@ Available online at www.sciencedirect.com
S\N_DS
Check for _ FOUNDATIONS
updates

ScienceDirect

HOSTED BY

Soils and Foundations 65 (2025) 101627
www.elsevier.com/locate/sandf

Technical Paper

Load transfer behaviour of super long piles in multi-layer soft
soil through field testing and numerical 3D FEM modelling

Thoi Huu Tra®, Thanh T. Nguyen ”*, Thien Q. Huynh ", Tatsuya Ishikawa °

* International College of Ho Chi Minh City, Viet Nam
® Transport Research Centre (TRC) & School of Civil and Environmental Engineering, University of Technology Sydney, Australia
€ Faculty of Engineering, Hokkaido University, Japan

Received 12 December 2024; received in revised form 9 April 2025; accepted 3 May 2025

Abstract

The load transfer mechanism of pile foundation has received considerable attention over the years, the simultaneous responses that
skin friction and base resistances of super-long piles (length L > 60 m) can have in complex soft soil, however, still need greater under-
standing. This study employs 3D-finite element (FE) analysis incorporating virtual interface elements to simulate the mobilised skin fric-
tion and plastic failure (slippage) of pile under ultimate loading. Static pile load tests on 4 different long and large bored piles (1-1.5 m in
diameter and 70-80 m in length) embedded in the soft soil region of Mekong Delta are studied in detail through extensive instrumen-
tation along the piles. The results are then used to not only explore load-transfer process, but also validate numerical modelling through
a comprehensive process combining multiple-soil layers and —loading stages. The coupled experimental (field) — numerical results reveal
the predominant contribution of skin friction exceeding 90 % of the entire bearing capacity before a drop with swift rise in base resistance
when reaching a critical condition (displacement s;, > 25 mm and load pressure p > 14,000 kPa). The ratio of active skin friction is defined
to assess the simultaneous variation of skin friction at different depths, featuring the role of pile length on the mobilisation of skin fric-
tion. The study also proposes a novel dynamic method to calculate the strength reduction factor, R;, based on fundamental soil and load
parameters, giving a vital means to advancing the use of interface elements when modelling pile foundation in soft soil.
© 2025 Japanese Geotechnical Society. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
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1. Introduction

Pile foundation has become one of the most effective
solutions for high-rise buildings and infrastructure (e.g.,
energy, coastal and transportation) around the world
(Galvin et al. 2017; Nguyen et al. 2022; Shaolei et al.
2015). As this foundation can support heavy loads and
effectively minimise settlement, it is notably favourable in
weak soft soil regions such as the Mekong Delta (the South
of Vietnam). For example, there were a myriad of super-
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large and —long bored piles (diameter D = 1-2.5 m and
length L = 50-100 m) used to carry massive loads under
towers and buildings in Ho Chi Minh City situated in the
edge of the Mekong Delta (Nguyen et al. 2024). The geo-
logical condition of Ho Chi Minh City is extremely sophis-
ticated with a thick soft to very soft soil layer that can rise
up to about 30 m as portrayed in Fig. 1 (Layer 1 and 2),
giving significant challenges to having effective foundation
designs. While previous studies often focus on short to
medium piles, i.e., L < 40 m (Al-Atroush et al. 2020;
Huynh et al. 2022b; Krasinski and Wiszniewski 2017),
super-long piles embedded in complex soft soil strata
requires better understanding.
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Nomenclature

A cross-sectional area of pile

¢ cohesion of soil

C; cohesion of interface

¢’ effective cohesion of soil

D pile diameter

e void ratio

dt incremental shear stress of interface
de incremental shear strain of interface
E, .. oedometer loading stiffness

E, Elastic modulus of pile material

E, triaxial unloading stiffness

Es triaxial loading stiffness

E%; secant stiffness at the reference stress
G shear modulus of interface

G, shear modulus of soil

h depth

kg coefficient of mobilised skin friction
L pile length

m exponent

N SPT value

P axial load on pile head

Dref reference stress

p pressure on pile head

Opmax total base resistance at final load level

Osmax total shaft resistance at final load level
qp base resistance

qs unit skin friction

R; strength reduction factor (R-inter)

R;n mean strength reduction factor

Sy undrained shear strength

Sp pile base displacement

S pile head displacement

Sy pile shaft displacement

u shear displacement of interface

u; ultimate shear displacement of interface
u> residual shear displacement of interface
Y unit weight

a vertical effective stress at the middle of soil layer
03 horizontal effective stress

T shear stress of interface

Tf ultimate shear strength of interface

T mobilised shear strength of interface
Timax shear strength at the middle of soil layer
T, residual shear strength of interface

10} friction angle of soil

Q; friction angle of interface

o effective friction angle of soil

Subjected to an axial loading, pile transmits the load to
the surrounding soil through skin friction along the pile
shaft and base resistance (also known as end-bearing
capacity) at the pile tip. The skin friction increases with ris-
ing relative displacement between pile and soil, exhibiting
elasto-plastic transformation when it approaches the peak
skin friction before falling into a residual stage
(Hirayama 1990; Sharo et al. 2022). This process is usually
termed as mobilisation of skin friction that propagates
downward with increasing contribution from the lower
parts to the entire bearing capacity of the pile. Meanwhile,
the base resistance often takes minor role at initial stages
and gradually increases when the displacement of pile
reaches a certain degree. For example, a recent site investi-
gation (Nguyen et al. 2024) on long piles (L > 60 m) in soft
soil showed that the base resistance becomes significantly
only when the settlement of piles > 0.1 % of the pile’s
length. These simultaneous responses of shaft and base
resistances under increasing load are depicted in Fig. 2.
For a given time, the pile shaft displacement (s,) decreases
over the depth (%) since the pile compression accumulates
from the pile head to the tip under loading. This means
that the upper elements of the pile such as Sections A
and B can exhibit post-peak state (presented by black
dots), whereas those closer to the pile tip (e.g., Section C)

are approaching their peaks of skin resistance due to smal-
ler magnitude of displacement. In the meantime, the base
(tip) resistance slowly increases and only becomes apparent
when the displacement is very large.

Various methods have been developed to simulate the
load-transfer process as well as estimating shaft and base
resistances of piles under axial loading. Among them, finite
element method (FEM) has become one of the most pre-
ferrable options as it can incorporate advanced constitutive
soil models and handle complex geometry (Abu-Farsakh
et al. 2015; Hamderi 2018; Said et al. 2009; Tamboura
et al. 2022). However, previous finite element (FE) mod-
elling of pile foundation faced some crucial limitations that
requires attention. Firstly, majority of past FE studies con-
centrated on reproducing the load-displacement curves
(normally at the pile head), while ignoring the simultane-
ous behaviours of shaft and base resistances at different
depths (Alwalan and El Naggar 2020; Amornfa and Sa-
nguanduan 2023; Tra et al. 2023). Although efforts have
been made to investigate soil-pile interactions, their models
lack validation with relevant field tests such as using very
short piles and/or without shaft and tip instrumentation
(Al-Atroush et al. 2020; Krasinski and Wiszniewski
2017). These issues pose huge challenges for practical
designers to select appropriate model parameters as well
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Fig. 1. Typical geological profile of Ho Chi Minh City around Saigon River - the major river in Mekong Delta.

