore, the model should in-
corporate the most important features of the behavior of natural
clay to track the evolving state in the clay over the pile cycle.
The Creep-SCLAY1S constitutive model enables the study of these
features in a rate-dependent effective stress–based framework.
Creep-SCLAY1S (Sivasithamparam et al. 2015b; Gras et al. 2018)
is a rate-dependent elasto-viscoplastic interpretation of the elasto-
plastic SCLAY1S model (Karstunen et al. 2005), which in turn is
based on the Modified Cam-Clay (MCC) model (Roscoe and
Burland 1968) but extended to include the effect of anisotropy
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and destructuration. As such, the models can be used hierarchically;
thus, the effect of anisotropy and destructuration can be individu-
ally investigated, as well as the impact of rate dependency, which is
controlled by selecting either the rate-independent SCLAY1S
model or the rate-dependent Creep-SCLAY1S model. For clarity,
Table 1 presents the additional features beyond MCC that are in-
cluded in the constitutive models used in this study. SCLAY1S and
Creep-SCLAY1S are implemented as UMAT libraries that are
linked to the Tochnog Professional finite-element code.

A brief introduction of the elasto-viscoplastic Creep-SCLAY1S
model is given for the simplified triaxial stress space (p 0, q 0), where
p 0 ¼ ðσ 0

v þ 2σ 0
rÞ=3, q ¼ ðσ 0

v − σ 0
rÞ, and subscript v refer to the ver-

tical direction and r to the radial direction. For the full description,
refer to Sivasithamparam et al. (2015b) and Gras et al. (2018). The
total strain ε̇ is decomposed in an elastic ε̇e and a viscoplastic
(creep) ε̇c component, where the dot symbol refers to strain rate,
i.e., the differentiation with time. The isotropic nonlinear elasticity
of the model is formulated similarly to MCC. The normal compres-
sion surface (NCS) separates the large and small rates of creep
strain [see Fig. 1(a)] and is defined as a sheared ellipse given
by the relation

f ¼ ðq − αp 0Þ2 − ðMðθÞ2 − α2Þðp 0
m − p 0Þp 0 ¼ 0 ð1Þ

where the anisotropy is represented by a scalar α that controls the
rotation of the surface with respect to the isotropic stress axis. In a
general 3D stress space, the anisotropy is described instead by a
tensor. MðθÞ is the lode angle–dependent slope of the critical state
line, following Sheng et al. (2000). The size of NCS, specified by
the vertical tangent of the surface p 0

mi, is linked to the size of the

intrinsic compression surface (ICS) following Gens and Nova
(1993), using the bonding parameter χ as

p 0
m ¼ ð1þ χÞp 0

mi ð2Þ

The current stress surface (CSS) indicates the magnitude of the
current effective stress in the soil by the equivalent mean effective
stress p 0

eq. For comparison, Fig. 1(a) includes the isotropic yield
surface of MCC. The model is formulated with three hardening
laws, where the volumetric hardening applies to the size of the
ICS due to volumetric creep strains (εcv) as

dp 0
mi ¼

p 0
mi

λ�i − κ�
dεcv ð3Þ

where κ�, the modified swelling index, and the intrinsic modified
compression index λ�

i are defined in the volumetric strain
εv= lnðp 0Þ space [see Fig. 1(b)]. The rotational hardening law is
formulated following the SCLAY1 model (Wheeler et al. 2003) as

dα ¼ ω

��
3η
4
− α

�
hdεcvi þ ωd

�
η
3
− α

�
jdεcqj

�
ð4Þ

where η ¼ q=p 0 is the stress ratio, and ω and ωd control the rate of
rotation and the rate of rotation due to deviatoric creep strains, re-
spectively. The hardening law for destructuration follows the SCL-
AY1S formulation (Koskinen et al. 2002) as

dχ ¼ −aχ½jdεcvj þ bjdεcqj� ð5Þ

where a and b control the rate of destructuration and the relative
rate of destructuration due to deviatoric creep strains, respectively.
The model assumes an associated flow rule. The viscoplastic strain
rates are calculated as

ε̇cv ¼ Λ̇
∂p 0

eq

∂p 0 ε̇cq ¼ Λ̇
∂p 0

eq

∂q ð6Þ

where the rate-dependent viscoplastic multiplier is defined as

Table 1. Features of constitutive models of the SCLAY family

Constitutive model Anisotropy Bonding Creep

MCC — — —
SCLAY1 x — —
SCLAY1S x x —
Creep-SCLAY1 x — x
Creep-SCLAY1S x x x

(a) (b)

Fig. 1. Illustration of Creep-SCLAY1S model formulation: (a) p 0=q; and (b) εv=ðp 0Þ.
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Λ̇ ¼ μ�
i

τ ref

�
p 0
eq

p 0
m

�λ�
i
−κ�
μ�
i

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
i

�M2ðθÞ − α2
Knc

0

M2ðθÞ − ηKnc
0

�
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

ii

ð7Þ

The second term (ii) ensures that the creep strain rate reduces to
(i) for odometer loading. The modified creep index μ� controls the
rate-dependent response of the constitutive model. The value for μ�
is most commonly evaluated from odometer tests on a clay sample
that is in a remolded state or for a natural clay sample at large stress
levels. The reference time τ ref is linked to the strain rate used to
obtain the size of NCS. The viscoplastic formulation builds on
the concept of isotaches (Šuklje 1957) and is discussed in detail
by Grimstad et al. (2010).

