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A B S T R A C T

This study utilises parallel discrete element method (DEM) simulations of cone penetration tests (CPTs) and pile 
load tests to investigate the application of direct CPT-based methods for predicting the base capacity of bored 
piles in layered soils. To reduce boundary effects, a coupled DEM-finite difference method (FDM) model is 
constructed to simulate pile load tests. The study focuses on the scale effect of pile diameter on the correction 
factor αb and the effectiveness of existing qc averaging methods in layered soils. Two pile diameters and three soil 
layering conditions, featuring a single silt layer interbedded within sand at varying depths, are considered in the 
simulations. Results show that both soil layering and pile displacement influence the scale effect. At small set
tlements (s) up to 0.3 times the pile diameter (D), the scale effect is insignificant, except when a soft layer is 
directly above the pile tip. At larger settlements, particularly when s > 0.5D, piles with smaller diameters show 
more pronounced reductions in base resistance due to a weak layer closely beneath the tip. Among the four 
methods evaluated, the BD-18 qc averaging method produces more consistent αb values across various soil 
profiles and pile diameters. Microscopic analysis reveals that soils above the tip contribute less to the pile base 
resistance at s/D = 0.1 than to the cone tip resistance. Additionally, the strength mobilisation levels of soils in 
most soil layering conditions appear similar at s/D = 0.1, supporting the proposal of a constant αb value in direct 
CPT-based methods.

1. Introduction

The CPT is increasingly used to establish CPT-based design methods 
for various types of foundations (Senders and Randolph 2009; Al- 
Baghdadi et al. 2017; Mayne and Dasenbrock 2018; Bittar et al. 2023) 
due to its cost-effectiveness, reliability and accessibility in various soil 
conditions. Utilizing the similarity between CPT instruments and piles, 
efforts have been devoted to developing direct CPT-based methods for 
piles (e.g. Bustamante and Gianeselli 1982; Eslami and Fellenius 1997; 
Clausen et al. 2005; Lehane et al. 2020; Lehane et al., 2022a). In these 
methods, the pile base resistance (Qb) is directly correlated with an 
average cone tip resistance (qc,avg) taken over a certain influenced zone 
surrounding the pile tip through: 

Qb = αbqc,avg (1) 

where αb is a correction factor normally less than unity because of the 
effect of partial mobilisation.

Despite the simplicity of Equation (1), the determination of repre
sentative αb and qc,avg can be challenging, especially when the scale 
effect and complex soil layering conditions are encountered. For the 
determination of qc,avg, many different cone tip resistance (qc) averaging 
methods have been developed and employed, ranging from simple 
arithmetic or geometric averages, e.g. the LCPC method (Bustamante 
and Gianeselli 1982) and EF-97 method (Eslami and Fellenius 1997), to 
methods based on the failure mechanism around the cone or pile, e.g. 
the De Beer (1971) method and Koppejan method (Van Mierlo and 
Koppejan 1952), and to more recent averaging procedures involving 
advanced CPT data manipulation, such as the BD-18 inverse filtering 
method (Boulanger and Dejong 2018). Specifically, the BD-18 method 
has recently attracted much attention, including several modifications 
(Yost et al. 2021; Boorder et al. 2022) and performance examinations 
(Geyin and Maurer 2021; Bittar et al. 2022). Despite its performance 
being found generally satisfactory, the efficiency can reduce signifi
cantly for highly stratified soil profiles or interlayers with a thickness 
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close to the cone diameter.
For the correction factor αb, the value recommended in existing 

direct CPT-based methods varies widely from 0.3 to 1.15, depending on 
the relative density (Clausen et al. 2005), pile installation method 
(Bustamante and Gianeselli 1982), and over-consolidation ratio (Van 
Mierlo and Koppejan 1952; de Kuiter and Beringen 1979), among other 
factors. Specifically, the recommended αb value differs across various 
methods due to the use of different qc averaging methods. For instance, 
the αb value recommended for bored piles is 0.35 in the Dutch method 
which employs the Koppejan averaging method, while the LCPC method 
suggests an αb value ranging from 0.3 to 0.4, depending on the magni
tude of qc,avg. This creates inconsistencies in uniform soils where all 
averaging methods result in the same qc,avg.

Additionally, there is a continuing debate regarding whether αb is 
influenced by pile diameter, a phenomenon commonly referred to as the 
‘scale effect’. Chow (1997) found a logarithmic relationship between αb 
and pile diameter when using the base capacity at the settlement of 0.1D 
and the LCPC averaging method. Additionally, Jardine et al. (2005)
suggested that αb reduces as the pile diameter increases, but an opposite 
trend was observed in small-scale centrifuge tests (Klotz and Coop 
2001). Nonetheless, Lehane et al. (2007) recommended a constant αb for 
all pile diameters. White and Bolton (2005) pointed out that the scale 
effect exhibited by the αb values derived from field pile load tests arises 
from effects of partial embedment, residual stresses and partial mobi
lisation, and eliminating these effects leads to αb values independent of 
pile diameter. Specifically, the authors accounted for the effect of partial 
embedment of pile tip into a bearing stratum by employing a different qc 
averaging approach. This suggests whether an ‘apparent’ scale effect on 
αb exists or not depends on the qc averaging approach used.

Understanding the penetration mechanism and stress distribution 
induced by CPT installation or loading a pile is essential for addressing 
the limitations of existing qc averaging approaches, as well as under
standing the dependency of αb on the factors mentioned above. In 
existing studies, the employment of image-processing techniques (White 
and Bolton 2004; Arshad et al. 2014; Ganju et al. 2021) and high-quality 
stress transducers (Lehane 1993; Jardine et al. 2013a, b; Yang et al. 
2014) has enabled detailed analysis of the penetration mechanism and 
extreme stress changes occurring within the vicinity of penetrometers or 
pile tips, respectively. However, these have rarely been conducted in 
layered soils to reveal the effect of soil layering on the induced dis
placements and stresses. This deficiency limits our understanding of the 
mechanistic origin of αb’s sensitivity to various factors, particularly the 
scale effect, thereby impeding the further refinement of direct CPT- 
based design methods for piles.

Most existing studies have primarily focused on the application of 
direct CPT-based methods to displacement piles, while the investigation 
on bored piles remains relatively limited. Compared to bored piles, the 
installation of displacement piles results in increased stresses and den
sities in the surrounding soils (Yang et al. 2014; Duan et al. 2018; Kabeta 
2022), akin to the conditions created around a cone penetrometer. This 
similarity facilitates the use of CPT-based methods for displacement 
piles. However, the installation of bored piles is typically considered to 
have minimal influence on surrounding soils, which is why they are 
usually modelled as “wished-in-place” (Duan et al. 2018; Su et al. 2022). 
This difference between displacement and non-displacement piles has 
been addressed by simply employing a reduced αb value for bored piles 
in existing CPT-based methods (Van Mierlo and Koppejan 1952; De Beer 
1971; Bustamante and Gianeselli 1982). An improved understanding of 
the application of CPT-based methods for bored piles is clearly needed.

To address these gaps, this study employs DEM to conduct parallel 
simulations of CPT penetration and pile load tests in layered soil profiles. 
Notably, existing DEM simulations have rarely investigated CPT or pile 
load tests in layered soils. To reduce boundary effects while maintaining 
the particle number manageable, a coupled DEM-FDM model is con
structed to simulate the pile load tests, allowing soils adjacent to the pile 
to be simulated using particles in DEM. The surrounding soils, which 

primarily serve as a deformable boundary condition, were modelled 
with FDM meshes that require fewer computational resources. Two pile 
diameters (D) are considered: 0.1 and 0.15 m. The soil systems under 
investigation feature a single weak silt layer (0.15 m thick) interbedded 
in sand at various depths near the pile base. The simulated qc profile and 
load-settlement response of piles are utilised to study the scale effect on 
αb, the performance of different qc averaging approaches in layered soils, 
and the effect of soil layering on the force chain development and stress 
distribution around the piles.

2. DEM simulations

2.1. Model set-up

In this study, DEM simulations of CPTs were conducted using PFC3D 
7.0 software, while the pile load tests were simulated using coupled 
DEM-FDM models based on the coupling algorithm integrated in PFC3D 
7.0 and FLAC3D 7.0.