P

s .
Section A mmm ** Resistance g, (q;)

qs, A

Ss, B

]
QS, B

Section B

~--—— Section C

- Section B

-—---- Section A
_——-—"" Base resistance

>
. S
Section C mm *>¢ 0
qs,C
Base S Note:
resistance ¢

Displacement s, (s;)

e Shaft and base resistances ata given time

Fig. 2. Development of skin friction and base resistance with increasing displacement

as having proper understanding of load-transfer mecha-
nism when long piles are installed in complex geological
strata.

In FEM, the interaction between soil and structure ele-
ments can be simulated by using interface elements (joint

elements). A major parameter defining these elements is
the strength reduction factor, R-inter (R;), which directly
affects the magnitude of the pile-soil interface’s shear
strength and mobilised skin friction along the pile body.
However, how to define value of this parameter has not
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been considered and understood properly. For example,
Krasinski and Wiszniewski 2017 fixed the value of R;, while
others varied it dramatically based on direct shear tests for
different types of soil, i.e., 0.34-0.8 (Ter-Martirosyan et al.
2019) and 0.39-0.57 (Sidorov and Almakaeva 2020). In
fact, none has extensively investigated and characterised
the value of R; with reference to in-situ pile tests, especially
for super-long piles in multilayer soil. This confusion has
caused significant challenges in selecting appropriate value
of R; for FE models, requiring urgent attention.

In view of the above, the overarching aim of this study is
twofold. Firstly, it substantially enhances our understand-
ing of load-transfer behaviour of very long piles (70-80 m)
installed in complex soft soil through extensive studies of
field pile load tests and FE modelling. Secondly, it pro-
poses a novel approach to determine value of the strength
reduction factor R; that significantly eases FE modelling.
Four well-instrumented large and long bored piles in Ho
Chi Minh City are selected, while 3D-volume piles are built
using FEM to reproduce the load tests. The load-transfer
process is characterised through a newly defined parame-
ter, namely the ratio of skin friction. The unique feature
of the current FE studies lies in the methodical and system-
atic validation of shaft (skin friction) and base resistances
at different depths and loads with reference to the field test
data. As a result, new empirical relationships between R;
and soil-pile and load features are generated, giving signif-
icant values to the practice of finite element FE modelling
in deep foundation design.

2. Field load test on long piles in soft soil of Mekong Delta
2.1. Geological condition and projectlsite features

This study underwent 4 different high-rise building pro-
jects, i.e., Gia Phu (GP), Friendship Tower (FT), Vietcom-
bank Tower (VT) and Ascent Plaza (AP) situated on the
soft ground of Ho Chi Minh City, breeding a collection
of 4 different super-large and —long-bored piles as summa-
rized in Table 1. These piles had diameter between 1 m to
1.5 m and embedded depth up to approximately 80 m.
They were installed in sophisticated geological strata as
described in Fig. 3, causing complex behaviours of shaft
(skin friction) and base resistances during loading process.
The soft to very soft soil layers (SPT value N < 10), which
would make insignificant contributions to the shaft resis-
tance, reach up to 20 m in depth, causing significant chal-
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lenges to foundation design. On the other hand, clayey
sand and sand with N > 30 are predominant under 50 m
depth. Stiff soils with N > 50 are only available at a
h > 70 m (dense clayey sand and dense sand), which is also
the depth often required for pile embedment in Mekong
Delta. It is noteworthy that some soil layers might have
similar geotechnical properties, such as the void ratio and
Atterberg’s limits of soil Layer 3,, Pile GP and those in
Layer 54, Pile AP, but show different values of SPT. This
is because they are located at different depths, thus sub-
jected to different confining pressures that significantly
influenced SPT values. In addition, the test sites were
located at low-lying area of Mekong Delta, the water table
was usually about 1-2 m below the ground surface accord-
ing to site investigation reports. Soils can therefore be
assumed in fully saturated condition for most layers along
the piles.

2.2. Static pile load tests and the results

Static load test (SLT) was conducted complying with
ASTM standard (ASTM D1143 1981); their load-pile head
displacement ( P-s;,) curves are presented in Fig. 4. Piles GP,
VT, and AP (Fig. 4a, c, and d, respectively) reach the crit-
ical state, where the pile head displacement rises steeply, for
instance from 24 mm to nearly 90 mm in Pile VT (Fig. 4c),
despite marginal increase of load. It is noteworthy that the
term ‘‘critical point” might imply the yield load which
marks a surge in displacement of pile under loading. In
the current study, the critical point is used to identify fail-
ure state of pile that will benefit later analysis and discus-
sion, the value of yield load is thus not estimated in
detail in this study. The failure can be attributed to the sub-
stantial loss of skin friction from its peak in deeper soil lay-
ers (detailed later in Fig. 7a, ¢, and d), which led to the
ever-increasing pressure on the pile tip, resulting in the
swift growth of the pile displacement as shown later in
Fig. 7e and f. By contrast, Pile FT (Fig. 4b) remains nearly
in elastic stage as the skin friction at lower zones and the
base resistance continue to increase steadily even at the lar-
gest load level, i.e., 30,000kN (Fig. 7b and e). Therefore,
Piles GP, VT, and AP can be considered as representatives
for failure cases, whereas Pile FT can be categorized into
non-failure pile and well satisfied the design target
(Table 1). Furthermore, the largest displacement of pile
head relative to the pile diameters, as depicted in Fig. 4,
show that this value for failure piles (Pile GP, VT, and

Table 1

Basic information of the four tested piles.