The response of the model is illustrated in Fig. 1(b). An increase
in strain rate leads to a higher yield stress, whereas deformation
under a constant external load, creep, reflects a reduction in strain
rate.

Simulation of Bothkennar Site—Investigation Data

The modeled pile tests were conducted at the Bothkennar research
site in Scotland; for a detailed overview of the site, see e.g., Nash
et al. (1992a) and Hight et al. (2003). Bothkennar clay is a soft, silty
clay deposited in estuarine conditions about 6,500–8,500 years
ago. The clay has a bulk density ρ of about 1,600 kg m−3 in
the relevant depths with slightly higher values (1,600 kg m−3 to
1,800 kg m−3) in the top 5 m of the deposit. The clay has a water
content of around 40% and a liquid limit of around 50% close to the
surface, with an increasing trend toward depth up to a value of 60%
and 70%, respectively, for clay deeper than≈4 m. The plastic limit
of the clay is about 20%–30%, and the sensitivity is ≈5. The ap-
parent overconsolidation ratio (OCR) is 1.5 for the deeper layers
with an increasing value toward the surface that can be modeled
with a pre-overburden pressure (POP) of 30 kPa.

The constitutive models were calibrated using the Bothkennar
data with the values adopted presented in Table 2. The basic param-
eters derived based on Nash et al. (1992a) include OCR, POP, co-
efficient of earth pressure at rest K0, the vertical kv and horizontal

kh hydraulic conductivity, and the density of the clay ρ. The slope
of the critical state line in compressionMc and in extensionMe are
taken from tests on reconstituted soil by Allman and Atkinson
(1992). The parameters related to the compression behavior of the
clay were based on one-dimensional incrementally loaded com-
pression tests on intact Laval samples (Hight et al. 1992) and re-
constituted samples (Nash et al. 1992b). These parameters include
the void ratio e0 and the modified swelling index κ�, the intrinsic
modified compression index λ�i , and the modified compression in-
dex λ�. For the models that are formulated without bonding, a
choice has to be made on a representative λ� [see Fig. 1(b)] as these
models are unable to capture the evolving stiffness of the soil to-
ward the intrinsic compression index as captured by the models
with bonding. The authors chose to evaluate λ� at stresses just be-
yond the apparent preconsolidation pressure, thus capturing the in-
itial response just after yielding. The modified intrinsic creep index
μ� was obtained from the secondary compression index in the final
load step of the oedometer tests on samples from 9 m depth (Nash
et al. 1992b). The duration of the stages used to obtain the OCR
from odometer data was approximately 20 h, which gives the refer-
ence time τ ¼ 0.83 d. The initial bonding χ0 was evaluated by
comparing the magnitude of effective stress for intact and recon-
stituted oedometer samples at a stress level slightly below the ap-
parent preconsolidation [see Fig. 1(b)].

The initial anisotropy α0 of 0.45 was evaluated from investiga-
tions on the yielding characteristics of Bothkennar clay by Smith
et al. (1992). The calibration of the advanced parameters for the
hardening law was conducted on data from triaxial and oedometer
tests. The advanced parameters include the parameters a and b for
the destructuration law and ω and ωd for the law that governs the
rotation of fabric. The samples for the triaxial tests were trimmed
with a wire saw from Laval block samples (Atkinson et al. 1992).

The hierarchical features of the constitutive models link MCC to
Creep-SCLAY1S and allow for a consistent set of parameters to be
used for all versions of models used. Please note that λ� should be
used instead of the intrinsic value λ�i when the analysis does not
include bonding. In turn, λi and κ should be used instead of λ�i
and κ�, for simulations with the SCLAY1S model. The relation be-
tween the two parameters is λ� ¼ λ=ð1þ eÞ.

Laboratory Tests

Element-level laboratory tests with the calibrated model parameters
are compared against the measured triaxial and odometric labora-
tory tests as part of the calibration process. Strain localization
effects and the fully coupled (consolidation) response were not
modeled, given the response of the constitutive model is computed
at an integration point level.

