Proceedings of the 7th International Conference on Geotechnical and Geophysical Site Characterization (ISC)
June 18-21, 2024, Barcelona, Spain

Open-source implementation of the new unified CPT-based axial
method in sands

Carlos Sastre Jurado!?*, Bruno Stuyts'»?

L UGent, Geotechnical Laboratory, Technologiepark 68, Zwijnaarde, 9052, Belgium
2 OWI-Lab, Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussels, Belgium
* Corresponding author: carlos.sastrejurado@ugent.be

ABSTRACT

This paper presents the implementation into the open-source finite element simulation framework OpenSees of the new
Unified CPT-based method for driven piles in sands. The formulation incorporates the maximum skin friction and end-
bearing CPT values based on the new ISO-19901-4 under development, within the non-linear load-transfer curves calibrated
against the measured responses from the static pile tests in the unified database. Special attention was paid to maintaining
an open-source philosophy during the implementation. The important EURIPIDES research tests in highly dense sands are
considered as a worked example to illustrate the application of the implemented method. The numerical benchmark shows
good agreement between the model and full-scale measurements.
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1. Introduction

In the 90s, the static axial capacity of open-ended pipe
piles in sand was an area of great uncertainty, and the only
globally recognized design method available was provided
in the American Petroleum Institute (API) recommenda-
tions (1993). This motivated the development of new cal-
culation procedures based on results from several full-scale
pile load tests over the following years. As a result, the API
Recommended Practice (RP2A) for fixed offshore struc-
tures (2006) considered four additional design methodolo-
gies for driven piles in sand:

 the Fugro method, referred to as Fugro-05 (Kolk,
Baaijens, and Senders 2005);

* the Imperial College London method, referred to as
ICP-05 (Jardine et al. 2005);

» the Norwegian Geotechnical Institute method, re-
ferred to as NGI-05 (Clausen, Aas, and Karlsrud
2005);

* the University of Western Australia method, referred
to as UWA-05 (B. Lehane, J. Schneider, and Xu
2007).

All of these methods are based on the cone resistance
profile (¢.) measured by the Cone Penetration Test (CPT),
and they are outlined in the informative Appendix of the
API RP 2GEO (2011) standard. In granular soils, the API

design method, referred to as the S-method, assumes that
both ultimate local shaft friction and ultimate unit base
resistance are proportional to the vertical effective stress,
through the 3 and IV, factors. Design guidelines to de-
fine values for those factors and for limiting values on shaft
friction and end bearing are given as a function of the soil
type. For certain soil types like very loose sand, the cur-
rent API methodology does not provide any guidance, and
CPT-based methods may offer a viable alternative that can
yield reliable results.

The reliability of the CPT-based methods was assessed
against the compiled UWA database of load tests on driven
piles in siliceous sands at sites with CPT measurements
(Schneider, Xu, and Lehane 2008). Nevertheless, it was
concluded that uncertainty still remains in the static pile
capacity estimation, and no clear guidance existed about
which method should be employed by designers.

To further enhance offshore pile design criteria, a large
number of driven pile load tests were reviewed to estab-
lish a so-called Unified Database, which included 71 con-
ducted tests in sandy locations (Lehane et al. 2017). Sub-
sequently, the four CPT-based methods recommended in
the API guidelines were consolidated into a single unified
method. This new Unified CPT-based axial pile capacity
design method was calibrated against the gathered pile load
test database (Lehane et al. 2020). Load-transfer curve for-
mulae were also developed and validated against the uni-
fied database (Lehane, Li, and Bittar 2020).

This work aims to present the open-source implemen-



tation and validation of the recently developed CPT-based
method in sands. Shaft and base load transfer curves
were included in the Open Source for Earthquake Engi-
neering Simulation platform (OpenSees) (McKenna 2011).
OpenSees promotes innovation in research and advanced
applications for practice, thus it has the potential to be-
come a community code for finite element (FE) analy-
sis in geotechnical engineering. Examples of the lat-
ter are the implemented commands PySimplelGen and
TzSimplelGen for seismic soil-pile-structure interac-
tion analysis (Boulanger et al. 1999; Brandenberg and
Boulanger 2022), or the recently proposed SANISAND-
MS model (Liu et al. 2022) to support the cyclic analysis
of offshore foundations. The important EURIPIDES ax-
ial pile load tests (Zuidberg and Vergobbi 1996) in dense
sand are considered as a worked example to illustrate the
application of the implemented method.

