
Open‑ended steel pipe piles have become 
increasingly common with the growth of offshore 
infrastructure such as wind farms, cross‑sea bridges, and 
oil and gas facilities, including the Hangzhou Bay Bridge, 
the Hong Kong–Zhuhai–Macao Bridge, and the Hong 
Kong Offshore LNG Terminal Project (Shea et al., 2022). 
This expansion has driven a rising demand for efficient 
piling systems. These piles offer key advantages in 
offshore environments꞉ they penetrate soft and loose soils 
more easily than traditional piles and, due to their large 
diameters, can achieve high axial capacities with fewer 
piles, reducing construction time and complexity.

Current design standards take simplified approaches. 
API (2007) provides design factors based on the relative 
density of sand to estimate base and shaft resistance, while 
GEO (2006) applies constant reductions of 0.8 for base 
resistance and 0.5 for shaft resistance relative to closed‑
ended piles. These empirical factors may not fully reflect 
soil–pile interaction, leading to potential inaccuracies.

Extensive research has refined pile capacity 
predictions using Cone Penetration Test (CPT) data. 
Notable CPT‑based methods include those developed by
Imperial College London (Jardine et al., 2005), the   
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University of Western Australia (Lehane et al., 2005a, 
2005b), and the University of Hong Kong (Yu & Yang, 
2012a, 2012b). Finite element modelling has also been 
used to study axial capacity. For example, Ko et al. (2015) 
modelled instrumented piles using ABAQUS, with 
diameters from 508 to 914.4 mm and lengths from 8.6 to 
15.0 m.

This study compiles a database of 26 open‑ended 
steel pipe piles to assess the accuracy of analytical methods 
including API, GEO, ICP‑05, UWA‑05, and HKU‑12. 
Additionally, three piles were modelled using PLAXIS 3D 
(Version 20) to evaluate the suitability of finite element 
analysis for predicting axial capacity.

2026 The Hong Kong Institution of Engineers HKIE Transactions   |  Vol. 33, No. 1, Article 2025‑0032

2.  Soil plugging

Unlike other displacement piles, the axial capacity of 
open‑ended steel pipe piles is influenced by soil entering 
their hollow sections. During installation, soil intrudes into 
the pile and mobilises inner shaft resistance until it equals 
the internal base resistance, forming a soil plug. This plug 
contributes significant resistance, allowing long 
open‑ended piles to achieve capacities comparable to 
closed‑ended piles (Lehane & Randolph, 2002).

https꞉//doi.org/10.33430/V33N1THIE‑2025‑0032

https://doi.org/10.33430/V33N1THIE-2025-0032


Without soil plugging, a fully coring pile contains 
soil along its full length, and axial bearing capacity is 
comprised of inner shaft resistance τin, outer shaft 
resistance τout, and base friction of annulus qannulus. 
Meanwhile, in a fully plugged pile, inner shaft resistance is 
replaced by a higher plug capacity qplug. In practice, most 
piles exhibit partial plugging, where plug height lies 
between pile top and founding level.

The degree of plugging is commonly described by 
reference to Plug Length Ratio (PLR) and Incremental 
Filling Ratio (IFR), which relate to Pile Length L and Plug 
Height H. These were proposed by Paikowsky et al. (1989) 
and Paik and Lee (1993). Definitions of PLR and IFR and 
typical plugging scenarios are illustrated in Figure 1. 
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Figure 1. Soil plugging scenarios and physical meanings 
of IFR and PLR.

Estimations of IFR and PLR and their correlations 
have been proposed in various scientific papers, as 
presented below. 

IFR (1)average = min[1,( d/1.5 )0.2 ] by Lehane et al. (2005),
PLR (2)= min[1,(d )0.15 ] ≤ 1 by Yu and Yang (2012a),
PLR = 0.917IFR + 0.202 by Paik and Salgado (2003). (3)

*where d = inner pile diameter in m and 
IFRaverage = average IFR over 20 times the pile diameter of pile penetration.

3.  Selected Analytical Methods

This study evaluates five analytical approaches 
commonly used to estimate the axial capacity of 
open‑ended steel pipe piles in sand꞉ API (2007), GEO 
(2006), ICP‑05, UWA‑05, and HKU‑12. These methods 
differ significantly in their theoretical foundations, 
treatment of soil plugging, and use of in‑situ test data, 
leading to variable predictive performance. The axial 
capacity is defined as the capacity when pile settlement is 
10% of the outer pile diameter D. When determining base 
friction, CPT‑based methods considered the influence zone 
to take appropriate average values. 

 3.1.  Technical standards – API and GEO

Both technical standards from API (2007) and GEO 
(2006) are based on plasticity theories in accordance with 
the equations below꞉

(4)qb = σ′v Nq & τ  = σ′ᵥ βz

where qb is the unit base friction, σ′ᵥ is effective 
overburden pressure, Nq  is the bearing capacity factor, τz is 
the shaft friction at depth z, and β is the shaft resistance 
coefficient. 