Fig. 2 shows the simulated response of the undrained triaxial
test, using a strain rate of 5%d−1, for a sample from 15 m depth
reported by Atkinson et al. (1992). An identical strain rate was used
in the test simulations. All the simulations show comparable behav-
ior until yield and agree well with the experimental data. Axial
strains εa exceeding 30% are required to approach the critical state,
as measured for reconstituted samples. The postpeak behavior in
the laboratory data shows a considerable strain softening, resulting
both from strain localization and (constitutive) material softening,
and should therefore not be fully fitted during the calibration pro-
cess for the response of a single integration point. The two simu-
lations in which the influence of material softening (bonding) is
considered capture the measured response best. For these simula-
tions with bonding, an increase in the postpeak excess pore water
pressure Δu is computed. Although the pore water pressure in-
creases faster in the laboratory test (as localization is not captured

Table 2. Model parameters for Bothkennar clay

Symbol Parameter Value

OCR Overconsolidation ratio −=1.5
POP Pre-overburden pressure 30=−
K0 Coefficient of earth pressure at rest 0.65
kh Hydraulic conductivity (m=s) 1.4 × 10−9
kv Hydraulic conductivity (m=s) 0.7 × 10−9
ρ Density (t m−3) 1.65
e0 Initial void ratio 1.85
λ�
i Modified intrinsic compression index 0.08

λ� Modified compression index 0.177
κ� Modified swelling index 0.007
ν 0 Poisson’s ratio 0.2
Mc Slope of CSL line in compression 1.4
Me Slope of CSL line in extension 1.0
α0 Initial anisotropy 0.45
ω Rate of rotation 30
ωd Rate of rotation due to deviatoric strains 0.526
χ0 Initial amount of bonding 5
a Rate of destructuration 8
b Rate of destructuration due to deviatoric strain 0.4
μ� Modified intrinsic creep index 0.003
τ Reference time (days) 0.83
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in the numerical analyses), the final magnitude at large strain levels
is similar to the results from the numerical simulations. The post-
peak behavior is of essence for an accurate description of the in-
stallation processes in clay, given the large strains that lead to a
remolded state of the soil in the vicinity of the pile.

The results of the numerical simulations of oedometer tests on
intact and reconstituted samples are plotted together with the data
from laboratory tests on samples extracted from a depth of 5.45 m.
The odometer results are normalized with the in situ vertical effec-
tive stress σ 0

v0 and presented in Fig. 3(a) for the intact soil and in
Fig. 3(b) for the reconstituted soil. Numerically, the reconstituted
soil was modeled by setting the χ0, α0 to zero and OCR equal to 1.
All constitutive models can capture the behavior of the lab tests
on intact samples until yielding at the vertical preconsolidation
pressure σ 0

c. At stresses beyond four times σ 0
v0, the stress–strain

response is not captured by the soil models without destructuration
(loss of bonding). This is a direct result of the choice to calibrate the

λ� value for the clay on the initial slope of the compression line
after yield rather than fitting the intrinsic value found at large
strains in a remolded state. The ability of the models formulated
with bonding to capture the evolving stiffness of the intact clay
toward the intrinsic response using a single parameter set is an im-
portant aspect to capture for the pile installation problem.

The rate-dependent response in the numerical model results in a
≈10% increase in yield stress per log cycle of strain for stress paths
in odometric and triaxial compression. For comparison, the 1D oe-
dometric yield stress reported by Nash et al. (1992b) changes with
approximately 9% per log cycle for samples extracted from 9 m.

CPTu Test

In addition to the simulations of the laboratory tests, a series of
numerical cone penetration tests were also performed to investigate
the influence of the modeled features on the response of the soft

(a) (b)

(c)

Fig. 2. Triaxial response of Bothkennar clay: (a) mean effective stress p 0 and deviatoric stress q; (b) axial strain εa and deviatoric stress q; and
(c) axial strain εa and excess pore water pressure Δu. (Data from Atkinson et al. 1992.)
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natural clay (see Table 1). The CPTu test was modeled using the
numerical framework introduced in the previous section, and the
geometry and mesh of the numerical model are presented in Fig. 4
containing 33,359 four-noded quadrilateral elements and 142 three-
noded triangular elements in the top left corner of the model (where
the cone enters the domain). The mesh density was decided after a
convergence study where the reduction in element sides with a fac-
tor of 2 resulted in a small change in penetration resistance (< 8%)
and excess pore water pressures (< 2%).

A standard 60° cone with a radius R of 18 mm was numerically
pushed into the soil with a penetration rate v of 0.02 m s−1. The
cone penetration was simulated down to a model depth of 5 m,
corresponding to a depth of 6 m in the field test, given that the top
1-m dry crust was included in the model as an overburden load q0
of 18 kPa. The simulations include the linear increase in the (ef-
fective) vertical stress with depth from gravity loading. For numeri-
cal stability, the hydraulic conductivity k in the simulation was
increased by a factor of 100 for the simulation compared to

the values stated in Table 2. Yet, the drainage conditions during
the simulation still fall within the undrained regime as indicated
by the normalized penetration velocity, i.e., V ¼ ðvDÞ=cv ≈ 225

(Mahmoodzadeh and Randolph 2014), where D is the diameter
of the penetrometer.