The structure of the paper is as follows. Section 2
briefly describes the unified CPT-based method and its
main equations for axial capacity and axial load transfer
calculations. The implementation of the shaft and base
load transfer curves in OpenSees for the unified method
is described in Section 3. Section 4 presents the numer-
ical benchmark against the pile load test results from the
EURIPIDES project, and Section 5 summarizes the main
conclusions.

2. Unified CPT-based method in sands
2.1. Axial pile capacity

The static axial bearing capacity of a deep foundation is
calculated as the sum of the shaft capacity (Qghat) and end
bearing or base capacity (Qpase), Which has no contribution
for tension loading. The new unified CPT method for sands
is described in detail by (Lehane et al. 2020), and the main
equations are only briefly introduced here.

2.1.1. Shaft capacity

A Coulomb frictional law is assumed to estimate the
local ultimate shaft friction, 7¢, as follows:

75 = (fi/fe) (070 + Aoyy) tan oy (1)

where o). is the (stationary) radial effective stress, Ao, is
the increase in radial effective stress that occurs during pile
loading attributed to dilation effects. The term J; stands
for the ultimate sand-pile interface friction angle, which
can be obtained by performing drained ring shear interface
tests. In the absence of site-specific measurements, a con-
stant value of 29° is recommended. The coefficient f;/ f.

becomes 1 for compression loading and 0.75 for tension
loading due to the Poisson ratio effect.
The term o7, is calculated according to Eq. 2:

ol = (qe/44) A% Max[1, (/D)) (2)

where h refers to the distance from the pile tip to a given
soil depth, D is the outer pile diameter and A,.. represents
the effective area ratio which is given in Eq. 3. Note that
for a closed ended pile A, becomes 1.

Are = 1-PLR(D;/D)’ 3)

being D; the pile inner diameter and PLR the so called
plug length ratio (ratio of the plug length to the pile embed-
ment). The latter can be approximated by Eq. 4, in which
dcopr is diameter of the standard CPT probe with a nomi-
nal value of 35.7mm.

PLR ~ tanh [0.3 (D; /deT)O*"} @

The Ao’ , term in Eq. 1 can be calculated as follows:
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2.1.2. Base capacity

The expression for the base capacity is:

Qbase = db0.1 (7TD2/4) 6)

where qpg.1 is the ultimate unit base resistance mobilized
at a settlement of 10% of the pile diameter, given by Eq. 7.

dbo.1 = [0.12 4 0.38 Ae] qp @)

The parameter qy,9.1 is thus assumed proportional to qp,,
which is the end bearing mobilised at large displacements
at the level of the pile base by a pile with a diameter of
Doq = DASP. As discussed in (Lehane et al. 2020), sev-
eral techniques can be employed for the estimation of qp,.
In sands that are relatively homogeneous, one can consider
gy to be the average value of g. within a zone 1.5D above
and below the pile base. In more heterogeneous locations,
the equation g, = 1.2¢c puch (Schmertmann 1978) or the
method suggested by (Boulanger and DeJong 2018) may
be employed.

2.2. Load-transfer functions

Formulation of non-linear axial load-transfer functions
as defined by (Lehane, Li, and Bittar 2020) is summarized
here. These curves are given in a normalized form as pro-
posed in the API standards. Displacements are normalized



by the pile diameter, and the mobilized friction and end
bearing are normalized by the ultimate local shaft friction
and end bearing capacity, respectively.

2.2.1. Shaft-load transfer function

Shaft-load transfer functions represent the variation of
shaft friction with local relative displacement of the pile
wall against the soil. They are commonly referred to as ¢-z
curves, where ¢ stands for the local friction and z for the
local displacement. This notation will be adopted here, al-
though, to be consistent with the previously presented for-
mulation, 7 is used to refer to the skin friction.

Several mathematical functions may be used to describe
the static non-linear load displacement response (Fellenius
2018). The unified method for sands assumes a parabolic
formulae as given in Eq. 8.