Because the major emphasis of this study is placed on pile responses, 
for simplicity, the DEM model for conducting CPT drilling was con
structed following the earlier work by Khosravi et al. (2020). The DEM 
modelling of CPT tests in calibration chamber was performed using a 
cone penetrometer with a diameter (Dc) of 0.044 m in a soil column 
contained within a cylindrical chamber, as shown in Fig. 1(a). The 
diameter and height of the chamber are 0.7 m and 1 m, respectively, 
achieving a chamber-to-cone diameter ratio of 15.6, comparable to 
those used in existing studies (Arroyo et al. 2011; McDowell et al. 2012; 
Butlanska et al. 2014). In the calibration chamber, a servo-control 
mechanism was employed to apply constant lateral and vertical 
stresses to the soil column by controlling the displacement of the 
chamber walls. In the current simulations, a radial stress of 50 kPa and a 
vertical stress of 100 kPa were considered, resulting in a K0 value of 0.5 
for the considered material, where K0 is the lateral earth pressure co
efficient at rest. Nominally uniform stresses throughout the chamber 
were achieved by ignoring gravity in the CPT simulations. The di
mensions of the chamber and cone, along with the boundary conditions, 
are summarised in Table 1.

For the pile load tests, small pile diameters (D) of 0.1 and 0.15 m 
were considered because achieving realistic D/Dc ratios for typical field 
piles would require over 50 million particles, which exceeds the avail
able computational capabilities. Therefore, the influence range of these 
piles is smaller than that of field piles, leading to a more pronounced 
effect of an adjacent weak layer. This suggests that directly applying the 
simulated Qb or αb in layered soil conditions to practical scenarios is not 
feasible. Additionally, it is highly computationally intensive to simulate 
a complete pile in DEM since a large particle number is required to 
achieve an acceptable pile-to-particle diameter ratio. Considering that 
the pile tip resistance is concerned in this study, the pile load tests were 
also simulated in a calibration chamber, a simplification previously 
employed by many researchers (e.g. Lee and Salgado 2000; Bagbag et al. 
2019). The coupled numerical model for the pile load tests consists of a 
cuboid DEM subdomain, measuring 2.5D in width and 12D in height, 
encased within an FDM subdomain with dimensions exceeding 30D in 
width and length, as shown in Fig. 1(b). Pile penetration was conducted 
within the DEM subdomain, where large deformations can be accom
modated, while the FDM subdomain served as a flexible boundary to 
minimise boundary effects.

Communication between the two subdomains was achieved by 
constructing virtual boundary walls in the DEM subdomain, which 
correspond in exact geometries and positions to the interfacial FDM 
mesh faces. For the deformation compliance between the two sub
domains, displacements of the mesh nodes at the subdomain interface 
were sent to the DEM code for updating the position of virtual wall el
ements, which serve as moveable boundaries for the DEM particle as
sembly. Meanwhile, the force balance and stress continuity at the 
subdomain interface were achieved by converting the interaction forces 
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between the soil particles and the virtual wall elements into nodal forces 
acting on the nodes of the corresponding FDM meshes based on bar
ycentric interpolation. Such a modelling strategy has previously been 
employed in many studies (Indraratna et al. 2015; Jia et al. 2018; Jia 
et al. 2021; Yin 2022) to avoid using an excessive number of particles 
while minimising boundary effects. The top surface of the model was 
subjected to a constant pressure of 80 kPa, resulting in vertical stresses at 
the pile tip of approximately 100 kPa, as gravity was considered in this 
case. Other boundaries of the FDM subdomain were simply fixed in 
position due to their large distance from the DEM subdomain. Details of 
the coupled DEM-FDM model are also summarised in Table 1.

2.2. Materials and parameters

The same soil layering and materials were considered in the simu
lations of the calibration chamber CPTs and the pile load tests. As shown 
in Fig. 1, the layered soil sample consists of a silt layer interbedded 
within uniform sand layers, with the silt representing the weaker 
interlayer. In this study, all soils were represented by assemblies of 
spherical particles, with the interactions between the particles simulated 
using the linear rolling resistance contact model provided in the soft
ware package (Itasca Consulting Group 2021). In this contact model, a 
rolling resistance moment is introduced at the contact point to account 
for increased resistance to rolling of non-spherical particles (Iwashita 
and Oda 2000; Jiang et al. 2005; Wang et al. 2024).

The sand layers in the layered systems were generated to mimic 
Ottawa 20–30 sand. The grain size distribution of this sand has been 
reported by Su et al. (2019). To maintain the computational cost 
affordable, the particle sizes of Ottawa 20–30 sand have been scaled up 
by a factor of 20, resulting in virtual sand particle sizes between 12.4 
and 16.4 mm, with a median (d50) of 14.3 mm. Note that the ratio be
tween the penetrometer diameter and the median grain size (Dc/d50) is 
3.07, which is greater than the threshold value of 2.7 established by 

Arroyo et al. (2011), suggesting that the particle size effect can be ex
pected to be small. The weak silt layer interbedded in the sand layers 
was generated to mimic the sandy material tested by Pietruszczak et al. 
(2003). As will be shown later, this material behaves similarly to silt in 
terms of SBTn classification. Because the gradation information is not 
reported, the same grain size distribution of the virtual sand particles 
was used to simulate the silt.

The micromechanical parameters of the sand and silt were calibrated 
against the triaxial test responses of Ottawa sand (Alshibli et al. 2003; Su 
et al. 2019) and of the silt (Pietruszczak et al. 2003), respectively. The 
calibrated micromechanical parameters are summarised in Table 2. The 
triaxial shear responses simulated with these parameters are compared 
with the measured responses in Fig. 2, where good agreement is found 
for Ottawa sand. For the silt, the moderate deviations between the 
simulated and measured triaxial response after an axial strain of about 3 
% can be considered acceptable considering the limited data available 
for this material.

The constitutive model employed for the FDM subdomain was the
Mohr-Coulomb model, and the parameters were determined from DEM 
triaxial simulations conducted on the corresponding granular assem
blies. The triaxial simulations indicate that the sand has a secant Young’s 
modulus of 70 MPa at an axial strain increment of about 0.1 % and a 
peak friction angle of 41◦. Note that the secant modulus at an axial strain 
increment of 0.1 % was selected because this is the strain level experi
enced by soils in the vicinity of typically geotechnical structures 
(Burland 1989; Atkinson 2000; Lehane and Cosgrove 2000). The 
macroscopic mechanical properties determined from the triaxial simu
lations were assigned to the sand layers in the FDM model. For the silt, 

Fig. 1. Model set-up for a) the DEM model for cone penetration test, and b) the coupled DEM-FDM model for pile load test in multilayered soil systems.

Table 1 
Model geometry parameters for the CPT and pile loading tests.

Model CPT Pile loading test

DEM DEM subdomain FDM subdomain

Ne* 152,604 393,519 204,176
Model geometry Cylinder Box Box
Dc (m) 0.044 −

D (m) − 0.15 (3Dc) or 0.1 (2Dc)
Model diameter (m) 0.7 2.5D 40D
Model height (m) 1.0 12D 36D

Note: * Ne is the number of elements in the corresponding numerical model, 
which is particle number in DEM and zone number in FDM.

Table 2 
Material parameters of sand and silt in the DEM and FDM models.

Model Soil Parameters Sand Silt

DEM (PFC) Contact model Linear rolling resistance
Particle size (d50): mm 0.0143 0.0143
Particle density (ρs): kg/m3 2650 2650
Initial porosity 0.367 0.375
Porosity after consolidation 0.38 0.389
Contact normal stiffness (kn): MN/m 5.0 0.4
Contact tangential stiffness (ks): MN/m 2.5 2.0
Inter-particle friction coefficient 0.35 0.28
Damp ratio 0.7 0.7
Rolling friction coefficient 0.4 0.38

FDM (FLAC) Constitute model Mohr-Coulomb
Density (ρ): kg/m3 1650 1640
Elastic bulk modulus (K): MPa 150 47
Young’s modulus (E): MPa 70 25
Poisson’s ratio (ν) 0.296 0.263
Friction angle (ϕ): degree 40 31
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the triaxial simulations predict a secant Young’s modulus of 9 MPa and a 
friction angle of 31◦. However, to minimise significant compression of 
the silt layers during the stress installation phase (discussed later), the 
modulus of the silt layer in the FDM model was adjusted to 25 MPa. 
Table 2 summarises the material parameters for both the DEM and FDM 
models. The interaction between the particles and the chamber walls or 
the penetrometer/pile was simulated using the linear elastic model, and 
the stiffness parameters were assigned values twice those between cor
responding particles to simulate rigid chamber walls or penetrometers 
(Jia et al. 2021). A small frictional coefficient of 0.1 was adopted be
tween the virtual soil particles and the chamber walls to improve the 
stability of the servo-control mechanism following Khosravi et al. 
(2020). A frictional coefficient of 0.2, experimentally measured between 
a penetrometer sleeve and Ottawa sand (Martinez and Frost 2016), was 
assigned to both the penetrometer cone and the pile.