The results from the numerical simulations and the field res-
ponses of the CPTu are compared in Fig. 5 using two commonly
used soil behavior type (SBT) charts for a depth of 6 m. The tip
resistance qt from the simulations was evaluated by extracting the
vertical force on the inclined section of the cone tip divided by the
cross-sectional area of the CPTu. The pore pressure was extracted
from the soil adjacent to the CPTu corresponding to the position of
u2. The sleeve friction was not considered in the analysis. The field
measurements of u2 and qt are taken as a mean value from several
tests presented by Jacobs and Coutts (1992). The Creep-SCLAY1
and SCLAY1S models deviate most from the field measurement.
Creep-SCLAY1 gives the highest penetration resistance and lowest
excess pore water pressure, while SCLAY1S gives the lowest pore

(a) (b)

Fig. 3. Odometeric response of Bothkennar clay: (a) intact samples (data from Hight et al. 1992); and (b) reconstituted samples (data from Nash et al.
1992b).

Fig. 4. Numerical model for modeling CPTu penetration into Bothkennar clay.
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water pressure and penetration resistance. The normalized CPTu
response in the SBT gives comparable results for MCC, SCLAY1,
and Creep-SCLAY1S, as opposed to the simulated laboratory re-
sults where Creep-SCLAY1S andMCC showed large differences in
the postpeak behavior.

The CPTu simulations highlight the importance of the interplay
between the different (modeled) features of soft natural clays at
various strain rates and magnitudes. Including strain softening
without including the influence of a rate-dependent soil response
(i.e., SCLAY1S) results in a lower resistance than measured in the
field. In contrast, including a rate-dependent response without
strain softening (i.e., Creep-SCLAY1) gives an overly high resis-
tance. The influence of strain softening and rate dependency seems
to compensate each other for the studied soil, as shown by the sim-
ilarity of results for Creep-SCLAY1S and SCLAY1.

As a final remark, the influence of the anisotropy, as captured by
the SCLAY1 model, on the CPTu response for the Bothkennar site
is shown to be limited, as indicated by the nearly identical results
for SCLAY1 and MCC. The limited influence of the evolution of
anisotropy as formulated in SCLAY1 on the penetration resistance
is supported by Sivasithamparam et al. (2015a). This limited influ-
ence of anisotropy, however, applies to the Bothkennar clay in com-
bination with the anisotropy as captured by the difference between
MCC and SCLAY1. In contrast, Moug et al. (2019) finds a more
pronounced impact of anisotropy on the numerical penetration re-
sistance in Boston blue clay, OCR ¼ 2.2, where the influence of
anisotropy was captured by changing from a model without
(MCC) to a model with anisotropy (MIT-S1). The authors believe
the main reason for the difference is attributed to the OCR com-
bined with the difference in the formulation for the yield surface.
The MIT-S1 surface, as formulated by Moug et al. (2019), namely
does not allow for stress states at the dry side of critical state, in
contrast to Creep-SCLAY1S.

Numerical Modeling of Pile Cycle

The simulations of the CPTu and laboratory tests showed that the
Creep-SCLAY1S was the only model able to capture all investi-
gated loading situations satisfactorily. Creep-SCLAY1S was, there-

fore, the only model used to simulate the pile cycle. The simulation
is compared to the data from the installation phase and the sub-
sequent load test of an instrumented pile at the Bothkennar research
site (Lehane and Jardine 1994). The data from these tests are used
as a benchmark for the numerical analyses.

The pile instrumented by Imperial College (ICP) with a radius of
51 mm and length of 6 m was used (see Fig. 6). The pile was
equipped with three instrument clusters, each consisting of two
pore water pressure transducers u on opposing sides of the pile,
a surface stress transducer, which measured the total radial σr
and shear stress τ ry at the pile wall, as well as a transducer for
the axial load P. The ratio h=R indicates the distance h from
the pile tip to the location of the instrument normalized with the
pile radius.

The installation was performed from the bottom of a 1-m-deep,
cased hole and jacked to a final depth of 6 m or 3.2 m with a

(a) (b)

Fig. 5. Simulated CPTu response together with field data from Jacobs and Coutts (1992) plotted on: (a) soil behavior type chart according to
Robertson (1990); and (b) soil behavior type chart according to Schneider et al. (2008).

Fig. 6. Schematic illustration of the ICP. (Data from Lehane 1992.)
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penetration rate of typically 500 mm=min. Several pause periods
were required during the installation, resulting in a total installation
time of ≈285 min for one of the 6-m-long piles. After the instal-
lation, the pile was left in the soil for equalization of excess pore
water pressures before the actual pile load test.