G
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where the ratio G/7¢ is inversely proportional to the dis-

placement z; at which the peak shear friction 7 is attained,

as shown in Eq.9.
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The API (2011) guidelines recommend a constant value
of 0.01 for the normalized peak displacement z¢/D. The
unified method proposes the following expression that al-
lows for a better match with the measured axial backbone
curves:

0.5 /0.25
A4 O (10)
D~ AT

where p, is the atmospheric pressure, equal to 100 kPa, and
o is the vertical effective stress. The proposed values for
A are 1250 for compression and half of that, i.e., 625, for
tension.

2.2.2. Base-load transfer function

Unit end bearing, qp, is assumed to be fully mobi-
lized at a pile base displacement value of 0.1D in API
(2011). This criterion was also maintained in the unified
method. The proposed expression to represent the variation
of pile base load with base displacement follows a hyper-
bolic function of the form:

901 b/ 0.1

D 1-0.9(g/qn0.1)

with z, as the pile base displacement and qy0.1 calculated
as indicated in Eq. 7.

Y

1. https://github.com/OpenSees/OpenSees
2. https://github.com/OpenSees/OpenSeesDocumentation

3. Implementation in OpenSees

The implementation of the CPT-based unified method
within the OpenSees framework is summarized here. The
axial curves to simulate the load-displacement response of
driven piles in sands were included through two new ma-
terials in the OpenSees public repository'. The soil reac-
tion curves can be set up through the Python interpreter
of OpenSees (Zhu, McKenna, and Scott 2018). Documen-
tation? was also provided showing how to use the imple-
mented curves.

3.1. Shaft-load transfer function

The shaft or skin friction soil curve formulation for
sands is implemented in the TzSandCPT uniaxial mate-
rial. The material calculates the maximum skin friction
and end-bearing capacities according to the CPT-based for-
mulation previously presented in §2.1. Therefore, the ba-
sic soil input parameters are g. and o,. Note that to cal-
culate the ultimate shaft friction an estimate of J; must
be assumed (see Eq. 1). The implemented material as-
sumes a default value of 29° as recommended by (Lehane
et al. 2020), although the user can input another value in
degrees. The input parameters which are related to the pile
geometry, are the outer diameter D and the wall thickness
t,, (rather than the pile internal diameter). The rest of the
inputs are related to the methodology, which are h , the
discretization depth step interval Az, dcpr and p,.

The correctness of the coded material has been care-
fully verified. A validation example based on a typical sand
site in the Gulf of Mexico, named Site A in (B. M. Lehane,
J. A. Schneider, and Xu 2005), is presented here and within
the documentation. A single soil spring was created to sim-
ulate the load-displacement response at 20m depth assum-
ing a pile tip placed at 60 m depth. The assumed inputs are
for this example are as follow. The assumed soil inputs are
a ¢.= 39928 kPa and o/, = 203.8 kPa. Pile geometry param-
eters are D= 2.44 m and ¢, = 44.5 mm. A distance from
the pile tip h equals to 40 m and Az of 1 m are retained for
demonstration purposes.

The simulated behavior for this example is shown in
Figure 1. The backbone curve shows the expected behav-
ior, with a tension capacity equal to 75% as established
in the methodology (Lehane et al. 2020). The computed
capacities were validated against the spreadsheet program
Axial Capacity Calculator from the University of Western
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Australia (UWA calculator), referred to as ()5 in Figure 1.
The peak displacements zy, in both tension and compres-
sion, were also validated analytically, leading to half of the
peak settlement compared to the peak displacement in ten-
sion.
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Figure 1. Validation example of simulated shaft displace-
ment curve through the implemented TzSandCPT material in
OpenSees.
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Figure 2. Validation example of simulated end bearing displace-
ment curve through the implemented QbSandCPT material in
OpenSees.

3.2. Base-load transfer function

The QbSandCPT function implements the base-load
transfer function, commonly referred to as the ¢ — z curve.
The non-linear end bearing-displacement response obeys

the hyperbolic function. The soil inputs are g, and o7, and
the pile inputs are D and ¢,,.

An example of the simulated behavior is shown in Fig-
ure 2. The same input data as for the shaft curve in § 3.1
was retained also for illustration purposes. As expected, for
tension loading, there is no end bearing. The ultimate base
capacity is achieved for a settlement of 0.1D as defined in
the formulation. The computed base capacity matches the
calculated value by (UWA calculator) of 35.67 MN, corre-
sponding to a qpp.1 value of 7.629MN.