Bored pile GP FT vT AP

Project Gia Phu Friendship Tower Vietcombank Tower Ascent Plaza
Diameter, D (m) 1.2 1.5 1.5 1.0

Length, L (m) 80 79 70.8 70.3
Designed load (kN) 12,000 15,000 14,000 90,00

Field test load (final load level) (kN) 26,400 30,000 26,040 11,700




T.H. Tra et al. Soils and Foundations 65 (2025) 101627

16 1% > PL=1651% |14

GIA PHU FRIENDSHIP TOWER |VIETCOMBANK TOWER ASCENT PLAZA
Depth/SpT value Eif Soil profile | ST value PF"Te Soil profile | 57T value ':}]1? Soil profile | ST value ':;f Soil profile
0 20 40 60 0 20 4 0 20 40 60 0 20 40 604
- —7541% ®w:21.8% B ; Ww=22.1% @w:84,52% =
2 40 ~15.19kN/m?[LL 7=19.5kN/m*\& ) 7=20.1kN/m’ 30 B\ =14.7kN/m’ _
4 Lo o — 2037 15, O e=0.682 =0.645 0 — 2312
g - - \LL=37% t LL=28% B 11=772%
-6 DI 19 W\ PL=17.9% PL=17.6% 0 " PL=418%
& = /m* NN NN\ X — — -
-8 ,‘ﬁg NG é”'kN’m 20 L N \\i 6% 8 oo
-10 2F - =18.86% w:19.5% 15 7=20.4kN/m* [0 - ==
4 SN i - . e=0.528 .|
o , @yzZO.lSkN/m 1l b =20 37kNm?1 i - c0ss 0 oo
p g =0.579 e=0.566 — — _
-14 4 < 11-23.03% LI=302% S L Wt T
PL=17.2%

=
|
[
|
[
|
[

0 4L F DO e SARARNS 4 PR
: | w=16% B . L L. 7=18. m
22 1I - 18 < @D;/:Z()Jskr\nm‘15 % ....... (’I e=0909
24 1 17 a0 e=0.496 20 - [ 1 LL=454%
%7 T —— el 1 - %ﬁ PL=22%
26 41 - 16, @w—l‘)% 8L b B 1
28 13! . 18 DTN g L B 7 3y T 7
S VA VAV 4D PP R - R POy B T - K y=17.1kN/mx
30 14 { l6g & Bf- - 20 B 1D | DA
232 - 170 v B L. 19 ' ¥ . ... ... 9 %
34 413 18y @y T 22 - I gg W=27.29%
36 A8 L B A el L B 36 w=198% ! ; @EA%ZW/‘“Z
I 9.5 %90 5NN I ) 7=20.4kN/m” || 0.
38 42 - LL=39.1% /|
T 2% I A =0.602 S PL=20.6% /
40 121 1 BSOSy dsod [ BT T T T T 45 L1-543% 7 J15 o
o 12 - weI81% PL=22.8%
42 "'@7:20.79kN/m’ 40 18 i
44 437 B e=0.552 47 17 §
b LL=44.41% ey =
46 {41 B PL=2099% 124 LL=50% 42 21 @wzm.gz% S
v PL=224 < d/y=20.2kN/m’
48 as . 22 39 25 L e0s66 2
so 137 J B 42 32 | Ll %' LL218% )
52 430 ~ >5 37 {3 20a0vm® 341 | N
sa 27 I 2 =2461% N5 33 ﬁ < e=0.527 28 ] )”
o ot Ea e . OOEEERE 1 “"p’%’
56 29 N 320 Op)y=20.53kn8/m 40 B 30 7 "'&'
. i -+ T T Y £
58 420 Ji@wlg_m% 21 @wzn_l% 142 % AAAAAAA 25 ’s”"s
.60 40 \09/)=20.26kN/m¥{20 £\ y=20.75kN/m’ |47 - TR 27 1 )” "
B e=0.555 4 . e=0509 [ 4 Pl o-o-- - & ',”
-62 436 o0 AN B - - 42 . [ 0. “'”
64 423 W XPL=1573% J391 J B T 42 - I 31 I %w%
KX X X 50 N & - - - - - P, 5 ’ '
66 427 : >50  NBy oo - 39 %j _______ 2l %m”
68 138 44 47 § ------- 300 | " "'
70 437 - 47 48 I _ ““““ 35 X i.,’s%
72 137 40 sal N[ 5] '%’
74 439 : 41 : st e 361 | s’,@s
76 440 >5 ®w=17.1% sol L 37 ”
: B b)y=20.96kN/m’ 1 ------- ” ’
78 47 . >5 [ R Ahyrru 7 S I I U ) AR 32 ”
80 J40 - >5 P £ I '''''''''''''' 35 -X- %"’
8 137 ++++++++749 [ ------- 35 I w”
-84 30 o+ o+ 591 N 36 I %"’
86140 M (1 B I O 37
o A R XA o] L] ey
- N . Unit weight (y)
A + +
- ; Void ratio (e)
1
Mud Clay Sandy clay ~ Clayey sand ~ Silty, clayey sand Sand Liquid limit (L)
Note| Friction angle (¢"), cohesion (c”), and undrained shear strength (Sy) are shown in Table 2 Plastic limit (PL)
LL:68.81% LL=28.1% LL:36.7% e=0.557 €=0.557 LL=57.1%
PL=36.44% PL=14.73% PL=22.44% LL=39.7% LL=32.2% PL=30.1%
PL=18.7% PL=20.8%

Fig. 3. Soil profile of the four selected pile tests in Ho Chi Minh City, Mekong Delta.

AP) exceeded 5.5 %xD, whereas it was just around
2.2 %xD for non-failure Pile FT.

In order to measure the mobilisation of the shaft and
base resistances, strain gauges distributed at different soil
layers were attached to steel reinforcement bars along the
pile. The procedure to calculate skin friction from the
strain gauge measurement is presented in Fig. 5. The axial
forces at these cross-sections were computed based on the
measured strain of steel bars through different loading
stages (Fig. 6). It is noted that the term “Zone”, which dif-

fers from the term “Layer” used earlier for soil classifica-
tion, refers to the area between two consecutive strain
gauges or between the ground and the first layer of strain
gauges. Moreover, the base resistance was estimated using
data from the strain gauges near to the pile toe (i.e., 0.3—
I m above the pile tip). Subsequently, the total shaft resis-
tance due to surrounding soil acting on pile segments was
the force disparity between two adjacent cross-sections.
Fig. 7 shows the final results related to unit skin friction
and base resistance.
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Fig. 6 represents how the applied load is borne by the (dashed lines), skin friction along the upper half of the pile
skin friction and base resistance cross 4 different test cases. takes majority of the load while the contributions from the
When the load is small, for instance under 12,000kN  lower parts are marginal. As the load increases, the skin
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friction from deeper segments of the piles takes bigger role
that widens the distribution curve at the # > 30 m. For fail-
ure piles, such as Pile GP and Pile AP, there are surges in
the base resistance at the final loading step, indicating the
failure state where the skin friction substantially drops with
dominant slippage (debonding stage) between soil and pile.
On the other hand, the non-failure pile, Pile FT did not
reach the failure yet as the load was terminated due to
the satisfaction of designed target. As a result, the contri-
butions from the lower parts are still small with the pre-
dominance of linear elastic behaviour.
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Greater details of skin friction behaviour at individual
layers are presented in Fig. 7a-d for the 4 investigated piles.
The skin friction increases under loading and reaches the
peak (maximum value) before decreasing to a residual level
(debonding state with slippage). The deeper the soil-pile
contact, the larger the skin resistance to loading, thus the
higher the peak unit skin friction. For example, Fig. 7a
shows that the unit skin friction of the first soft soil layers
(Zone 1 to 3, i < 40 m including mud, clays and clayey
sands) reaches a peak of only 24 kPa, whereas it can
increase by a factor of 5-6 to approximately 120-130 kPa
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Fig. 7. Skin (shalf) and base resitances gained from static load tests: (a)-(d) Unit skin friction-load for Pile GP, FT, VT and AP; (e) Base resistance-
pressure on pile head; (f) Base resistance-pile head displacement; (g) Comparison of unit skin friction between design calculation and field test.
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Fig 7. (continued)