The numerical simulations of the pile installation were con-
ducted using the same numerical method, including the application
of velocity boundary conditions directly to the soil, as for the CPTu
simulations. Given the resemblance in geometry between the CPTu
and the model pile, which also had a cone-shaped tip with an angle
of 60°, only minor adjustments were required for the numerical
model. The size of the domain was changed, following a sensitivity
study on the soil displacement at a radial distance of 5 m from the
pile. The final vertical extent of the domain was set to two times the
simulated pile penetration depth, and the horizontal extent was set
to 3 times the penetration depth. A total of 135,522 four-noded
quadrilateral elements and 142 three-noded triangular elements
were used. The relation between the radius and the elements close
to the pile was kept identical to the mesh used in the CPTu sim-
ulation presented in Fig. 4.

The numerical simulation was conducted with a penetration rate
of 500 mm=min similar to the field test. No pause periods were
included, resulting in a total installation time of 10 min. The sim-
plified modeling of the installation rate without the pause periods is
partly compensated by the fact that the hydraulic conductivity in
the installation phase had to be increased by 100, similarly to
the CPTu simulations, to avoid convergence issues of the coupled
simulation. Given that the corresponding normalized penetration
velocity was still ≈330, the pile installation is deemed to be per-
formed in undrained conditions. When the pile reached full depth,
at the start of the equalization stage, the hydraulic conductivity was
set to the value derived from the experimental data reported in
Table 2. After reaching the installation depth of 6 m, the pile is
kept in a fixed position during the equalization stage for 4.2 days
until the start of the loading stage. The displacement-controlled
loading was performed in compression with a rate of 10 mm h−1.
The modeled conditions during the pile test correspond to the test
BK2C reported by Lehane and Jardine (1994).

Installation and Equalization

Fig. 7 presents the radial total stress σr;i, pore water pressure u, and
the base resistance qb during pile installation for the numerical sim-
ulation and field data from Lehane and Jardine (1994). It appears

that for all of the presented measurements, the simulation of pile
installation results in lower pressure acting on the pile compared to
the field test. However, the gradient of the change with penetration
depth is captured well, and the magnitude of the difference between
the simulation and field test remains similar for the deeper parts of
the pile penetration.

The change of stresses in the soil during the equalization phase
is computed as a function of time and presented in Fig. 8 together
with the range found in the three instrument positions as presented
by Lehane and Jardine (1994). Three different equalization mea-
sures are compared:
• degree of consolidation U using excess pore water pressures;
• total stress relaxation ðσr − u0Þ=ðσr;i − u0Þ, where σr is the

current total stress and σr;i is the total stress directly after instal-
lation (both corrected by the initial pore water pressure in the
soil u0); and

• the evolution of the radial effective stress; the ratio of the current
radial effective stress σ 0

r and the radial effective stress at the end
of the equalization σ 0

r;c.
The consolidation behavior of the soil after installation is mod-

eled correctly, as shown by the predicted U. Similarly, the simu-
lated relaxation of total stress at the pile shaft, ≈50%, agrees
well with the values measured in the field. Finally, the development
of the relative effective stress on the pile surface is captured rea-
sonably well. The numerical simulation, however, does not repro-
duce the initial decrease in effective stress found in the field test.

Fig. 9 presents the computed radial stresses in the soil directly
after installation (σ 0

r;i) and after equalization (σ 0
r;c). The excess

pore water pressure after installation Δui is added for comparison.
The measured radial effective stress after the equalization stage
(σ 0

rc;field) and in situ vertical (σ 0
y;0) and horizontal effective stress

(σ 0
r;0) are plotted for a vertical cross-section close to the pile in

Fig. 9(a). The predicted radial effective stress is shown to decrease
during installation, followed by a regain in magnitude to values
slightly higher than the initial value. Therefore, the stress ratio re-
sulting from the simulations (Kc ¼ σ 0

r;c=σ 0
y;0) becomes slightly

higher than the assumed initial K0 ¼ 0.65 along most of the pile
length. Close to the pile tip, however, the Kc increases to a value
slightly higher than 1. A pronounced tip effect is also present in the
measured field data but extends further from the tip in relation to
the simulations. The radial effective stress in the field after consoli-
dation is about the same as the initial vertical effective stress along
the shaft before installation. Close to the tip, the measured Kc in the
field increases to between 1.2 and 1.45.

(a) (b)

Fig. 7. Stress during pile installation, field data from Lehane and Jardine (1994) indicated by the shaded area: (a) total radial stress; and (b) pore water
pressure.
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The effective stress distribution in the horizontal cross-section at
a depth of 5 m is presented in Fig. 9(b). The circumferential effective
stresses σ 0

θ are included in addition to the stresses in Fig. 9(a). The
installation of the pile leads to an increase in pore water pressure up
to≈20R from the pile, while the effective stress is influenced up to a
distance of ≈60R. Directly after installation, all effective stress
components are of a similar magnitude close to the pile shaft. How-
ever, the dissipation of excess pore water pressures at this location
mainly leads to additional effective stresses in the radial direction.
At a distance between 3R and 10R from the pile, the radial effective
stress is increasing due to pile installation followed by a reduction
in stress to about in situ levels. Interestingly, the vertical effective
stress is only marginally influenced by the consolidation.