Under Section 6.4.3 of API, Nq can be correlated 
based on soil classification using relative density Dr. β 
relates to the soil–pile friction angle with a 0.8 factor as the 
coefficient of lateral earth pressure. 

For the GEO method, Nq is correlated with angle of 
shear resistance per GEO Publication No. 1/2006 (GEO, 
2006). Typical values of β and correlations with angle of 
shear resistance are given therein. Reduction factors of 0.8 
and 0.5 on base resistance and shaft resistance, 
respectively, are applied to the obtained values for open‑
ended steel pipe piles, as specified in Section 6.4.4.8 (GEO, 
2006).

 3.2.  Imperial College Method (ICP‑05)

ICP‑05 is an empirical CPT‑based method published 
in 2005 by Jardine et al., developed using 11 pile test 
datasets. It concerns whether a rigid basal plug is formed 
during static loading by relating to the inner pile diameter 
d, relative density Dr, and cone tip resistance qc. For piles 
classified as not fully coring, the plugging‑adjusted base 
resistance equation is applied. Shaft resistance is derived 
from Coulomb Criterion relating shear stress to normal 
stress such that local radial stress σ′r and modified radius 
R* for the effect of wall thickness and soil plugging of 
open‑ended piles are determined. Increase of radial stress 
Δσr' and corresponding change of radial displacement Δr 

due to observed dilation, were also incorporated. ICP‑05 
adopts the arithmetic mean at 1.5D above and below the 
pile tip to estimate average cone tip resistance qc,a.

 3.3.  University of Western Australia Method (UWA‑05)

The UWA‑05 method, proposed by Lehane (2005a, 
2005b), is a refinement of the ICP‑05 method, based on 13 
test data subjects. It adjusted some assumptions of ICP‑05 
and considered the extent of plugging. To represent partial 
plugging, Lehane et al. (2005a) proposed using the average 
IFR (IFRaverage) over the last 3D of penetration depth, 
known as the Final Filling Ratio (FFR). If FFR data are 
unavailable, PLR or IFRaverage can be taken. A maximum 
soil–pile interface friction angle (δcv) of 29° is adopted to 
consider changes in soil roughness during installation.

.



The effect of pile size on sand displacement during 
installation is considered by introducing Base Effective 
Area Ratio (Arb*) and Shaft Effective Area Ratio (Ars) to 
relate diameter, wall thickness, and plug extent. 

Lower bound and upper bound values of 0.15 and 0.6 
for unit base resistance qb were introduced by Lehane et al. 
(2005a). The upper bond matches the original assumption 
of ICP‑05. 

Improvements to the shaft resistance formulation 
include a revised dependence on relative depth h/D and the 
assumption that local radial stress is independent of 
effective overburden pressure. 

In the determination of the influence zone for qc,a, 
UWA‑05 made use of the Dutch Method such that qc,a is an 
average of two parameters꞉ average cone tip resistance of 
the CPT envelope and minimum envelope within 0.7D to 
4D below the pile tip, and that of the minimum envelope at 
8D above the pile tip. 

Equations adopted by the mentioned analytical methods 
from technical standards and studies are summarised in 
Table 1. 
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 3.4.  The University of Hong Kong Method (HKU‑12)

The HKU method is a CPT‑based design method 
advanced from ICP‑05 and UWA‑05 by Yu and Yang 
(2012a, 2012b) on plugging and interface behaviours. The 
method replaces IFR with a more practical PLR, which 
only requires one measurement of plug length after pile 
installation. It also includes the slenderness ratio L/D to 
reflect partial embedment conditions and divides base 
capacity into annulus capacity and plug capacity to allow 
separate analyses.

For shaft resistance, HKU‑12 introduces a 
soil‑squeezing parameter ρ and a modified diameter D* to 
capture reductions in radial stress due to internal plugging. 
A soil squeezing ratio was introduced to compare the 
volume of squeezed soil and corresponding pile for 
developing relationships between squeezed soil volume, 
plug length, reduction in radial effective stress, and shaft 
friction. Yu and Yang (2012b) suggested a reduction via 
modified diameter in estimating the increase of radial 
stress through a cavity expansion model.

In the determination of the influence zone for qc,a, 
HKU‑12 adopted the approach proposed by Yang (2006), 
which incorporates sand compressibility when defining the 
depth ranges used. For low‑compressibility sand, the 
influence zones above the pile tip (A) and below the pile tip 
(B) are 1.5D‑2.5D and 3.5D‑5.5D, respectively. For high‑
compressibility sand, influence zones above the pile tip (A) 
and below the pile tip (B) are 0.5D‑1.5D and 1.5D‑3D.