Fig. 3 shows the simulated CPT qc profiles in the homogeneous sand, 
the silt, and the layered soil system with a 0.15 m thick silt layer 
sandwiched between layers of sand. The average qc values for the ho
mogeneous sand and the silt are 7.82 MPa (Fig. 3(a)) and 1.98 MPa 
(Fig. 3(b)), respectively. The Soil Behaviour Type index (Isbtn) 
(Robertson 2009) successfully identified the soils as sand and silt based 
on the simulation results. Additionally, Sadrekarimi (2016) conducted a 

series of laboratory calibration chamber CPTs in loose to medium-dense 
Ottawa 20–30 sands and derived an empirical relationship for predicting 
the qc value, as given by Equation (2). The relative density of the DEM 
assembly was estimated to be 58 %, based on the maximum and mini
mum void ratios of 0.72 and 0.48, respectively. These threshold void 
ratios were determined by assigning frictional coefficients of 5 and 0 to 
the particles during sample preparation, following Sazzad et al. (2014). 
Fig. 4 shows that the simulated qc closely aligns with Equation (2), 
highlighting the model’s credibility. 

qc

(σv)
0.612 = 0.119exp

(
2.55Dr

100

)

(2) 

In Fig. 3(c), the qc profile for the layered sample reveals a transition 
zone due to the presence of the thin, weak layer. The qc value gradually 
decreases from approximately 7.5 MPa in the top sand layer to about 2.9 
MPa in the middle of the silt layer, before increasing again to 7.5 MPa in 
the bottom sand layer. This transition effect has been observed in many 
calibration chamber and centrifuge CPTs (de Lange et al. 2018; Bittar 
et al. 2022; Khosravi et al. 2022). Due to particle interactions near the 
interface, only soils in the middle of the interlayer can be identified as 
silt, consistent with existing laboratory tests.

Fig. 2. Comparison between the simulated and experimental triaxial shear responses of the sand and the silt.

Fig. 3. qc profiles obtained from the CPT simulations and the corresponding SBTn classification.
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2.3. Simulation program and procedures

The same sample preparation method and parameters were used to 
prepare equivalent DEM assemblies in the CPT simulations and the pile 
load tests. The homogeneous and layered soil samples were generated 
using the radius expansion method. Particles representing Ottawa sand 
and the silt were generated simultaneously in their respective regions 
but were assigned different micromechanical properties. After that, the 
servo-control mechanism of the boundary walls was activated to install 
the required K0 stress condition. The frictional coefficients between the 
particles were the same as those used in the triaxial simulations. This 
sample preparation method has been shown to produce fairly uniform 
porosities across each soil layer, and the porosity and fabric in the DEM 
sample (for CPTs) and the DEM subdomain (for pile load tests) are also 
similar. The porosities of the sand and the silt layers after applying the 
K0 stress condition were 0.38 and 0.389, respectively. After sample 
preparation, the frictional coefficients in Table 2 were assigned to the 
corresponding particles.

For CPT simulations, after the calibration chamber reached equilib
rium under the imposed K0 stress condition, the penetrometer was pre- 
embedded 0.2 m deep (4.5Dc) into the sample to avoid the shallow 
penetration effect and facilitate the attainment of steady-state qc 
(Lehane et al. 2022b). The model was cycled again to equilibrium after 
the soil particles overlapping the penetrometer were deleted. After that, 
penetration was conducted at a rate of 0.05 m/s, which corresponds to 
an inertial number of about 1.0 × 10-3, meeting the requirement of a 
quasi-static condition (Da Cruz et al. 2005; Lopera Perez et al. 2016). 
Note that the inertial number is defined as I = ε̇d50

̅̅̅̅̅̅̅̅̅̅
ρs/ṕ

√
where d50 is 

the mean particle size, ρs the particle density, p′ the effective confining 
pressure, and ε̇ the shear strain rate estimated assuming that all 
compression occurs within 3Dc depth below the cone tip (Yang 2006; 
Cerfontaine et al. 2021). The penetration continued until the cone 
travelled for 0.55 m (12.5Dc) to a terminal depth of 0.75 m, leaving a 
clearance of 0.25 m (5.6Dc) to the chamber bottom. No clear bottom 
boundary effect can be observed in the qc profiles recorded until this 
depth, as shown in Fig. 3(a) and 3(b).

For the pile load tests, an FDM model for the whole sample was 
constructed and cycled to equilibrium before coupling with the DEM 
subdomain. After both subdomains had reached initial equilibrium, the 
FDM zones overlapping with the DEM subdomain were deleted and then 
the coupling between the two subdomains was initiated. After the 
coupled model was cycled to equilibrium, the pile was generated using 
rigid wall elements, with the tip at 8D depth below the surface. Note that 

the critical depth beyond which the base resistance remains constant for 
bored piles in sand is calculated to be about 8.2D for the current model, 
using the empirical relation proposed by Poulos and Davis (1980). This 
indicates that the simulated pile tip resistance will not be subjected to 
any pronounced shallow penetration effect. After generating the pile, 
particles overlapping with the pile were deleted, and the model was 
cycled to equilibrium again before load testing. The above installation 
procedures were designed to simulate bored piles. As will be demon
strated later, this installation method resulted in only slight reductions 
in stresses within the surrounding soil.

In this study, three simulations of CPT penetration and eight pile load 
tests were performed. Two CPT simulations were conducted in the ho
mogeneous sand and the homogeneous silt samples, and the remaining 
one was conducted to provide CPT soundings in a layered soil with one 
0.15 m-thick silt layer sandwiched between sand layers. Similarly, two 
pile load test simulations were conducted in the homogeneous sand and 
the silt samples, which are labelled as Tests 1 and 2 in Table 3. To 
investigate the effect of pile diameter on the tip resistance correction 
factor αb, piles of two different diameters (0.1 and 0.15 m; about 2Dc and 
3Dc) were simulated in the layered soil samples. For each pile diameter, 
three scenarios were considered based on the initial distance (Lw) of the 
pile tip to the top surface of the weak layer: Lw = -0.15 m (Tests 3 and 6), 
Lw = 0 (Tests 4 and 7) and Lw = 0.15 m (Tests 5 and 8). These scenarios 
are demonstrated in Fig. 5. Positive values of Lw indicate that the weak 
layer is below the pile tip, and vice versa. In practice, piles are typically 
designed to end on a strong bearing layer, maintaining a sufficient dis
tance from the nearest weak layer(s). Thus, the scenario Lw =

0 demonstrated in Fig. 5(b) is unrealistic, while in the other two cases 
(Lw = ±0.15; Fig. 5(a) and 5(c)), the effect of the weak layer is exag
gerated, as the distance to the weak layer is smaller than what is typi
cally observed in field tests (e.g. Lehane 1993; Chow 1997; Gavin et al. 
2015). However, these cases are designed to better examine the capa
bility of various qc averaging methods in extreme soil conditions. The 
loading scheme employed in the pile load test simulations was optimised 
with respect to computation efficiency, as will be discussed later.

3. Macroscopic results and analysis

3.1. Effect of loading methods

The potential effects of loading methods on the pile base resistance 
are investigated by performing two loading procedures: staged load- 
controlled (LC) method to a total settlement of 1D and displacement- 
controlled (DC) penetration to 0.3D settlement. In the DC simulations, 
piles were loaded vertically at a constant rate of 0.05 m/s, and loading 
was stopped after reaching a pile settlement of 0.3D due to the long 
duration required. In the staged LC simulations, the pile movement was 
controlled by a servo-control mechanism to attain a specified pile base 
resistance at each stage while maintaining the pile vertical. The target 
pile base stresses were sequentially increased to the following values: 
0.7, 1.4, 2.2, 3.0, 5.0, and 7.0 MPa, with additional increments as 
required. The load increased to the next value once the settlement sta
bilised (indicated by an average force unbalanced ratio falling below 1 
× 10-4).