The influence of the installation and subsequent equalization
phase on the fabric anisotropy and degree of bonding in the clay
is presented in Fig. 10(a) for the pm, χ, and α normalized with the
initial values. Fig. 10(b) presents the individual values of the com-
ponents of α. The degradation of bonding χ, controlled by visco-
plastic strains, is influenced to a comparable distance to the pore
water pressure increase resulting from installation [Fig. 9(b)].
The size of the NCS pm increased stepwise with the increase
of mean effective stress, during the consolidation of the excess
pore water pressures and creep in the soil. The consolidation stage
does not considerably decrease the degree of bonding in the soil
because of the small additional (viscoplastic) strains compared to
the large strains that already occurred during the installation stage.

(a) (b)

(c)

Fig. 8. Equalization of pore water pressures after the end of pile installation. Field data from Lehane and Jardine (1994) indicated by the shaded area:
(a) pore water pressure dissipation; (b) total stress relaxation; and (c) development of radial effective stress.

(a) (b)

Fig. 9. Stress distribution in soil after installation (dashed lines) and consolidation (solid lines): (a) vertical distribution; and (b) horizontal dis-
tribution at 5 m.
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The rotation of fabric is first influenced by the installation where
the main components of the fabric are close to 1, indicating that
NSC becomes almost isotropic. During the consolidation phase,
anisotropy develops toward a limit value based on the current
stress state in the soil and the deviatoric and volumetric creep
strains [see Eq. (4)]. The simulated anisotropy close to the pile
after consolidation shows a rotation of the NCS toward σ 0

r.

Pile Load Test

The pile load test is simulated following the equalization of excess
pore water pressures in the clay. For the numerical simulation, an
equalization time of 4.2 days is used, which is comparable to
the field test BK2L1 reported by Lehane (1992). The loading
rate during the pile load test in the numerical simulation was

set to 10 mmh−1, while the field test specifies a loading of
1 h to failure. Fig. 11 presents the changes in stresses during
pile loading. The postpeak pore water pressures measured in
the field are not included as they are considered “anomalously
low” and considered unreliable by Lehane and Jardine (1994).
The radial effective and total stresses and the shear stress at
the pile shaft τ ry are numerically extracted from the soil at the
vertical position of each individual instrument position as speci-
fied in Fig. 6.

The change in total radial stress Δσr is small, less than 5 kPa in
both the numerical simulations and the field test. For the simula-
tions, the largest reduction is found for the h=R ¼ 8 and the small-
est in the h=R ¼ 50 position, while an opposite trend is shown in
the field tests. The authors cannot say with certainty what is the
origin of this difference as it could be both uncertainties arising

(a) (b)

Fig. 10. Horizontal distribution of state variables for Creep-SCLAY1S after installation (dashed lines) and consolidation (solid lines) at a depth of
5 m: (a) state variables; and (b) components of α.

(a) (b)

Fig. 11. Stress at shaft during pile loading measured in the field (dashed lines) and from the numerical simulations (solid lines): (a) stress change; and
(b) stress path. (Data from Lehane 1992.)
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from the measurements and aspects of the problem not captured by
the numerical simulation.

Fig. 11(b) presents the effective stress path during pile loading
for the numerical simulations and field test. The postpeak field re-
sponse is excluded following the unreliable pore pressure readings.
The small change in radial total stress during pile loading is equal
between the simulation and field test, while the shear stress is lower
for the numerical simulation, which follows the lower initial radial
stress at the start of the pile load test. The numerical simulations
show a constant effective stress until pore water pressures build up,
indicating yielding. After the point of yielding, the radial effective
stress decreases which partly results from a decrease in total pres-
sure (about 2 kPa to 4 kPa) and the increase in pore water pressure
(about 4 kPa to 7 kPa).

Sensitivity Study

A sensitivity study was conducted to investigate the impact of con-
solidation time, loading rate and loading direction on the pile re-
sponse. Additionally, one simulation was performed where the pile
was wished in place (WIP) to investigate the impact of including
the installation and equalization stage in the modeling of pile
behavior. The various simulations performed as part of the sensi-
tivity study are summarized in Table 3.

The influence of loading direction on the pile load response is
presented in Fig. 12(a). The computed stress paths in compression
and tension are similar until reaching failure, after which a slight
decrease in effective stress is found for the pile loaded in compres-
sion and a slight increase in tension. The stresses at failure are sim-
ilar in magnitude for the two loading directions. The impact of the
installation and equalization phase in the numerical analyses of
piles is shown in Fig. 12(b). WIP shows a higher peak shear stress
upon loading but experiences a very brittle (strain softening) behav-
ior postpeak. This observed brittle behavior results from the gradual
remolding of the (intact) clay during shearing, resulting in lower
residual stress compared to the results that include the modeling
of the installation and equalization stage. For the simulations that
include the full pile cycle, the loss of shear stress due to degradation
of bonds and fabric rotation in the soil already occurred during in-
stallation, shown in Fig. 10.