for deeper soils. This was because of not only the stiffer
soils (clayey sand to sand, void ratio from 0.49 to 0.55),
but also the larger confining pressure that deeper layers
had. Furthermore, the maximum unit skin friction within
the lower zones of Pile AP (Fig. 7d) is significantly smaller
than those of the remaining piles (Fig. 7a-c), i.e., approxi-
mately 80 kPa compared to 120 kPa. This can be explained
by the fact that the soils in the lower zones around Pile AP
are weaker than those in the other piles, as shown by the
SPT values in Fig. 3. The N value of the lower soils
(h = 35-80 m) in Pile AP is in the range 30-35, which is
smaller than 40-50 in the counterparts. The mobilisation
of base resistance with increasing pressure and displace-
ment of pile head is depicted in Fig. 7¢ and f. For failure
piles (Piles GP, VT, and AP), the base resistance linearly
increases before an exponential growth. In contrast, the
base resistance of non-failure Pile FT continues to rise stea-
dily throughout the loading process. Further details will be
explored later in conjunction with numerical insights in this
paper. Furthermore, a comparison of the unit skin friction
between the design calculation (TCVN 10304 2014) and the
field measurement is made (Fig. 7g) to understand any sig-
nificant differences between the two approaches. For failure
piles (GP, VT, and AP) across all the soil layers, the
designed values are well smaller than the largest levels that
the piles can reach according to field test data. Some layers,
especially upper zones such as Zone la (Z1a) and Zone 1b
(Z1b) witness even 40-50 % disparity between the designed
and measured skin friction. The gap between designed and
real ultimate values of skin friction seems to decrease over
the depth. On the other hand, for the non-failure Pile FT,
the measured values of unit skin friction, especially in the

lower soil layers are smaller than the designed values, as
the ultimate level had not been reached in this pile yet.

3. Numerical simulations of pile load test
3.1. Soil and pile parameters

This study employed 3D FEM incorporated in Plaxis
(Bentley 2022) to simulate pile load tests. The method of
volume pile was used as it can capture complex pile-soil
interaction, accurate stress-strain distributions and non-
linear material behaviours. As the bored piles were much
stiffer than the surrounding soils, a linear elastic model
was used with the elastic modulus of 35GPa (cast-in-situ
concrete). The Hardening-Soil (HS) model an advanced
soil model based on isotropic hardening (Schanz et al.
2019) was adopted. This model not only takes stress-
dependent stiffness according to a power law into consider-
ation, as presented in Eq. (1), but also facilitates the use of
undrained shear strength (S,) based on vane shear tests,
cone penetration tests, and similar methods, according to
the Undrained B method (Bentley 2022), unlike other soil
models such as Soft soil, Cam-Clay, and Mohr-Coulomb
models. Undrained analysis was carried out for all soil lay-
ers except sandy soils where high permeability can allow
sufficient dissipation of excess pore water pressure during
pile test. The triaxial loading stiffness Es5, triaxial unload-
ing stiffness E,,, and the oedometer loading stiffness E,.;
were used. The values of E,. and E,.; were assumed to
be 3Es5) and Es, respectively (Teo and Wong 2012). The
E5p was calculated from Eq. (1) with reference to the secant
stiffness E5 which was taken as 5008, for clayey mud and
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soft clay (Likitlersuang et al. 2013; Lim et al. 2010) and
1,500 N-2,200 N for sand and semi-stiff to stiff clay
(Hsiung and Dao 2014; Huynh et al. 2022a). The exponent
m was assigned as 0.55 for sand, 0.75 for semi-stiff to stiff
clay, and 0.9-1 for mud and soft clay (Janbu 1963; Von
Soos 1990), as shown in Table 2.

m

c.cos @' + 3.8 ¢’
c'.cos ¢’ + p,,.sin ¢’

ref

Es) = E5;

(1)

where o3 is the horizontal effective stress; p,.,, = 100 kPa is
the reference stress; ¢’ and ¢’ are the effective cohesion and
friction angle of soil, respectively.

3.2. Theoretical consideration of interface elements and R-
inter calibration approach

Interface elements were employed to simulate the virtual
zone (enveloped by the two cyan lines as depicted in Fig. 8)
of intensely shearing material at the contact between the
pile and the surrounding soil (Bentley 2022). Without the
interface elements, the pile and the surrounding soil are tied
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ping, gapping). The interface elements have pairs of nodes
connecting the pile and the soil as such one node belongs to
the pile and the other belongs to the soil. As a result, the
interface elements allow for different displacements
between the node pairs, triggering relative displacement
between the pile and the surrounding soil under loading
(Fig. 8b). It is noteworthy that in Fig. 8, the interface ele-
ments are portrayed with a finite thickness where the coor-
dinates of each node pair are different for convenient
understanding. In real computation, they are identical with
zero thickness of the interface elements and the position of
the interface elements’ stress points coincides with the node
pairs. Also in this study, the FE model considered delami-
nation of interface elements due to normal stress in both
tensile and compressive states. This allowed the contact
between soil and pile to be restored when the normal stress
changes from tensile to compressive state, for example
when switching between loading, unloading to reloading
stages.

The relationship between shear stress and strain of the
interface is described by:

together, resulting in no relative displacement (i.e., slip- dt=G.de (2)

Table 2

Input parameters of soils using Hardening-Soil (HS) model.