4. Benchmark against EURIPIDES

The unified database (Lehane et al. 2017) considers the
pile tests performed within the framework of the EURIPI-
DES joint industry project (JIP). The testing program at
the EURIPIDES site comprised a series of tension, com-
pression, and cyclic load tests conducted at two specific
locations. These tests are part of the unified sand database
and were used to calibrate the unified CPT-based method.

A comparison between numerical predictions using the
implemented unified CPT method through OpenSees and
measurements from the EURIPIDES project is presented
here. The comparison against the full-scale measurements
has thus a dual purpose. On one hand, it aims to further ver-
ify the correctness of the implementation, and on the other
hand, it presents a detailed and comprehensive benchmark
that also demonstrates the modeling capabilities and facili-
ties.

4.1. Site and test pile

The test site is located at Eemshaven, The Netherlands.
The encountered soil profile consists of Holocene sands in
the first 16 m depth, followed by alternating layers of soft
clay and loose sandy silt up to 22 m depth. The overcon-
solidated stratum of interest for the pile load test is located
below 22 m below the ground level, formed by dense to
very dense Pleistocene sands with g, values in the order 40
MPa to 80 MPa. The average depth of the water table was
about 2.0 m. The CPT profile and soil stratigraphy at the
second tested location, which will be the focus for compar-
ison purposes in this work, are shown in Figure 3.

The test pile was made of E460N steel and had an ex-
ternal diameter of 0.76 m. The lower segment, extending to
a depth of 27 m, was extensively equipped and with a wall
thickness of 36 mm. The instrumentation in this lower sec-
tion aimed to analyze soil-pile interaction along the dense
sands below 22 m depth. The upper add-on section had
no instrumentation except near the pile head and had a wall
thickness of 42 mm. On the lower part of the test pile, four-
teen levels of axial strain gauges were installed to gauge



the distribution of axial forces and calculate static shaft re-
sistances. These axial strain gauges were placed at 0.5D,
1.0D, 2.0D, 4.0D, 6.0D, and 8.0D above the pile toe, with
additional measurements every 4.0D up to the highest level
at approximately 40D. A detailed description of load test-
ing and instrumentation can be found in (Zuidberg and Ver-
gobbi 1996).
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Figure 3. CPT41 cone resistance profile and stratigraphy from
BH42 at Location II, adapted from (Kolk, Baaijens, and Vergobbi
2005).

4.2. Finite element analyses

The finite element (FE) analysis is based on the imple-
mented load-transfer functions (t — z and ¢ — z elements)
acting at a series of pile elements. The pile structure was
modeled through elastic shear beams, resulting in a total
of 467 force-based elements (with a space between nodes
equal to 0.1 m). It’s worth to note that despite the rela-
tively high number of elements the computation time re-
mains limited, and the analysis is completed in a matter of
seconds. The mechanical properties assumed for the pile
steel are a Young’s modulus of 210 GPa and a Poisson’s
ratio of 0.3.

According to the recommendations in (B. M. Lehane,
J. A. Schneider, and Xu 2005), a spacing of 0.1 m was
retained to discretize the q. profile from the CPT41 test

(see Figure 3). The averaging approach along a distance
of 1.5D above and below the pile tip was used to esti-
mate g, resulting in a value of about 73 MPa. The ver-
tical overburden effective stress profile was inferred from
the unit weight estimates reported for each layer (Jardine
et al. 2005), assuming a water table level at 2 m depth.

The pile tests were simulated using a displacement-
controlled static analysis with a constant axial displace-
ment increment of 1 mm. To solve the non-linear equa-
tions, the Newton-Raphson algorithm is employed. The
interested reader can further check how the employed FE
modeling framework can be used in practice. For this, a
tutorial based on the EURIPIDES worked example from
(Jardine et al. 2005) is provided in the OpenSees documen-
tation.