Fig. 4. Comparison between the simulated and measured qc values for Ottawa 
20–30 sand with different relative densities under σv = 100 kPa; experimental 
results from Sadrekarimi (2016).

Table 3 
Summary of the pile load test simulations.

Test. No Pile diameters Model description

1 0.15 m (~3Dc) Homogeneous sand
2 Homogeneous silt
3 0.15 m (~3Dc) Lw = -0.15 m
4 Lw = 0
5 Lw = 0.15 m
6 0.1 m (~2Dc) Lw = -0.15 m
7 Lw = 0
8 Lw = 0.15 m
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Fig. 6 compares the load–displacement curves obtained for Tests 1 
and 4 using the staged LC and DC methods. The curves obtained with the 
DC method are shown as bold solid lines, while those for the staged LC 
method are marked with symbols. It is important to note that the set
tlement plunges during each load stage do not represent the ‘creep’ 
behaviour typically observed in field tests (Fellenius et al. 2004; Olson 
and Shantz 2004; Han et al. 2017). Instead, this simply reflects the 
process to attain stabilisation upon a sudden increase in the target base 
resistance. The pile moved quickly initially due to the large difference 
between the current resistance and the target value. As the difference 
between these values decreased, the pile movement slowed down. Once 
the pile capacity reached the target value and the soil system stabilised, 
the settlement reached a value representative of the quasi-static 
response of the pile at the target resistance. Thus, the data points at 
the end of each loading stage from the LC method are connected to form 
a ‘fitted ultimate’ curve, represented by broken lines in the figure. The 
comparison demonstrates that the ‘fitted ultimate’ curve obtained with 
the staged LC method (broken lines) closely matches the DC method 
curve (bold solid lines up to 0.3D settlement), indicating that the loading 
scheme does not significantly affect the pile response in the numerical 
models used in this study.

As also shown in the figure, for Test 4 with a silt layer directly 
beneath the pile base, a punching failure can be observed at the loading 
level of about 5 MPa, where very large settlement occurred during this 
stage, and increasing the target resistance to 6 MPa resulted in a tem
porary increase of pile resistance followed by a sudden drop back to 
values of around 5 MPa. Thus, the ultimate pile base capacity for the 

model with a 0.15 m-thick silt layer just below the pile base can be 
determined to be 5 MPa.

3.2. Effect of failure criteria

Fig. 7 displays the load–settlement responses of the piles tested under 
various soil layering and pile diameter conditions. The settlements (s) 
are normalised by the pile diameter (D). Fig. 7(a) shows the behaviour of 
the piles up to the settlement of 0.3D obtained with the DC method for 
studying the pile responses in the initial loading range. Fig. 7(b) shows 
the behaviours of the piles up to the settlement of 1D obtained with the 
LC method for studying the ultimate bearing capacity of the piles. In the 
figures, the response of piles in the homogeneous soil samples is indi
cated with red lines, with those of the large-diameter (D = 0.15 m) and 
the small-diameter (D = 0.1 m) piles indicated with solid and broken 
lines, respectively.

Fig. 7(a) shows that for the load-settlement response up to 0.1D 
settlement, when the weak layer is below the pile base, the bearing 
capacities of piles with greater diameters (Tests 4 and 5) are only slightly 
greater than those of the smaller piles (Tests 7 and 8), indicating a 
negligible scale effect. However, when the weak layer is located above 
the pile tip (Tests 3 and 6), the base resistance of the larger pile (Test 3) 
is comparable to that in the uniform sand and considerably greater than 
that of the smaller pile (Test 6). The slightly higher mobilised bearing 
stress in Test 3 compared to Test 1 (homogeneous sand) may arise from 
slight variations in the void ratios between different samples.

For the load–settlement responses at s/D > 0.3, the presence of a 
weak silt layer below the pile base (Tests 4 and 5 for D = 0.15 m and 
Tests 7 and 8 for D = 0.1 m) is seen to reduce the pile base resistance 
significantly, and the load–settlement responses are closer to that that in 
the homogeneous silt sample (Test 2). When the weak silt layer is situ
ated above the pile base (Tests 3 and 6), the silt layer only has a marginal 
effect on the load–settlement responses at s/D > 0.3. Comparing Fig. 7
(b) to Fig. 7(a), it is found that the contribution of the underlying weak 
layer is greater at larger s/D values, suggesting that the relative 
importance of different soil layers is also affected by s/D. Additionally, 
the punching failure occurred for piles with a silt layer below the pile 
base (Fig. 7(b)). In Tests 4 and 7, with the silt layer directly below the 
pile base, the load–settlement response of the large pile (Test 4) deviates 
from that of the small pile (Test 7). This is due to the different influence 
depths of the piles, which affects the contribution of the underlying silt 
layer.

Overall, it can be concluded that in the initial loading stages (up to 
0.3D settlement), the scale effect on pile base resistance is insignificant, 
unless a soft layer is directly above the pile tip. However, in the later 
loading stages, especially when s > 0.5D, pile diameter influences the 
pile base responses if a weak layer is located closely below the tip. For 
piles with the same distance to the silt layer but different diameters, the 
base resistance of the pile with a larger diameter appears to be less 
weakened by the silt layer, as indicated by the greater capacity obtained 
from Test 4 (D = 0.15 m) over that from Test 7 (D = 0.1 m), where in 
both cases the silt layer is located right below the pile base. This effect 
becomes less significant when the silt layer is 0.15 m deeper (Tests 5 and 
8).

The pile base resistances in homogeneous soil samples obtained from 
Tests 1 and 2 at the settlement of 0.1D (Qb_0.1D) and 1D (Qb_1D) are 
compared in Fig. 8. The former corresponds to the typical bearing ca
pacity used in design, recommended in many standards (ISSMFE 1985; 
BSI 2015), while the latter can be taken as the ultimate bearing capacity 
(White and Bolton 2005). The figure shows that the simulated Qb_1D 
closely approximates the qc values, which is consistent with the findings 
of White and Bolton (2005) and Gavin and Lehane (2007). The com
parable Qb_1D and qc values demonstrate that the samples used in the 
CPT simulations and the pile load tests exhibit equivalent mechanical 
behaviour. The ratio between Qb_0.1D and Qb_1D for piles in the homo
geneous sand and silt is 0.28 and 0.17 respectively in this study. The 

Fig. 5. Demonstration of various arrangements of pile relative to the 
weak layer.

Fig. 6. Load–settlement responses of piles obtained with different loading 
methods; DC and LC stand for the displacement-controlled and the load- 
controlled method, respectively.
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ratio for the sand sample falls between the αb values of 0.2 recom
mended in the European design methods (e.g. see De Cock et al. 2003) 
and 0.35 recommended in the Dutch Standard (NEN9997-1, 2016) for 
full replacement-bored piles, while the ratio for the silt is lower than the 
recommended values.

Fig. 9 summarises the simulated Qb_0.1D and Qb_1D for piles of 
different diameters in the layered samples in comparison to the corre
sponding qc values recorded at the pile tip level. Fig. 9(a) shows that 

when the weak layer is below the pile tip (Lw = 0 and 0.15 m), the pile 
dimension has a small influence on Qb_0.1D. The difference in the values 
of Qb_0.1D between the two piles with different diameters is less than 11 
%. However, when the weak layer is located above the pile tip (Lw =

-0.15 m), a large difference of 25 % in Qb_0.1D was observed between the 
two piles. In contrast, an opposite trend is observed for Qb_1D at larger 
strength mobilisations. In Fig. 9(b), the presence of a weak layer below 
the pile tip (Lw = 0 and 0.15 m) leads to a considerable variation in the 
base resistance across different pile sizes (37 % for Lw = 0 and 17 % for 
Lw = 0.15 m), while only a smaller difference of 7 % is observed for the 
cases with the pile tip at the bottom of the weak layer (Lw = -0.15 m). 
Overall, the scale effect is influenced by both the soil layering and the 
level of pile displacement at which the effect is examined.

3.3. Performance of qc averaging approaches

In Fig. 9(b), the qc values recorded at the pile base level in layered 
samples can differ significantly from the ultimate bearing capacity 
(Qb_1D) of piles, indicating that the CPT soundings recorded in layered 
soils should be properly averaged before being used to predict the pile 
base resistance. The performance of four existing averaging methods, i. 
e. the Koppejan, the LCPC, the BD-18, and the De Beer methods, to 
provide representative qc,avg values in layered soils was examined based 
on the DEM simulation results.