Test pile Soil layer Depth, / (m) Mean of N ¢’ (deg) ¢’ (kPa) S, (kPa) E5 (kPa) m

GP 1,. Clayey mud 0-5.8 - - - 9.4 4,673 1
2,. Soft sandy clay 5.8-10 - - - 43.1 21,531 0.9
3.1,. Medium dense clayey sand 10-26.3 11.1 28.15 1.6 - 1500 N-2200 N 0.55
3.2,. Medium dense clayey sand 26.3-40.3 12.7 28.15 1.6 - 1500 N-2200 N 0.55
4,. Semi-stiff to stiff clay 40.3-53 32.7 27.2 37.3 - 1500 N-2200 N 0.75
5. Semi-stiff sandy clay 53-57.8 28.5 26.25 31 - 1500 N-2200 N 0.75
6.1,. Medium dense clayey sand 57.8-68.2 29.7 30.13 2.7 - 1500 N-2200 N 0.55
6.2,. Medium dense clayey sand 68.2-90 30.3 30.13 2.7 - 1500 N-2200 N 0.55

FT 1. Semi-stiff sandy clay 0-9.5 14.4 24.5 332 - 1500 N-2200 N 0.75
2.1,. Medium dense clayey sand 9.5-14.1 11 27.87 17.2 - 1500 N-2200 N 0.55
2.25. Medium dense clayey sand 14.1-20.5 14 27.87 17.2 - 1500 N-2200 N 0.55
3. Medium dense sand 20.5-25 17.8 29.88 10.5 - 1500 N-2200 N 0.55
4y,. Medium dense clayey sand 25-40.7 18.4 29.08 14.7 - 1500 N-2200 N 0.55
5p. Stiff sandy clay 40.7-54.8 40.8 27.2 51 - 1500 N-2200 N 0.75
6p. Semi-stiff sandy clay 54.8-57 21.5 26.4 38.6 - 1500 N-2200 N 0.75
7p. Dense clayey sand 57-71.5 39.7 28.5 13.9 - 1500 N-2200 N 0.55
8p. Dense silty clayey sand 71.5-74.5 40.3 27.9 16.7 - 1500 N-2200 N 0.55
9. Very dense well graded sand 74.5-87 56.1 34.5 9.7 - 1500 N-2200 N 0.55

vT l.. Loose clayey sand 0-7.8 5 26 10.5 - 1500 N-2200 N 0.55
2.1.. Loose to dense clayey sand 7.8-15.5 10.6 29.78 12.4 - 1500 N-2200 N 0.55
2.2.. Loose to dense clayey sand 15.5-28 15.3 29.78 12.4 - 1500 N-2200 N 0.55
2.3.. Loose to dense clayey sand 28-35.3 21.1 29.78 12.4 - 1500 N-2200 N 0.55
3.. Stiff clay 35.3-49.7 40 28.5 35.5 - 1500 N-2200 N 0.75
4.1.. Medium to very dense sand 49.7-63.6 37.8 30.03 12.2 - 1500 N-2200 N 0.55
4.2.. Medium to very dense sand 63.6-80 46.8 30.03 12.2 - 1500 N-2200 N 0.55

AP 1.14. Clayey mud 0-9.3 - - - 8.9 4,460 1
1.24. Clayey mud 9.3-19 — — — 17.9 8,975 1
24. Stiff clay 19-27.2 12.7 26.83 31.1 - 1500 N-2200 N 0.75
34- Semi-stiff clay 27.2-33.2 9.8 24.68 23.7 - 1500 N-2200 N 0.75
44. Stiff clay 33.2-45.2 14.9 28.25 27.1 - 1500 N-2200 N 0.75
5.14. Medium dense clayey sand 45.2-56.3 28.1 30.2 11.5 - 1500 N-2200 N 0.55
5.24. Medium dense clayey sand 56.3-80 329 30.2 11.5 - 1500 N-2200 N 0.55
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value.

where dt and de are the incremental shear stress and shear
strain of the interface, respectively; while G is the inter-
face’s shear modulus and relates to the shear modulus G,
of the soil in contact via the reduction factor R; by the fol-
lowing expression:

G = (R).G, (3)
The shear strain can then be drawn as follows:
dt dt
de=—=—-+— 4
G (R).G, @

This shows that behaviour of shear strain of the interface
or the relative displacement between soil and pile is contin-
gent on the value of R;. Hence, when the R; is small, the rel-
ative displacement between the pile and soil is large and the
pile is prone to slip relative to the soil (Fig. 8c). On the
other hand, when R; is large, the bond between soil and pile
is tight that does not allow significant relative displace-
ment. The value of R; is in the range [0-1]; appropriate
selection of R; value plays a decisive role in load-transfer
behaviour as well as the shared load bearing between shaft
and tip resistances that are simulated through FE
modelling.

The Coulomb criterion is used to distinguish between
elastic behaviour, where small displacements can occur
within the interface, and plastic interface behaviour when
permanent slip occurs. The elastic and plastic conditions
of the interface defined based on the comparison between

the shear stress (t) and the interface’s mobilised shear
strength (z,,) are described in Eq. (5) and Eq. (6),
respectively.

(5)
(6)
where ¢; and ¢; are the friction angle and cohesion of the
interface, respectively. They are calculated from the associ-

ated soil strength properties (¢ soil friction angle, ¢ soil
cohesion) and R; by applying the following rules:

1| < 1 = 03.tan(@;) + ¢

|7| =1n =0s3.tan(¢;) + ¢

tan(¢p;) = R;. tan(o)

(7)
(&)

From Egs. (7) and (8), the interface’s mobilised shear
strength can be obtained as follows:

T, = Ri[o3. tan(¢) + ¢|

C; = R[.C

9)

The pile-soil interaction along the pile shaft can be
described using the tri-linear softening model (Liu et al.
2004; Sharo et al. 2022) which depicts the relationship
between the transfer of compression load (shear stress) at
the pile-soil boundary and the relative pile shaft-soil dis-
placement (shear displacement) as illustrated in Fig. 9. This
relationship under the load can be categorized into three
regimes, i.e., elastic, softening and debonding stages, in
which the interface’s shear stress in each step is determined
by Eq. (10).
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;0<u<uy (a)
su <u<u (b) (10)
()

u; the ultimate shear strength and corresponding shear dis-
placement of the interface; 7, and u, — the residual shear
strength and corresponding shear displacement of the
interface.

For very long piles as investigated in the current study
(L > 70 m), there are multiple soil layers with different
properties and considerable variation in relative soil-pile
displacement along the depth. This caused significant chal-
lenges in selecting appropriate values of R; to ensure good
agreement between the numerical and field data for all
points along the depth. A calibration strategy combining
multiple-soil layers and —loading stages was developed to
handle this issue as described in Fig. 10. In this dynamic

Shear stress =

Elastic Softening

stage

Debonding
stage

L ‘

0 Ui “2 " Shear displacement u

Fig. 9. Tri-linear softening shear model of the pile-soil interface.
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approach, the value of R; was changed at various soil layers
and loading stages until the best fit between the numerical
and field test data was achieved across all soil layers. For
example, Fig. 10 shows 3 segments, i.e., S1, S2 and S3
and the average value of R; in each segment. The develop-
ment of R; and the corresponding mobilised unit skin fric-
tion (g,) obtained in numerical predictions changed with
different loading stages. For initial loading stages, R; was
larger at the upper parts, but this order changed over the
depth when the load increased, representing the yielding
and debonding stages that occurred gradually from the
top, thus transferring the load downward.