4.3. Results

The test results interpreted and reported by (Kolk, Baai-
jens, and Vergobbi 2005) at the second location and at a
penetration depth of 46.7 m (II-46.7) are compared against
the simulations. After the nomenclature in the unified
database, those correspond to the site EURIPIDES II and
open-ended piles in compression OET and in tension OEC
for the test type. The static loading sequence at Location
IT was C-T-R-C, where C refers to the compression test, T
to the tension test, and R to the reloading test. The first
tests in compression and tension, prior to the reloading op-
eration to bring back the pile to the virgin position, were
analyzed here.

The comparison of the compression load-displacement
curve derived at the pile head level is shown in Figure 4.
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Figure 4. EURIPIDES II OEC: Simulated and measured load-
displacement response in compression at the pile head.

As expected from (Lehane et al. 2020; Lehane, Li, and
Bittar 2020), test and numerical results are in good agree-



ment since the unified method was calibrated against the
EURIPIDES tests from the unified database. Nevertheless,
full-scale measurements seem to show a stiffer behavior
and then a strain-hardening response. This latter effect can-
not be captured by the employed methodology since, by
definition, it considers a plastic resistance. In this regard,
the computed total capacity from the presented FE analysis
is 21.2 MN. This estimate is very close to the predicted total
capacity of 20.9 MN by other researchers (Wen et al. 2023)
assuming the CPT unified method.
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Figure 5. EURIPIDES II OEC: Simulated and measured pile ax-
ial load distribution for 0.1D base displacement in compression.

The axial load distribution inferred from the installed
strain gauges along the embedded pile length for a pile toe
displacement around 0.1D (76 mm) was also reported by
(Kolk, Baaijens, and Vergobbi 2005). Axial forces along
the embedded pile length were also computed through the
pile response analysis (t-z and q-z curves) which allows
estimation of the load transfer to the soil. Numerical and
test results at 0.1D pile toe displacement are presented in
Figure 5, showing similar trends, although some deviations
are observed. The FE predicts a greater shaft load above 30
m. This mismatch is consistent with results from Figure 4;
the model calculates a softer response for the analyzed dis-
placement. Below 30 m, along the very dense sands layer, a
better agreement is observed, although the model suggests
further mobilization of the pile tip resistance. On the other

hand, the latter comparison might be less reliable, as ex-
plained by (Kolk, Baaijens, and Vergobbi 2005), since the
measurement uncertainty increases nearer the pile base.

The results from the tension test simulations are pre-
sented below.

10 H =——- Testl-46.7 .
— Simulated /.""
Z 8
= .
- vy
S .
6 -
S 7
c
S 4
)
c
@
2 -
0 T T T T T T T

0 10 20 30 40 50 60 70
Pile head displacement (mm)

Figure 6. EURIPIDES II OET: Simulated and measured load-
displacement response in tension at the pile head.
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Figure 7. EURIPIDES II OET: Simulated and measured pile ax-
ial load distribution for 0.1D base displacement in tension.

Similarly, the axial force comparison at the pile head is
depicted in Figure 6. It can be seen that the simulated curve



matches remarkably well with the measured axial load for
displacements lower than 40 mm. The computed axial re-
sistance under tension loading is 10.2 MN.

Figure 7 presents the same analysis as Figure 5 but un-
der tension loading. Measurements and simulations present
a close fit between 20 and 27 m depth. Greater devia-
tions are found when comparing the shaft load distribution
along the following very dense sand layer up to 40 m depth.
Then, as theoretically expected, the simulated axial load
tends to zero when approaching the pile toe, as no end-
bearing resistance should be mobilized in tension. This is
not observed in the measurements, presumably due to the
poor data quality from the strain gauges close to the pile
toe.

5. Conclusions

This contribution presents the implementation and val-
idation of the unified CPT-based method for the axial be-
havior of driven piles in sands (Lehane et al. 2020) through
the OpenSees FE platform. The modeling capabilities are
demonstrated by simulating the well-known EURIPIDES
tests, showing good agreement between numerical and ex-
perimental results. Special attention was paid to maintain-
ing an open-source philosophy during the implementation,
providing documentation and tutorial worked examples in
the repository. While the files are being published in the
official repository, they have been made publicly accessi-
ble in a separate repository®. This implementation allows
simulation of pile behavior based on the load-transfer func-
tions calibrated against the unified sand database (Lehane,
Li, and Bittar 2020). This enables both pile capacity and
settlement calculation.
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