3.3.1. CPT profile
The CPT profiles obtained from the DEM simulations (Fig. 3) are only 

Fig. 7. Load-settlement curves of the piles up to a settlement of (a) 0.3D using the displacement-controlled loading and (b) 1D using the load-controlled loading.

Fig. 8. Comparison of Qb\_0.1D, Qb\_1D and qc in the homogeneous samples.

Fig. 9. Comparison of (a) Qb_0.1D, (b) Qb_1D with qc for different pile diameters in the layered soil samples.
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0.55 m in length, which is insufficient for calculating qc,avg in some 
averaging methods. Therefore, proper extrapolation should be allowed 
for constructing an equivalent in-situ CPT profile. Considering that the 
vertical stress of 100 kPa is approximately equivalent to a 6.5 m over
lying soil layer, an 8 m length CPT profile was generated with a 0.15 m 
thin silt layer between 6.7 and 6.85 m.

A CPT data processing procedure has been developed to generate an 
8 m CPT profile as demonstrated in Fig. 10. In Step 1, an 8 m CPT profile 
in a homogenous sand sample was generated as shown in Fig. 10(a) 
based on the statistical features (a mean value of 7.8 MPa and a standard 
deviation of 1.1 MPa) of the simulated qc profile in the homogeneous 
sand sample presented in Fig. 3(a). In Step 2, the CPT profile in a 0.5 m- 
thick layer containing the thin weak layer was generated based on the 
simulated CPT profile obtained in the layered soil sample. The 0.3 m- 
thick central segment (coloured in red in Fig. 10(b)) was directly 
replaced with the corresponding CPT soundings recorded in the simu
lation, while the remaining top and the bottom segments (coloured in 
green in Fig. 10(b)) were generated based on a linear regression to 
achieve a smooth transition to the mean qc value in the homogeneous 
sand sample. In Step 3, the segment between 6.5 and 7.0 m in the 8 m 
profile (in light grey in Fig. 10(a)) was replaced with the 0.5 m profile 
generated in Step 2 to construct an 8 m CPT profile with a 0.15 m thick 
silt layer at a depth of 6.7 m, as shown in Fig. 10(c). The qc profile 
generated with the above procedures corresponds to a sensing distance 
of 4Dc and a development distance of 3Dc. Additionally, the generated 
CPT profile was further processed to achieve a consistent 0.2 m spacing 
for all cases, ensuring that data quantity and spacing do not introduce 
any bias on different averaging methods.

3.3.2. qc,avg from four averaging methods
Different methods have been developed in the literature to obtain the 

qc,avg values. The popular ones include the Koppejan method (Van 
Mierlo and Koppejan 1952), the LCPC method (Bustamante and Gia
neselli 1982), the classic semi-empirical De Beer (1971) method, and the 
BD-18 method (Boulanger and Dejong 2018).

In the Koppejan method, qc,avg is a sequential pairwise average of 
three values, qcI, qcII and qcIII, calculated using Equation (3). 

qc,avg = [(qcI + qcII)/2 + qcIII ]/2 (3) 

where qcI is the arithmetic average qc values over the depth of 0.7D to 4D 
below the pile tip; qcII and qcIII represent the arithmetic averages of qc 

following the minimum path rule (Fig. 11(a)) over 0.7D to 4D below the 
pile tip and 0 to 8D above the pile tip, respectively. Detailed explana
tions can be found in Xu (2007).

The LCPC method applies an influence zone of 1.5D above and below 
the pile tip. It starts by smoothing the qc profile, removing values below 
0.7 and above 1.3 times the average value, and subsequently calculating 
the arithmetic average of the remaining values, as illustrated in Fig. 11
(b).

Besides these empirical averaging methods, the classic semi- 
empirical De Beer method is also widely used to predict the ultimate 
pile base resistance. This method particularly emphasises the scale effect 
and the transition of qc values through different soil layers. This method 
acknowledges the fact that when the cone/pile transfers from the 
weaker layer to the stronger layer, a larger pile needs a greater critical 
depth to reach the full resistance of the stronger layer (Xu and Lehane 
2008; Khosravi et al. 2022). In other words, the transmission of resis
tance from a weaker to a stronger layer will be slower for a pile 
compared to a CPT.

In the BD-18 method, both qc and qc,avg are considered the convolved 
‘true’ qc, denoted as qc:true, with a diameter-dependent moving filter. In 
other words, qc can be taken as the sum of w•qc:true along the depth of the 
CPT profile, where w is a weighting factor influenced by two parameters 
w1 and w2, which account for the relative distance between the soil and 
the pile tip, and the relative stiffness between the soil layers, 
respectively.

The CPT profile generated above for a layered sample was analysed 
for comparison of qc,avg values obtained with the four averaging 
methods. Fig. 11 provides the visual representations of the procedures 
used in these methods. Table 4 presents the qc,avg values obtained with 
these methods under various soil conditions and pile diameters. 
Generally, under the same soil condition, the Koppejan method yields 
the lowest qc,avg, followed by the De Beer method. The LCPC and the BD- 
18 methods produce higher qc,avg values. Additionally, the coefficients 
of variation (CoV) in the qc,avg values obtained from the four methods 
are below 10 % in the homogeneous samples but around 18 % to 28 % in 
layered samples, suggesting that the disparity between the methods is 
more pronounced in layered samples.

Table 4 also shows that the sensitivity of the obtained qc,avg values to 
the weak layer position varies for different averaging methods. The 
Koppejan and the De Beer methods result in low percentage differences 
(PDs) between the qc,avg values obtained for different-sized piles (0 % for 

Fig. 10. Illustration of the CPT data process procedures based on the simulated CPT profiles in the interlayered soil sample.
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Fig. 11. Demonstration of averaging methods for a pile in sand with a weak layer at the pile base.

Table 4 
Variation of qc,avg determined with different averaging methods.

Soil profile D (m) qc,avg (MPa)

Koppejan LCPC BD-18 De Beer Mean CoV

Sand 0.15 6.67 7.97 7.77 7.20 7.40 7 %
Silt 0.15 1.83 2.10 2.05 1.82 1.95 6 %
Lw = -0.15 m 0.1 3.50 4.52 5.78 4.45 4.56 18 %

0.15 3.78 5.37 6.25 4.45 4.96 19 %
PD 8.00 % 18.81 % 8.13 % 0.00 % 8.77 % −

Lw = 0 0.1 2.78 4.47 6.02 4.96 4.56 26 %
0.15 2.78 4.64 6.47 4.96 4.71 28 %
PD 0.00 % 3.80 % 7.48 % 0.00 % 3.29 % −

Lw = 0.15 m 0.1 3.17 7.48 6.48 5.56 5.67 28 %
0.15 3.78 6.97 6.25 4.45 5.36 24 %
PD 19.24 % − 6.82 % − 3.55 % − 19.96 % − 5.47 % −

*Note: PD is the percentage difference between results of different pile diameters under the same soil conditions; CoV is the coefficient of variation of qc,avg obtained 
with the four methods.
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most cases) when the weak layer is 0.15 m above or just below the pile 
tip (Lw = -0.15 and 0 m). The difference is greater (around 19 %) when 
the weak layer surface is 0.15 m below the pile base (Lw = 0.15 m). This 
suggests that the Koppejan and the De Beer methods attach relatively 
high importance to the deep soils below the pile tip in calculating qc,avg. 
In comparison, a significant PD of 18.81 % is observed in the qc,avg 
values obtained for the two pile diameters with the LCPC method for Lw 
= -0.15 m, while relatively lower PDs (4 % and 7 %) are observed for 
other soil profiles (Lw = 0 and 0.15 m). This suggests that, compared to 
the other three methods, the LCPC method emphasises the soils above 
the pile tip in calculating qc,avg. Specifically, the BD-18 method produces 
relatively low PDs between 4 % and 8 % for all the weak layer positions.

3.3.3. Variation of the correction factor αb
Due to the empirical nature of the direct CPT-based design methods, 

the value of αb is generally recommended with reference to a specified qc 
averaging approach. Therefore, the ability of a qc averaging approach to 
generate qc,avg values that yield consistent αb values across different soil 
layering and pile sizes is more important than the absolute magnitude of 
the produced αb values. This subsection is devoted to examining the 
variation of αb values produced by the four averaging methods, thus 
determining which method is most suitable for use in layered soil con
ditions. When calculating αb, the value of qc,avg is taken from Table 4 and 
the value of Qb_0.1D or Qb_1D can be drawn from Fig. 8 and Fig. 9, 
respectively.