Fig. 12(c) shows the result when the equalization time after pile
installation is set to 4.2 days, 11.6 days, and 116 days, respectively.
Interestingly, the radial effective stress increases from 4.2 days to
11.6 days, due to ongoing consolidation, see Fig. 8(a). In contrast,
between 11.6 days and 116 days the equalization process is mainly
governed by creep and relaxation processes in the system, as

indicated by the slight reduction in the effective radial stress com-
bined with an increase in pm of about 10% to 15% resulting in a
larger shear stress of about 9% at failure. Lehane (1992) reports a
continuation of gain in shaft capacity after the end of consolidation
of about 18% for a pile retested after 32 days even though consoli-
dation was fully developed before the first load test.

The influence of the loading rate is illustrated in Fig. 12(d),
where the pile is installed and left 11.6 days for equalization
and tested with a total displacement of 10 mm with a velocity
of 100 mm h−1, 10 mm h−1, and 1 mm h−1. A higher loading
rate gives higher peak shear stress, about 5% when increased
from 1 mm h−1 to 10 mm h−1 and 10% when increased from
10 mm h−1 to 100 mm h−1. For comparison, Lehane (1992) re-
ports an increase of about 6% when the loading rate is increased
from 1 mm=min to 10 mm=min. The stress paths for different
loading rates are similar. However, a lower rate leads to an earlier
decrease in radial effective stress compared to a higher rate. This
is the result of the combined effect of the generation of excess
pore water pressures and the mobilization of shear resistance,
which are both rate-dependent. Both the peak and residual stress
are shown to be influenced by the loading rate of the pile.

The relation between the shear stress and the radial effective
stress at the shaft is constant for different loading rates, equalization
times, and installation effects. The relation corresponds to a friction
angle of 32.4° compared to the friction angles in critical state com-
pression 32.6° and tension 25.5°. This provides numerical evidence
that the change in emerging shaft resistance is attributed to the
evolving radial effective stress at the pile shaft during installation,
equalization, and loading.

Modeling Pile Design Methods

The results from the simulations of the full pile cycle presented in
the sensitivity study were compared to commonly used design ap-
proaches for pile capacity. Fig. 13 shows the mean shaft resistance
from the conducted simulations of pile installation for a variation of
equalization times and loading rates, which are normalized with the
in situ shear strength (αs method) and the vertical effective stress
(β method) in the simulations. The equalization time and setup time
are considered equal in this work and start from the end of pile
installation. The same in situ shear strength as Lehane and Jardine
(1994) was used to calculate αs, which was based on unconsoli-
dated, undrained tests on 100-mm-diameter piston samples with
a strain rate of 6.5% per day. The mean shaft resistance from
the simulation data was based on the sum of the forces acting along
the pile shaft normalized with the total area of the shaft. The degree
of consolidationU, at the h=R ¼ 53 position, indicates that the gain
in shaft capacity also continues after the dissipation of the excess
pore water pressures. The field test by Lehane (1992) reported val-
ues about 20% higher than in the numerical simulations, i.e., αs≈
1 and β ≈ 0.5.

Lehane et al. (2022) propose the following relation between the
CPTu cone resistance at a specific depth qt to the local shaft capac-
ity of a pile τf at that depth:

τf ¼ 0.07Fstqtmax½1; ðh=DÞ�−0.25 ð8Þ
where h is the distance from the tip of the pile to the specific shaft
location and D is the diameter of the pile. Fst is set to 1 for clays
found in SBT Zone 3 [see Fig. 5(a)]. The proposed relation between
CPTu and pile response was investigated using the numerical CPTu
and pile load test response presented in this paper. Fig. 14 includes
the distribution of shaft resistance estimated using Eq. (8) and the
qt extracted from the numerical simulation of the CPTu using the

Table 3. Simulations in the sensitivity study

Equalization
time (days)

Loading rate
(mm h−1)

Loading
direction Installation

0.012 10 Compression Yes
0.12 10 Compression Yes
1.2 10 Compression Yes
4.2 10 Compression Yes
11.6 10 Compression Yes
116 10 Compression Yes
11.6 100 Compression Yes
11.6 1 Compression Yes
0.12 100 Compression Yes
0.12 1 Compression Yes
11.6 10 Tension Yes
— 10 Compression No

ASCE 04025061-11 J. Geotech. Geoenviron. Eng.
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(a) (b)

(c) (d)

Fig. 12. Sensitivity study stress path: (a) loading direction; (b) installation effect; (c) equalization time; and (d) loading rate.