The geometric mean of cone tip resistances above tip 
MA and below tip MB can be calculated, respectively, as꞉

(5)MA = nOR MB qc,1* qc,2 * qc,3 ... qc,n .

such that qc,a would be the average of MA and MB if MB is 
greater than or equal to MA. Otherwise, qc,a is equal to MA.

Table 1. Equations of selected analytical methods for axial 
capacity. 

4.  Database

A database of 26 open‑ended steel piles was 
compiled, summarising their configurations, settings, and 
references. It included 17 piles from Zhejiang University – 
Imperial College Database (ZJU‑ICL Database) (Yang et 
al., 2015), 2 piles in Tokyo Bay (Kikuchi et al., 2007; 
Saitou et al., 2011), 3 piles from Korea (Ko & Jeong, 2015), 
1 pile in Indiana, USA (Han et al., 2019), and 3 piles from 
China (Hu et al., 2020). Most data are CPT‑based, except 
for the three Korean piles, which use SPT data. SPT‑CPT 
correlation follows Robertson et al. (1983). The pile 
database is presented in Table 2 such that measured total 
capacity ranges from 1,246kN to 34,850kN. 
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The distribution of the selected pile tests in terms of pile 
length L and pile diameter D is presented in Figure 2a to 2b.

Figure 2. Database distribution꞉ (a) against pile diameter; 
and (b) against pile length.

5.  Results of analytical methods

Table 3 summarises the prediction with standard 
deviation (SD) and coefficient of variance (COV).

Table 3. Results of estimation of axial capacity.

In general, CPT‑based methods consistently 
outperform technical standards. HKU‑12 provides the 
most accurate predictions in nearly all categories except 
variance of base capacity, followed by UWA‑05. CPT‑
based methods yield a slightly conservative axial capacity, 
making them economical in practice. Unlike the empirical 
and dimensionless coefficients in technical standards, 
CPT‑based methods rely on laboratory‑based or CPT‑
correlated parameters. HKU‑12 further enhanced the 
measurement of plug length from FFR to PLR to enable the 
single measurement of plug extent upon installation, on 
actual site work.

Table 2. Database summary under this study.



6.  FEM Model

In this study, PLAXIS 3D (Version 20) was used to 
model an open‑ended steel pipe pile. The model featured a 
10‑node mono‑pile using plate elements. Boundary 
conditions were set at one pile length from the centre, while 
the z‑direction model extent (L+6D) followed the 
maximum influence zone proposed by Yang (2004). The 
hardening soil model was selected to simulate stiffness 
variations during the loading phase (PLAXIS, 2019).

The pile was modelled as a circular steel plate 
containing soil clusters within its hollow section. 
Interfaces were extended 1m beyond the pile tip to 
minimise modelling errors, while the Rinterface feature 
was used to represent soil–pile interactions. Plugging 
effects were simulated in later stages through selective soil 
removal inside the pile. A snapshot of the PLAXIS 3D 
model is presented in Figure 6. 

 6.1.  Setup

Figure 6. PLAXIS model setup.

In this study, three piles are chosen for FEM 
modelling, including Pile No. 12 in Mobile Bay, US, Pile 
No. 17 in Tokyo Bay, and Pile No. 21 in Korea. CPT 
profiles, if any, and Geological Profile are presented in 
Figure 7 below. 

 6.2.  Application for FEM modelling

This study adopted the shaft resistance coefficient 
from Table 6.3 in GEO Publication No. 1/2006. The wide 
range of recommended values may lead to an 
overestimation of shaft capacity, possibly due to the 
absence of a limiting value. While GEO currently caps 
shaft resistance at 150 kPa for bored piles in granular soils 
(Section 6.4.4.3), a similar limit for steel pipe piles could 
be proposed when more load‑test data become available. 
This highlights that the method requires careful 
justification of its coefficients, unlike CPT‑based 
approaches where parameters are directly obtained from 
tests and correlations.

Figure 3. Relations of predicted total capacity and pile 
diameter (left) and pile length (right).

Figure 4. Relations of predicted base capacity with pile 
diameter (left) and pile length (right).

Figure 5. Relations of predicted shaft capacity with pile 
diameter (left) and pile length (right).

In contrast, technical standards exhibit significantly 
greater variability, with nearly doubled SD and COV. 
Over‑prediction is likely due to the reliance on Nq and β 
without sufficient parameters to represent pile behaviours. 
Despite having comparable prediction performance in total 
capacity, API and GEO work differently in base capacity 
and shaft capacity predictions. API (2007) does not 
consider partial plugging, despite its importance in base 
resistance. GEO (2006) limits the base pressure at 5MPa 
with a safety factor of 2.5 for the entire pile tip area, with an 
additional Factor of Safety of 0.5 applied. These greatly 
constrain the estimated base capacity.