Table 5 compares the values of αb determined for piles in the ho
mogeneous samples. The results show that, under the same failure 
criteria (0.1D or 1D), the four methods give similar αb values. For the 
0.1D criterion, αb is around 0.3 for the sand sample and 0.19 for the silt. 
The lower αb values for the silt at s/D = 0.1 can be explained by the 
triaxial responses presented in Fig. 2, where the peak strength was 
attained after a much greater strain (5 ~ 10 %) in the silt than in the 
sand (3 ~ 4 %). Under the 1D criterion, for both the sand and the silt, αb 
is close to 1.0, which means that the pile base capacity Qb_1D is almost 
equal to the cone tip resistance qc regardless of soil type. The CoVs in the 
αb values obtained with the four methods under both criteria are less 
than 0.1, indicating consistently comparable performances of the four 
methods in homogeneous soils.

Figs. 12 and 13 present the αb values obtained with the four qc 
averaging approaches in the layered samples for Qb_0.1D and Qb_1D, 
respectively. Fig. 12 shows that when the weak layer is above the pile tip 
(Lw = -0.15 m), higher αb values are predicted compared to the other two 
soil conditions (Fig. 12(b) and 12(c)). This suggests that, if an average αb 
is regressively obtained from pile load tests conducted in various soil 
conditions, this average value tends to underestimate the Qb_0.1D for Lw 
= -0.15 m, especially when using the Koppejan and the De Beer methods 
where the αb values for Lw = -0.15 m are 2 ~ 3 times those for Lw = 0. 
Furthermore, a notable scale effect is observed for this soil condition, as 
indicated by the greater difference in the αb values compared to other 
soil layering conditions when using the same averaging method. For 
instance, the difference in the αb values between two pile sizes using the 
Koppejan and the De Beer methods is as great as 0.12 and 0.27, 
respectively.

Among the four examined qc averaging approaches, the LCPC 
method produces the least variable αb in terms of the scale effect, with 

the difference in αb between the two pile sizes generally less than 10 %, 
thus this method is capable of incorporating scale effect into qc,avg. When 
the weak layer is below the pile base (Fig. 12(b) and (c)), the BD-18 
methods demonstrate a similar ability to incorporate the scale effect 
into qc,avg, with differences in the produced αb values between the two 
pile sizes being only 0.01 or 0.02.

In terms of the ability to account for soil layering changes, the BD-18 
method produces the most consistent αb values across all soil layering 
conditions, ranging from 0.11 to 0.39. In comparison, the other methods 
exhibit wider ranges of αb (0.25 to 0.64 for the Koppejan method, 0.14 to 
0.55 for De Beer, and 0.15 to 0.45 for LCPC). Overall, the BD-18 aver
aging method outperforms the other three methods in predicting Qb_0.1D 
for piles of different sizes in layered soils.

Fig. 13 presents the αb values calculated from the simulated Qb_1D 
and the qc,avg values obtained with the four averaging approaches. A 
comparison with Fig. 12 reveals that the variation of αb with soil profiles 
is more pronounced for Qb_1D than for Qb_0.1D. However, among the three 
soil profiles considered, the highest αb still occurs when the weak layer is 
above the pile tip (Lw = -0.15 m). Additionally, for this soil profile, all 
four methods produce αb greater than 1, as shown in Fig. 13(a), sug
gesting that the weakening effect of the silt layer just above the tip is 
overestimated in the four averaging methods, with the BD-18 method 
resulting in the lowest overestimation. On the other hand, the ability of 
the averaging methods to account for the scale effect in qc,avg decreases 
when analysing Qb_1D compared to Qb_0.1D. Specifically, when the weak 
layer is situated just below the pile tip (Fig. 13(b)), the maximum dif
ferences in the αb values for different pile sizes range from 0.24 (the BD- 
18 method) to 0.63 (the Koppejan method), corresponding to relative 
differences of about 40 % for the BD-18 method and about 60 % for the 
De Beer method. In contrast, the corresponding differences in the αb 
values for Qb_0.1D (Fig. 12(b)) are much smaller in both absolute and 
relative magnitudes. Among the four qc averaging approaches exam
ined, the BD-18 method demonstrates the best performance in produc
ing less variable αb values across different soil profiles and pile 
diameters.

4. Microscopic results and analysis

Two key issues associated with applying direct CPT-based design 
methods for piles are mentioned in the abstract: the scale effect on αb 
and the selection of qc averaging approaches. The foregoing analysis 
indicates that these issues disappear in homogeneous soil conditions, 
suggesting that the soil layering effect is the underlying cause. There
fore, the following microscopic analysis will focus on how soil layering 
affects the contributions of different layers to pile base resistance 
(relating to qc averaging methods) and the strength mobilisation levels 
in soils surrounding the pile (relating to αb). Results from the CPT sim
ulations and Tests 1, 3, 4 and 5 for the larger pile with D = 0.15 m are 
selected for the analysis while the tests for the smaller pile with D = 0.1 
m are omitted for simplicity.

4.1. Force chains

4.1.1. CPT penetration through the weak layer
Fig. 14 presents the force chains developed around the cone at 

various locations relative to the weak layer. The response for the 
simulation in the homogenous sand sample has been presented in Fig. 14
(a) for comparison. In these figures, force chains are represented by 
cylinders whose radius and colour indicate the magnitude of force in the 
chain (contact).

In all cases presented in Fig. 14, force chains originated from the 
cone and extended to the surrounding soils, with the force magnitude 
decreasing with increasing distance from the cone. In the absence of 
weak layers, more force chains developed in soils below the cone level, 
although considerable chains can be observed above the cone level, as 
shown in Fig. 14(a). This response represents the situation when the 

Table 5 
Correction factor αb corresponding to the qc,avg values determined using 
different qc averaging methods for homogeneous soil samples.

Soil 
profile

Settlement αb

Koppejan LCPC BD- 
18

De 
Beer

Mean CoV

Sand 0.1D 0.33 0.28 0.29 0.31 0.3 0.073
1D 1.19 1 1.02 1.1 1.08 0.08

Silt 0.1D 0.2 0.18 0.18 0.2 0.19 0.061
1D 1.16 1.01 1.04 1.17 1.1 0.075
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cone was sufficiently far from the weak layer. When the cone reached a 
position 0.15 m (~3Dc) above the weak silt layer, as shown in Fig. 14(b), 
the number, length and magnitude of the force chains all decreased 
compared to Fig. 14(a), with the upper surface of the weak layer 
significantly hindered the development of force chains into the weak 
layer and below. Additionally, it is interesting to note that the weak 
layer, located approximately 3Dc below the cone level, also suppressed 
the development of force chains in soils above the cone level.

As the cone reached the upper surface of the weak layer (Fig. 14(c)), 
the force chains below the cone level were further weakened, and the 
force chains above the cone level were in a comparable number to those 
below the cone level. Meanwhile, some force chains transmitting large 
contact forces (red cylinders) were formed around the sleeve (the sec
tion of the shaft coloured in yellow), which are not seen in Fig. 14(a) and 
14(b). This suggests that when the weak layer is located just below the 
cone level, soils surrounding the sleeve of the penetrometer exhibit 
increased resistance to penetration, indicating a deformation mode 
different to that in the homogeneous sand sample. However, this part of 
the contribution is not reflected in the cone resistance.

In Fig. 14(d), the force chains developed around the cone are much 
sparser and thinner than those observed in Fig. 14(a). This is also re
flected in the qc profile presented in Fig. 3(c), where the qc value 
recorded at the position corresponding to Fig. 14(d) is about half that in 
the homogeneous sample. However, Fig. 7(b) shows that when the weak 
layer is just above the pile base (Tests 3 and 6), the values of Qb_0.1D and 
Qb_1D are only mildly reduced compared to the homogeneous sample 
(Test 1). This difference is partly attributed to the size effect, i.e., the 
relative thickness of the weak layer to the cone diameter is much greater 
than its relative size to the pile diameters. Besides, CPT installation leads 
to layer penetration into the underlying layer, as indicated with dashed 
white lines in Fig. 15. This effect results in a delayed increase or decrease 
of qc, depending on whether the underlying layer is stronger or weaker, 

respectively. This effect does not occur for the bored piles considered in 
this study, leading to contrasting cone tip and pile base resistances at the 
same level.