3.3. 3D-finite element (FE) model

Boundaries of the soil-pile modelling unit were chosen
to be adequately large to eliminate the boundary effects,
i.e., 20x20m wide and 90 m deep. Approximately, 19,000
of 6-node triangle elements were used consistently across
different cases. Meshing and defining construction phases
of Pile GP are represented in Fig. 11a-b as an example of
the 3D-FE modelling. The outer boundaries of the mesh
were fixed against the displacements. The loading proce-
dure was divided into three stages, including Stage 1: initial
stress, Stage 2: pile installation, and Stage 3: loading. The
numerical simulation process is summarized in Fig. 12.
The R; factor was calibrated through a series of iterative
steps (trial and error) to ensure the discrepancy of the unit
skin frictions obtained from the 3D-FE model and test data
was always less than 10 %.

After completing the simulation, the R; values versus the
depth at the middle of soil layers across 4 different test piles
were collated as shown in Fig. 13. Generally, the R; has a
wide distribution and tends to decrease with depth. To be
specific, the R; typically ranges from 0.4 to 0.95 for a depth
within the first 10 m where weak soil layers are located,
whereas it lies in a smaller range between 0.15 and 0.5

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7

Fig. 10. Development of R-inter (R;) and unit skin friction along 3 segments of the pile through progressive calibration process in FEM simulations.
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Fig. 11. 3D-FE model of Pile GP (representative case): (a) Meshing; (b) Creating construction phases (activating pile, interface elements and load).

for a depth beneath 30 m where stiffer soils are situated.
Meanwhile, for a depth between 10 to 30 m, the R; fluctu-
ates between 0.25 and 0.65.

3.4. Verification of 3D-FE model results

In order to validate the 3D-FE models, the simulated
outcomes were compared with the field test data. Firstly,
developments of the unit skin friction with increasing load
obtained from the simulations and field tests are presented
in Fig. 14. As the figure shows, the simulated outcomes
align very well with the measured data, proving concrete
evidence to the effective approach and rigorous numerical
modelling used in this study. It is important to note that
unlike past studies where only the load—displacement beha-
viour at the pile head is considered, the current study
enabled a comprehensive prediction to be obtained, cover-
ing the entire soil layers and loading stages. The load distri-
butions along the pile shaft captured through FE
simulations and field test data are shown in Fig. 15. In
comparison with the field test data, the simulations accu-

rately depict the process of load distribution along the pile
length, with the differences in load between the simulation
outcomes and experimental data at any depth consistently
remaining below 8 %. Compared to other common meth-
ods such as using practice codes and empirical equations
(Nguyen et al. 2024), this error threshold is considerably
smaller. It is noteworthy that using constant value of R;
over different zones and loads resulted in very poor agree-
ment with the field data, which in fact corroborated past
findings (Krasinski and Wiszniewski 2017). This is under-
standable as R; represents the stiffness of contact between
soil and pile that heavily depends on loading and soil con-
ditions. Those specific numerical results are not included in
this paper to avoid confusion with the main results
obtained from the proposed dynamic approach for R;.
The developments of base resistance with increasing
pressure and pile head displacement obtained from simula-
tions are compared with the field test data, as shown in
Fig. 16. The simulated curves nearly coincide with the mea-
sured data, attesting to the high accuracy of the developed
3D-FE models. While the base resistance in the failure piles
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Fig. 12. Flow chart for implementation of numerical simulation process.

(Pile GP, VT and AP) experiences a sharp increase when
the load pressure exceeds a certain threshold, the base resis-
tance for the non-failure pile (Pile FT) shows a steady
increase throughout the loading process. Furthermore,
the results show considerable effect of pile length on the
behaviour of base resistance, which is not often captured
in past studies of short and medium piles. For example,
both the two 70 m long piles have identical response of
base resistance to increasing load pressure, however, these

curves are different from those obtained in the two other
80 m long piles. For the relationship between base resis-
tance and pile head displacement, however, the simulations
overestimate the displacement measured in the field tests,
as represented in Fig. 16. This was probably because the
current models do not consider the pile installation effect
which might have compressed the surrounding surface soil
and thereby minimised the relative pile-soil settlement mea-
sured during the loading process.
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4. Insights into load transfer process capturing mobilised skin
friction and base resistance

To understand how skin friction developed with depth
during loading process, the unit skin frictions obtained
from field test data in the middle of each zone are plotted
in Fig. 17. For failure piles (Pile GP, VT, and AP), the pile
shaft-soil interaction in most of the zones reached the soft-
ening and debonding stages as the mobilised unit skin fric-
tion had decreased after reaching the peak values, except
the deepest zones (e.g., Zone 7a, 7c and 7d) where the unit
skin friction remained almost unchanged at the final load
level (Fig. 17a, ¢, and d). On the contrary, for non-failure
Pile FT, the soils adjacent to the pile are still in elastic stage
with constant increase in skin friction until the final load
level despite different depths, from Zone 2b to Zone 9b,
as shown Fig. 17b. In addition, for the soft soil within 0-
10 m depth in Zone 1a (Pile GP) and Zone 1d (Pile AP),
skin friction mobilised very quickly to hit the highest value
after the first three or four load levels. This explains why
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Pile AP.
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Fig. 15. Load distribution along the pile length with increasing load from field tests and simulations: (a) Pile GP; (b) Pile FT; (c) Pile VT; (d) Pile AP.

the R; value at these zones was very high (0.8-0.95) at the
initial stages before swiftly decreasing due to the degrada-
tion of the skin friction.

Fig. 17 also shows that the skin friction in deeper zones
requires a larger load to reach its maximum level, which

was because of the stiffer soil and higher effective stress at
lower zones, plus the larger relative displacement between
the top pile and the surrounding soil compared to the lower
parts. This means that the maximum unit skin friction val-
ues in different zones do not occur concurrently under the
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Fig. 16. Development of base resistance estimated by numerical simulations and field test data with: (a) increasing pressure at pile head; (b) increasing

displacement of pile head.

same load level. As the load increases, the depth at which
the maximum unit skin friction occurs shifts downward.
Besides, these maximum values increase with the depth,
except the non-failure Pile FT where the skin friction in
Zone 6b to Zone 9b constantly develops even after ending
the loading process. By connecting the maximum values of
unit skin friction in all different zones, represented by the
bold red line in Fig. 17, an area (i.e., the red-crossed region)
of maximum skin friction along the pile shaft is generated.
This, however, excludes the non-failure Pile FT (Fig. 17b)
where the pile test was terminated before the failure stage
(i.e., onset of maximum skin friction). On the other hand,
it is important note that the active skin friction at a specific
load level can be smaller than the maximum value; for
example, when the upper zones fall into debonding stage
(residual skin friction) while the lower parts are approach-
ing the maximum level. In Fig. 17, the blue-crossed regions
represent the active skin friction for a load of 15,000,
22,500, 21,000, and 9,900kN for Piles GP, FT, VT, and
AP, respectively, corresponding to nearly the same pressure
12,000-13,000 kPa on the pile head. Under this pressure,
while the wunit skin frictions in the upper zones
(h < 35 m) for failure Piles GP, VT, and AP (Fig. 17a, c,
and d) are decreasing, the values for Pile FT (Fig. 17b) con-
tinue to grow slightly. This was because of the stiffer soils in
the upper zones around Pile FT (i.e., N = 11-20 for
2 m < h <20 m), compared to those in the other piles, as
shown by the SPT values in Fig. 3. In all cases, the active
region (blue) positions well within the maximum values
(red line) as Fig. 17 shows.