In recent years, open‑ended steel pipe piles have been 
successfully installed in the waters of Hong Kong. Shea et 
al. (2022) presented testing results from the Offshore LNG 
Terminal. However, there is a lack of static load test data 
for evaluating the pile capacity. Shea et al. suggested the 
high Factor of Safety (FOS) in the local code of practice 
makes the test infeasible offshore. This highlights the 
limitation that the local industry lacks data to support the 
use of CPT‑based methods in the territory.
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Table 4 summarises the input items for the FEM 
model. 

Table 4. Input for the FEM model. 

 6.4.  Modelling results

The piles were modelled under various combinations 
of prescribed displacements. The displacement 
combinations and respective results in the form of 
load–settlement curves are shown in Figure 8 below.

Figure 7. (a) Geological information of Pile Nos. 12 and 17; 
and (b) Geological information of Pile No. 21.

(a)

(b)

Two types of loading are applied to the structure in 
the simulation. The first is vertical loading at the pile top, 
where the pile's settlement was prescribed in the model, 
allowing the computation of corresponding loading. The 
second type of loading simulates the effect of installation. 
Based on the FEM model by Dijkstra et al. (2006), for a 
concrete displacement pile, a horizontal displacement 
equal to 7.5% of the pile radius was applied along the shaft, 
while a vertical displacement of 7.5 times the pile radius 
was applied at the pile tip. 
The simulation consisted of four stages꞉
I.        Initial Stage꞉ Simulated in‑situ soil response.
II.    Installation Effect Stage꞉ Applied displacements as 
per Dijkstra et al. (2006) to simulate soil deformation.
III.     Pile Installation Stage꞉ Activated the pile cluster
IV.  Loading Stage꞉ Applied load to generate a 
load–settlement curve

 6.3.  Pile modelling details
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Note꞉ HPD꞉ Horizontal Prescribed Displacement; VPD꞉ 
Vertical Prescribed Displacement

Figure 8. Load–settlement curves (Pile No. 12) (a) for all 
cases ;  (b)  for  cases  of  smal ler  loadings ;  (c) 
Load–settlement curves (Pile No. 17) ; and (d) 
Load–settlement curves (Pile No. 21).

From the results of Pile No. 12, it was found that 
Dijkstra's original prescribed displacements—7.5%R 
horizontally and 7.5R vertically—were excessive for 
open‑ended steel pipe piles. These values were developed 
for concrete displacement piles, which differ in base 
contact area and overall stiffness. The analyses showed 
that much smaller displacements yielded significantly 
better agreement with field results. 

Table 5 summarises the relation between the best 
estimation of prescribed displacements and pile 
parameters.

Table 5. Best‑fit prescribed displacement and pile 
configurations.

The following findings were found꞉

   Influence of plugging on prescribed displacements
Fully coring piles (e.g., Pile No.  17) required very small 
best‑fit prescribed displacements (≈0.1%R), whereas 
partially plugged piles (Pile No.  12 and Pile No.  21) 
required substantially larger values (often >5%). This 
indicates a strong link between the extent of soil plugging 
and the magnitude of installation‑induced displacement 
required to replicate field behaviour.

   Effect of wall thickness
Pile No.  21 exhibited unusually large best‑fit horizontal 
displacements. Its relatively thick steel wall relative to its 
length and diameter significantly increases the pile's 
structural stiffness, suggesting that greater lateral 
movement may occur during driving before sufficient 
soil–pile interaction develops.

   Sensitivity to horizontal displacement
Pile capacity was consistently more sensitive to horizontal 
than vertical prescribed displacement. For example, in Pile 
No.  17, tripling the vertical displacement produced 
negligible change in capacity (Cases 2 and 3), whereas 
tripling the horizontal displacement approximately 
doubled the capacity (Case  4). Similar patterns were 
observed in Pile No. 12 (Cases 7–9) and Pile No. 21 (Cases 
1–2, 4), although the magnitude of sensitivity varied with 
pile size.

   Difference in curve shape from field measurements
The FEM load–settlement curves showed steady, 
continuous settlement with increasing load, differing from 
the site curves, which exhibited a clearer transition toward 
failure. This behaviour persisted even in cases without 
installation effects, suggesting that the discrepancy is 
largely attributable to soil parameters that were correlated 
or assumed, rather than the installation modelling itself.

Overall, while the FEM model successfully 
simulated axial behaviour trends for open‑ended steel pipe 
piles, further refinement is required. In particular, more 
detailed modelling of soil–pile interface stresses and 
improved calibration of horizontal installation 
displacements are recommended, as installation effects are 
unlikely to be uniform along the pile length and are 
dynamic effects. 

(a) (b)

(c) (d)
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