4.1.2. Influence of the weak layer on the force chain distribution
Fig. 16 illustrates the force chain distribution surrounding the 0.15 

m-diameter pile in Tests 1, 3, 4 and 5, where the location of the weak 
layer is indicated with two dashed straight lines. Overall, in the simu
lations involving a weak layer, there is a considerable increase in hori
zontal force chains within the weak layer. The weak layer significantly 
impedes stress transmission, forming distinctly different force chain 
distributions on either side of the interface.

In Test 1 (Fig. 16(a)), where no weak layer is present, robust force 
chains originate from the pile base and propagate into soils beneath it. 
Compared to Fig. 14(a), the penetration of the flat-ended pile results in a 
reduced number of force chains in the shoulders of the pile. This dif
ference is partly due to the increased stresses surrounding the cone as a 
result of its continuous penetration. Additionally, in a recent DEM 
simulation of CPTs involving cone penetrometers with varying apex 
angles, Hunt et al. (2023) revealed that particles below the tip of blunt 
cones, such as a pile, display more vertical displacement, while sharp- 
tipped cones induce more horizontal displacements in the surrounding 
soils. This directional displacement effect causes the force chains 
beneath a flat-ended pile to propagate primarily in the vertical direction, 
resulting in a greater concentration of chains propagating into deeper 
soils rather than the upper soils. This difference between CPT and pile 
suggests that bored piles at s/D = 0.1 have a reduced ability to ‘sense’ 
soils above the tip compared to a cone penetrometer. In the context of 
the BD-18 method (Boulanger and Dejong 2018), this tip shape effect 
can be addressed by applying a different weighting function to predict 
qc,avg from qc:true than the one used to derive qc:true from the measured qc 
in inverse filtering. Besides, this also suggests that different qc averaging 

Fig. 12. Correction factor αb for Qb_0.1D determined by the averaging methods in layered soils.
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methods / weighting functions should be used for bored and displace
ment piles.

Additionally, Fig. 16 suggests that the high stresses generated below 
the pile tip cannot be directly transmitted to the shoulders of the pile. 
Instead, the stresses diffuse to the shoulders through soils outside the 
region enclosed by the dotted lines indicated in Fig. 16(a), leaving the 
enclosed zone having much fewer force chains compared to the sur
rounding areas. The boundary of this zone approximates a logarithmic 
spiral, resembling the rupture surface for deep foundation proposed by 
Meyerhof (1951). This resemblance further reveals the zone’s formation 

as a result of stress diffusion affected by directional particle displace
ments. As will be discussed later, this zone is associated with reduced 
radial stress. In Test 1, the thickness and height of this zone are about 
0.75D and 2D, respectively.

In Tests 3 and 4, where a weak layer is situated directly above or 
beneath the pile base (Fig. 16(c) and 16(d)), the zone with reduced force 
chains disappears or becomes inconspicuous, because of the interruption 
of stress diffusion by the weak layer. However, when the weak layer is 
1D below the pile base, as shown in Fig. 16(e), the zone with reduced 
force chains expands in size as compared to Test 1. In this case, the 

Fig. 13. Correction factor αb for Qb_1D determined by the averaging methods in layered soils.

Fig. 14. Force chain development around the cone at various locations relative to the weak layer during the penetration.
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underlying weak layer induces a deformation pattern akin to the 
punching shear failure mechanism, as indicated by the displacement 
distribution at 0.5D below the pile base shown in Fig. 17. Here, the 
vertical settlement within r/D = 0.5 in Test 5 is very close to the pile 
displacement of 0.1D (15 mm) while the radial displacement remains 
small. This suggests that particle displacement is predominantly vertical 
in a greater range below the pile tip in Test 5, leading to more directional 
propagation of force chains and ultimately resulting in a larger zone 
having reduced force chains.

It is noted that the region with reduced force chains at the shoulder 
was not observed for the cone penetrometer in Fig. 14. The disparity 
between the force chain distributions in Figs. 14 and 16(a) arises partly 
because of the effect of partial mobilisation since the state of s/D = 0.1 
was considered above. For the state of s/D = 1 in Test 1, as shown in 
Fig. 16(b), the development of force chains into upper soils is more 
evident compared to Fig. 16(a), and the similarity between the contact 
force regimes surrounding the tip was restored. This observation sug
gests that the contribution of different layers to the pile base resistance 
changes with s/D, i.e. different averaging methods or different weight
ing functions should be used to obtain qc,avg for different levels of s/D. 
This characteristic has not been acknowledged in the existing qc aver
aging approaches mentioned above.

4.2. Stress distribution within the soil

4.2.1. Stress paths
Investigating the stress field surrounding the pile can effectively 

assist in understanding the stress disturbance induced by pile installa
tion and the effect of weak layers. In the following analysis, the stresses 
surrounding the pile were obtained using measurement spheres with a 
diameter of 6 times d50, which was found large enough to derive 
representative stress values. Fig. 18 shows the stress paths followed by 
soils at different positions around the pile in Test 1. The stress paths 
obtained from other simulations are similar and hence are omitted for 
simplicity. The initial states of the soils, indicated with circles in the 
figure, all exhibit stresses smaller than the in-situ stresses (p = 66.6 kPa, 
q = 50 kPa) applied before installing the pile. This suggests that the pile 
installation resulted in stress decreases in soils, with more decreases 

induced adjacent to the pile shaft (Points C and D) than below the pile 
base (Points A and B), as shown in Fig. 18(b).

During the pile loading to s/D = 0.3, the stress state of most soils 
below the pile base rises above the critical state line (CSL) and shifts to 
greater stresses, as shown in Fig. 18(a). Such stress paths indicate that 
the soils below the base experienced intense shearing and compression. 
However, for the pile with the weak layer just below the tip (Test 4, Lw =

0), point B was in the silt layer and it follows a stress path approximately 
parallel to but below the corresponding CSL throughout the simulation 
(The results are not shown for simplicity). This suggests that the zone 
experiencing intense shearing and compression is smaller in the silt layer 
than in the sand. For soils along the shaft, such as Points C and D, the 
stresses decrease with the increase in s/D and the soils remain below the 
CSL at s/D = 0.3. The stress path behaviours discussed above are in good 
agreement with those observed around a cone penetrometer or 
displacement pile in existing DEM simulations (Zhang and Wang 2015; 
Guo et al. 2024).

4.2.2. Radial stress distribution
In calibration chamber tests, it has been found that the pile base 

resistance or CPT qc depends primarily on the horizontal stress but is 
relatively insensitive to the vertical stress (Houlsby and Hitchman 
1988). Therefore, the analysis of the stress fields developed around the 
pile will focus exclusively on the radial stress (σr) in the following. 
Fig. 19 presents the values of σr measured in different simulations at s/D 
= 0.1 along the pile shaft. The stresses were taken at a radial distance (r) 
of 0.286D from the pile axis, where the measurement spheres just 
touched the pile shaft, similar to the positions of measurement spheres C 
and D shown in Fig. 18. The vertical distance to the pile base, h = z − ztip, 
is positive for upper soils, and vice versa. As shown in Fig. 19(a), the 
variation trend of σr in different simulations is similar: σr is small at 
positive h/D values, increases with depth to a peak at h/D ≈ − 0.5, and 
then decreases to the in-situ radial stress at larger depths.

Fig. 19(a) suggests that the peak σr in soils beneath the pile base is 
related to the magnitude of Qb_0.1D. Tests 1 and 3 exhibit the greatest and 
similar peak σr, followed by Tests 5 and 4, which are in the same 
sequence of Qb_0.1D in the simulations, as shown in Fig. 7. Additionally, 
with the increase of depth, σr quickly drops to the in-situ radial stress at 
h/D = − 1.7 in Test 4 (Lw = -0.15), followed by Test 5 (Lw = 0.15) at h/D 
= − 2.6. In contrast, the σr in Tests 1 and 3 remains slightly above the in- 
situ stress at h/D = − 3.4. This suggests that the existence of a weak layer 
beneath the pile base reduces the zone of influence, with the reduction 
being more significant when the weak layer is closer to the pile base. 
Additionally, Fig. 19(a) also shows that the underlying weak layer has a 
small influence on the stress distribution above the pile base, with σr in 
soils above the pile base being smaller than the in-situ stress. This 
response is associated with the zone with reduced force chains identified 
in Fig. 16(a) and 16(e). However, when the weak layer is above the pile 
tip (Test 3), σr is greater than the in-situ radial stress up to h/D = 1.1, i.e., 
the increased radial stresses occurred within the weak layer. The radial 
stress in the silt layer increased due to the lower friction angle of this 
material (Table 2), which led to a higher K0 value.