To deepen our understanding of skin friction mobilisa-
tion under loading, the percentage of active skin friction
relative to maximum skin friction, i.e., the ratio of active
skin friction was calculated over different loading stages,
as illustrated in Fig. 18 with 5 zones along the pile that
are used for demonstration. The progression of this ratio
with increasing pressure on the pile head (p) for the four
tested piles is shown in Fig. 19. The results show that the

ratio of active skin friction continuously rises with increas-
ing pressure (load) until the pile reaches the critical state.
Specifically, this ratio increases to a peak of around 94 %
the maximum value for the three failure piles (Pile GP,
VT and AP) before declining as the debonding (slip) of
soil-pile contact begins to extend excessively downward.
In contrast, for Pile FT, the active skin friction increases
constantly and reaches the peak at the final loading stage
without failure since the soil-pile contact (Zone 2b-9b)
had not reached the yielding state yet. It is worth noting
that the ratio of active skin friction for Pile FT was esti-
mated using the largest value of skin friction at the final
loading stage (Fig. 19) because the test was terminated
before the failure. One might expect that the curve of this
ratio for Pile FT would be closer to that for Pile GP if
the maximum value of skin friction at failure could be used.

It is interesting that the shorter the pile, the faster the
mobilisation of skin friction given the same pressure acting
on the pile head. As seen in Fig. 19, the ratio of active skin
friction for the 80-metre piles develops more slowly than
that for the shorter ones (Pile VT and AP). This disparity
becomes more pronounced at higher pressures, while the
progression of the active skin friction ratio for the two
shorter piles (L = 70 m) is almost identical throughout
the loading. The tendency that this ratio develops with
increasing pressure for the two longer piles (L = 79 and
80 m) is quite similar, despite having different peak points
due to different conditions of test termination as explained
earlier. This indicates that the ratio of active skin friction is
influenced significantly by the pile length. It is important to
note that the extended length from 70 to 80 depth, despite
accounting for only 14 % of the total length, was mainly
within stiff soils (i.e., Layer 6a for Pile GP and Layer 9b
for Pile FT, see Fig. 3). These soils have the average
N value > 40, especially Layer 9b is sandy soil with SPT
N > 50. This certainly added considerable skin and base
resistances to the pile’s bearing capacity compared to
other piles where L < 71 m. For example, Fig. 20b shows
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significantly larger base resistance of 80 m long pile (e.g.,
Pile GP) compared to 70 m long piles, indicating the role
of soil stiffness underneath the pile toe.

To gain further insight into the load transfer behaviour,
the share ratios between the skin friction (shaft) and base
resistance to the total bearing capacity of the piles were
computed. The base resistance usually carries a minor por-
tion of the applied load in the initial stages and only makes
a larger contribution to the total bearing capacity at the
later loading stages, especially when piles begin to fail
under loading (Fig. 20b). For instance, for Pile GP, the
base resistance carried 9,650kN and contributed up to
37 % of the total bearing capacity at the final load level.
However, compared to the skin friction, the share ratio
of the base resistance to the total bearing capacity was
always significantly smaller during the entire process of
loading, as described in Fig. 20. This highlights that skin
friction along the pile shaft is the primary contributor to
the overall bearing capacity of long to super-long piles
(60-100 m long) (Nguyen et al. 2024). As seen in the
Fig. 20b, the base resistance accounts for 25 % to 35 %
of total bearing capacity for the failure piles, but only
10 % for the non-failure pile (Pile FT) at the highest load-
ing pressure. For failure piles, the share ratio of skin fric-
tion experiences a steady decrease before a sharp drop as
the pile reached a critical state where the friction between
pile and soil in the deeper zones begun to transfer from
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Fig. 20. Share ratios of skin friction and base resistance to the total bearing capacity of the piles with increasing pressure: (a) skin friction; (b) base

resistance.

the peak to the residual stage. In contrast, the share ratio of
base resistance consistently rises before a swift turn at the
critical point. The 70 m long piles reached the critical state
at a pressure of 14,000 kPa, which was considerably smaller
than that, i.e., 21,000 kPa in the 80 m long pile. At this
transition point, the share ratio of base resistance was
around only 10 % for the shorter piles (70 m), compared
to nearly 20 % for the longer piles. The share ratio of skin
friction for 80 m long piles was always larger than that for
70 m long piles under the same pressure. It can be con-
cluded that for piles with a length ranging from 70 m to
80 m installed in soft soil of Mekong Delta, the contribu-
tion of skin friction and base resistance can be approxi-
mately divided into two distinct stages corresponding to
Stage 1 and Stage 2 shown in Fig. 20. While the share ratios
of skin friction and base resistance slightly decrease and
increase, respectively in Stage 1, they vary swiftly when
entering Stage 2. Specifically, the skin friction accounts
for more than 90 % of the bearing capacity when the load
pressure < 14,000 kPa, but its contribution decreases shar-
ply to 63 % when the pressure increases to 23,500 kPa.
Share ratios between skin friction and base resistance are
given in conjunction with the applied pressure and dis-
placement of the pile head in Table 3.

How the share ratios of skin friction and base resistance
respond against the rise of pile head displacement (s;) is
represented in Fig. 21. The 70 m long piles reached the

critical point at a displacement of roughly 25 mm, earlier
than the 80 m long piles which only achieved the same state
at nearly 50 mm displacement. At the critical condition, the
share ratio of base resistance was around 10 % for the
shorter piles and 20 % for the longer piles. Additionally,
contribution from skin friction for the longer piles was con-
sistently greater than that for the shorter piles under the
same displacement. Considering the rate of increment
between two loading steps, two distinct stages correspond-
ing to Stage 1 and Stage 2 can be identified at the critical
threshold of 25 mm, as depicted in Fig. 21 and Table 3.
The share ratio of skin friction moderately decreases in
Stage 1 (s, < 25 mm), whereas it substantially drops in
Stage 2 (s, > 25 mm). In contrast, an opposite pattern is
observed for base resistance.