(a) (b)

Fig. 13. Influence of loading rate and setup time on the pile shaft capacity: (a) simulated αs; and (b) simulated β.
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Creep-SCLAY1S model and the shear stress from the numerical
simulation of the pile load tests. The shear stress from the pile load
tests was extracted from the simulations from the first row of soil
elements at the pile shaft at the end of the displacement loading
(10 mm). Fig. 14 includes the results from five simulations using
different equalization times and loading rates, as the degree of con-
solidation and loading rate influence the emerging response of the
numerical pile load test.

The results indicate that the relation proposed by Lehane et al.
(2022) is valid for the numerical simulations of the CPTu in this
paper but also indicates the relative influence of setup time and
loading rate that is not captured by the empirical relation.

Discussion

The results show that the Creep-SCLAY1S model captures the rel-
ative influence of destructuration, anisotropy, loading rate, and
equalization time for piles installed in sensitive natural clay. As op-
posed to prior work (Abu-Farsakh et al. 2015; Tan et al. 2023), the
strength of this work is that the Class B prediction of the pile load
test captures the emerging rate effects with a consistent set of model
parameters. In particular, the ability of the model to bridge the low
strain rates in laboratory tests and high strain rates of the CPTu is
highly promising.

The magnitude of total radial stress acting on the pile, however,
is consistently lower in the numerical predictions compared to the
field measurements. The lower total stress also results in a lower
radial effective stress than measured after equalization, as the rel-
ative effect of equalization is captured well by the numerical model
(Fig. 8). The prediction of the effective stress is a key aspect in
capturing the pile capacity, given the capacity of the pile is gov-
erned by the development of radial effective stresses on the shaft.

The remaining differences between the numerical predictions
of the pile test and the field measurements, most probably stem
from the following factors:
• The first issue is the simplified calibration at integration point

level, which is less accurate for the postpeak softening regime
where localization effects become more important. Testing,
modeling, and calibration in this regime remain challenging
both in laboratory and simulations (Singh et al. 2023).
Boundary-level simulations of the laboratory tests combined
with local stress and strain information from the postpeak reg-

ime have great potential to considerably improve the calibration
of the model parameters, especially the parameters controlling
the destructuration process.

• The pile test in the field and CPTu are performed in the actual
natural soil in situ, while the model parameters are derived based
on laboratory tests. The quality of the laboratory data from
Bothkennar is impacted by the sample quality (which includes
sample transport, storage, and trimming) and age (the time be-
tween sampling and testing). The samples were not in the high-
est quality category when assessed with the sample quality
metric of Lunne et al. (1997).

• The well-known similitude between CPTu and pile response as-
sumed in design methods, corroborated in our simulations,
could be used to optimize the model parameters initially derived
based on laboratory tests. Combining numerical forecasting
models, such as the one presented herein, with Bayesian updat-
ing, e.g., using data assimilation (Amavasai et al. 2024), is a
promising intermediate step prior to modeling the pile installa-
tion process.

Conclusions

This paper introduces a framework for modeling the full pile cycle
of displacement piles in sensitive natural clay. Therefore, a first step
is provided toward including the spatiotemporal response of the
clay during the pile cycle in system-level geotechnical analysis.
The comparison of the numerical results against laboratory tests,
CPTu data, and a pile load test from the Bothkennar test site cor-
roborates the validity of the proposed method. The following
should be carefully considered for a successful simulation of the
pile cycle of a displacement pile:
• The effect of the installation stage on the subsequent pile re-

sponse is considerable and, therefore, should be included in
the numerical modeling of geostructures. This is especially
of concern when advanced models that capture creep, destruc-
turation, and anisotropy are used.

• The numerical simulation shows that consolidation and creep
lead to an increase in the shaft capacity of the pile over time.
Creep continues to increase the shaft capacity after the end
of consolidation. This corroborates prior findings (Karlsson et
al. 2019).

• The predicted CPTu response is strongly influenced by the soil
features modeled. Rate effects (viscoplasticity) and destructura-
tion have the largest impact on the penetration resistance. In the
current CPTu simulations, the strain-rate effects from a higher
penetration rate (compared to laboratory tests) appear to balance
the softening effects from destructuration at large viscoplastic
strains.

• This research reiterates the importance of loading rate for the
modeling of geostructures in soft clays and the ability of the
method to capture the different loading rates encountered in lab-
oratory tests, piezocone tests (CPTu), and pile load tests.

• The laboratory testing, modeling, and calibration in the post-
peak softening regime remains challenging and should be the
focus for accurate simulations of the installation and load testing
of piles in sensitive natural clays.
Despite the outstanding aforementioned challenges, the pos-

sibility of modeling the full pile cycle and tracking the evolving
state of the soil surrounding a displacement pile in a sensitive natu-
ral clay has been demonstrated. Therefore, a viable approach is pro-
vided for further studies on the influence of the stages of the pile
cycle on the response of complex geotechnical structures during the
lifetime of a geotechnical structure.

Fig. 14. Shaft capacity predicted from simulation of CPTu test using
the correlation proposed by Lehane et al. (2022) and from a numerical
pile load test.
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