In existing laboratory and DEM studies on CPT or displacement pile 
installation in siliceous sand (Jardine et al. 2013b; Yang et al. 2014; Guo 
et al. 2024), it has been observed that the normalised radial stress (σr/qc 
or σr/Qb) in soils below the tip level initially increases and attains a peak 
value when the penetrometer tip reaches the depth of the soil (i.e. h ≈ 0). 
This peak value decreases with increasing radial distance (r) from the 
penetrometer but appears relatively insensitive to the relative density of 
the sand. Due to these characteristics, the ratio σr/Qb can be considered 
an indicator of strength mobilisation levels in soils.

In Fig. 19(b), the σr values presented in Fig. 19(a) are normalised by 
the corresponding Qb (i.e. Qb_0.1D). The results show that the level of 
strength mobilisation, as reflected by σr/Qb, is primarily controlled by 
soil type. In Tests 1, 3 and 5, the peak σr/Qb all occurred in the sand 
layer, and the values are similar and lower than those in Test 4, where 

Fig. 15. Weak layer penetration into the sand layer during CPT drilling.
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the pile base is in the weak silt layer. Notably, the peak σr/Qb of 24.8 % 
in Test 4 is comparable to the peak σr/qc values of 18.4 to 24.8 % re
ported by Jardine et al. (2013) in calibration chamber CPTs at r/D = 1. 
The greater σr/Qb value in the weak layer than in the sand is consistent 

with Lehane et al.’s (2022) observation that the mobilisation of steady- 
state tip resistance in loose sand requires less penetrometer displace
ment than in dense sand. For the same pile displacement (0.1D) to be 
accommodated by soils beneath the pile, more strains will occur in the 

Fig. 16. Force chain development around the pile at s/D = 0.1 in the simulations with varying weak layer positions.

Fig. 17. The distribution of (a) vertical displacement and (b) radial displacement of particles along the radial direction at 0.5D below the pile base in different tests.
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soils directly below the pile in Test 4, where the zone of influence is the 
smallest, as inferred earlier from Fig. 19(a).

Further evidence of higher levels of strength mobilisation in the 
weak layer directly beneath the pile base in Test 4 can be obtained from 
Fig. 20, which presents the variation of σr/Qb with normalised radial 
distance (r/D) at different depths (h) beneath the pile base. The figure 
shows that in all cases, the radial distance (r) at which peak σr/Qb 
occurred increases with increasing depth, which is a consequence of 
stress diffusion in soils below foundations. In existing experiments 
(Jardine et al. 2013b; Yang et al. 2014) and DEM simulations (Guo et al. 
2024), the peak σr/Qb directly below the pile base is extrapolated to be 
about 0.33, corresponding to a fully mobilised state. The peak σr/Qb 
recorded at h/D = − 0.325 and r/D = 0 in Test 4 (Fig. 20(c)) is similar to 
this fully mobilised value, suggesting that the soils in Test 4 did reach the 
highest level of strength mobilisation among the four tests compared. 
Using σr/Qb as a measure of the strength mobilisation level of soils, it is 
found that a weak layer directly above the pile tip, such as seen in Test 3, 
facilitates the strength mobilisation in soils below the pile base, which in 
turn facilitates the mobilisation of base resistance Qb.

Additionally, the distribution of σr/Qb in Tests 1 and 5, which involve 

lower strength mobilisation levels, exhibits peak σr/Qb values at r > 0, as 
shown in Fig. 20(a) and 20(d). In contrast, Fig. 20(b) and 20(c) 
demonstrate that in Tests 3 and 4, peak σr/Qb values for h/D > − 0.5 
occur at r = 0. At low levels of strength mobilisation, the plastic zone 
originates from the edge of rigid foundations, leading to a saddle-shaped 
distribution of stresses (Terzaghi et al. 1996) with the peak stress 
occurring at the edge of the foundation (i.e. r/D = 0.5). As the load level 
increases, the stress peak gradually shifts towards the centre, resulting in 
an arch-shaped distribution at a fully mobilised state. Consequently, the 
occurrence of peak σr/Qb vertically below the pile axis (r = 0) further 
reveals that the soils below the pile base in Test 4 exhibit higher strength 
mobilisation levels.

However, it should be noted that the mobilisation level of base ca
pacity at s/D = 0.1 can also be quantified by ratio Qb_0.1D/Qb_1D. Based 
on the data from Figs. 8 and 9, this ratio is calculated to be 0.28, 0.29, 
0.16, and 0.28 for Tests 1, 3, 4 and 5, respectively. This suggests that the 
level of strength mobilisation in Test 4 is the lowest among the four tests, 
which contradicts the implication of σr/Qb. In fact, Qb_0.1D/Qb_1D is not 
suitable for characterising the strength mobilisation level in Test 4, 
where a 0.15-m weak layer is directly below the pile base; at s/D = 1 in 
Test 4, the pile base sits directly on the underlying sand layer, repre
senting an end-bearing state distinct from that at s/D = 0.1.

Except for Test 4, which considers an unrealistic end-bearing state, 
both σr/Qb and Qb_0.1D/Qb_1D indicate that the strength mobilisation 
levels in the other three tests (Tests 1, 3 and 5) are very similar, sup
porting the use of a constant αb value for different soil layering (Lehane 
et al. 2007).

5. Conclusions

This study utilises parallel DEM simulations of CPTs and pile load 
tests to investigate the application of direct CPT-based methods for 
bored piles in layered soils. The numerical model for simulating the pile 
load tests was constructed using a DEM-FDM coupling technique, where 
the central region close to the pile was represented as a DEM subdomain 
comprising discrete particles, while the surrounding region was dis
cretised using continuum meshes solved through FDM. The soil systems 
under investigation include homogeneous sand and silt samples, as well 
as layered samples featuring a single silt layer interbedded within the 
sand at varying depths near the pile base. Two pile diameters were 
considered in the simulations for studying the scale effect on the 
correction factor αb. The macroscopic results were used to examine the 
suitability of four existing qc averaging methods for predicting the base 
capacity of bored piles in layered soils. The stress and force chain dis
tributions in the DEM model were also analysed. The conclusions drawn 
from this study are as follows: 

Fig. 18. Stress paths followed by a) soils below the pile base and b) soils along the pile shaft during the loading process in Test 1.

Fig. 19. Variation of radial stress (σr) along pile shaft at a normalised radial 
distance of r/D = 0.286 for s/D = 0.1.
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1) The scale effect is influenced by both soil layering and pile 
displacement. In the initial loading stages (up to 0.3D settlement), 
the scale effect on pile base resistance is insignificant, unless a soft 
layer is directly above the pile tip. However, in later loading stages, 
especially when s > 0.5D, the soft layer above the pile base does not 
induce a significant scale effect on the pile base resistance, while a 
weak layer closely below the pile tip reduces the pile base resistance, 
with smaller diameter piles experiencing a more pronounced 
reduction.

2) The simulated pile and CPT responses were utilised to evaluate the 
performance of four qc averaging methods. These methods perform 
similarly for homogeneous soils, yielding αb values of 0.3 and 0.19 
for pile base resistance (Qb_0.1D) at 0.1D settlement in the homoge
neous sand and silt samples, respectively, and of around 1.0 for the 
ultimate bearing capacity (Qb_1D) in both samples. For layered soils, 
the LCPC and BD-18 methods effectively account for the scale effect 
in qc,avg, resulting in less variable αb values for piles of different sizes. 
The BD-18 method outperforms the others in producing more 
consistent αb values across various soil profiles.

3) Soils above the pile tip were found to contribute less to the pile base 
resistance at s/D = 0.1 than to the tip resistance of a cone pene
trometer due to the shape discrepancy between their tips. This shape 
effect suggests that a different weighting function should be used to 
predict the average cone tip resistance qc,avg for pile from the true 
resistance qc:true than the one used to derive qc:true from the measured 
qc in inverse filtering. However, the similarity between the force 
chain distributions surrounding the pile and the cone was restored at 

high levels of s/D, suggesting that the relative contribution of 
different soil layers to pile base resistance changes with s/D.

4) Except for one simulation that considers an unrealistic end-bearing 
state of the pile, the strength mobilisation levels in other soil layer
ing conditions are very similar, supporting the use of a constant αb 
value for different soil layering.
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