5. Characterisation of R-inter (R;) and proposed design chart

In order to facilitate the practical application of the cur-
rent FE model outcomes, semi-empirical correlations
between the R; factor and other input parameters were
investigated. Due to the wide variation of the R; with differ-
ent soil layers and loads, establishing relationships between
the R; and constant soil parameters would result in low
confidence. As a result, the mean R-inter value (R;,,) in a
particular soil layer and key soil parameters, including
the vertical effective stress at the middle of the soil layer

Table 3
Contributions of shaft friction and base resistance to the total bearing capacity of piles according to different ranges of pressure and displacement on the
pile head.
Stage Pressure on pile head, p (kPa) Pile head displacement, s;, (mm) Share ratio to the total bearing capcity (%)
Skin friction Base resistance
Stage 1 < 14,000 <25 > 90 <10
Stage 2 14,000-23,500 25-93 63-90 10-37

20
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resistance.

(a}), the shear strength of soil (7,,,.), and the average SPT
value () were considered. Their relationships are pre-
sented in Fig. 22 with a fairly high degree of R* (> 0.8).
Similar to its distribution with depth (as shown earlier in
Fig. 13), the R; tends to decrease as the magnitude of these
soil parameters increases. In fact, the effective stress of soil
shows the predominant influence on the behaviour of R;
with the most apparent trend, i.e., R> = 0.893. This is
understandable as the effective stress of soil can be used
effectively to represent the frictional strength between soil
and pile according to Coulomb’s theory. Exponential func-
tion is adopted to establish relationships between the R;
and these soil parameters, as presented in Eq. (11), (12),
and (13). Although these equations do not capture the vari-
ation of the R; in every soil layer, they provide a represen-
tative mean value of R; for each soil layer based on its
fundamental parameters, enabling design engineers to
select appropriate values of R; for an acceptable FE
modelling.

—0.312

Ri, = 2.354(c)) (11)
Ripm = 2.409(Tpay) ™% (12)
R;,, = 1.06N 37 (13)

As shown in earlier finding, R; value can vary within a
specific soil layer as the load increases, the load has a sig-
nificant influence on the magnitude of R;, in addition to
the soil properties. Hence, the relationships between the
R; and input parameters consisting of load and soil param-
eters was proposed based on numerical results as follows:
21

14
Tmax -0 (14)

The results (Fig. 23) show a good agreement (R* = 0.81)
between the R; and 3 input parameters, i.e., the pressure on
the pile head (p), shear strength and effective stress of soil,

21

as depicted by Eq. (14). Additionally, since the variation of
R; was found to have an immediate impact on the magni-
tude of mobilised skin friction for a given soil layer, an
exponential function describing the relationship between
the R; and normalised unit skin friction was implemented,
as represented in Eq. (15) as follows.

0.256
R = 2313 ("_)
0]

qs

(15)

where k, = — normalised mobilised skin friction; ¢, unit
skin frlctlon (kPa)

Fig. 24 shows that the proposed relationship in Eq. (15)
provides a higher R? value (0.87) compared to that yielded
from Eq. (14), attesting to the direct influence of the mobi-
lised skin friction between soil and pile on the R; value.
However, the major advantage of Eq. (14) is the use of
easy-to-determine parameters, i.e., loading pressure, the
effective stress and shear strength of soil, whereas the skin
friction ¢, in Eq. (15) might require more complex tests and
calculations to gain sufficient confidence. Neverthelss, these
2 equations can be combined effectively to obtain possible
values of R;, facilitating fast and accurate modelling. In
short, these simple empirical equations offer a swift
approach for practical engineers to conveniently estimate
the values of the R; for finite element modelling of long
piles in multi-layer soft soil adopting fundamental soil
parameters, i.e., the effective stress and shear strength,
and the applied load pressure on the pile.

In general, in addition to significantly reducing the cost
of estimating the ultimate bearing capacity of piles based
on the static load tests, as outlined in various foundation
design codes (Eurocode 1997-1 2004; Mohurd 2011), the
FE modelling provides a more insightful understanding
of the mobilised skin friction and base resistance in pile-
soil interaction under loading. Conventional methods
which are commonly used in practice to estimate ultimate
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bearing capacity of piles, such as the use of SPT values
(AASHTO Specifications 2010; Decourt 1995; Meyerhof
George 1976; TCVN 10304 2014) and cone penetration

22

2509 -
508 |
Q
& 0.7 1
£0.6 -
Q
205 -
= 0.4
%ﬂo.3
Z02
0.1

+ Data
= Trend line

0 1 ! 1 ! 1 ! 1 ! 1 ! 1

0.005 0.01 0.015 0.02 0.025 0.03

o

K epay

0,

Fig. 24. Relationship between the R; and normalised unit skin friction.

tests (CPT) (Eslami and Fellenius 1997; Eurocode 19971
2004; Schmertmann 1978; TCVN 10304 2014) are often
reported to cause significant deviation from the actual
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values measured in pile tests. The proposed equations to
estimate the R-inter value would promote finite element
method FEM in practical design of deep pile foundation
by reducing computational costs while enhancing the accu-
racy and confidence of prediction.

6. Validation of the proposed method to calculate R-inter
(R)

In this section, a large and long bored pile (D = 0.956 m
and L = 58.3 m), namely PFJ1, installed in Shanghai soft
soil strata (Liu et al. 2017) is employed to validate the
applicability of the proposed method to calculate the R;
in practice. It is important to note that despite various
attempts by the authors, it was very challenging to obtain
reliable and sufficient field test data from independent stud-
ies for large and long bored piles in soft soil. Geological
condition of the PFJ1 pile is characterised by alternating
layers of clay and sand as portrayed in Fig. 25. In order
to determine shaft and base resistances of the pile, strain
gauges were installed along the pile shaft and at soil layer
interfaces and adjacent to the pile tip, as shown in
Fig. 25. The current study divided the soil profile into 9 dif-
ferent layers according to the soil type and position of
strain gauges for convenient calculation. Soil parameters
used for the current modelling (Hardening Soil HS model)
were taken from previous study with reference to labora-
tory test report (Liu et al. 2017), as summarised in Table 4.
These soil parameters are relatively relevant to those in
Mekong Delta that were investigated earlier in this paper
(Table 2). The values of the R; were calculated using Eq.
(14) based on the pressure applied on the pile head (p),
effective stress (o)), and shear strength (7,,,) of soils. For
example, for Layer A, the first applied pressure level
(2,229 kPa) was determined at a load of 1600 kN, and &
and t,,,,, = 57 kPa and 18.3 kPa were calculated at the mid-
dle of the layer, resulting in R; = 0.61. Similar calculations
were made to determine the values of R; for different soil
layers and loading levels.

The simulated outcomes, including the unit skin friction
at different layers and the load distribution over the depth,
are shown in Fig. 26 in comparison with the field data. The
results show good agreements between the predicted and
the measured data. The estimated unit skin friction is rela-
tively well aligned with the measured data for most soil lay-
ers, for example Layer A, B, D, E and F have the largest
deviation < 10 %. The exception only occurs to Layer C
which is considerably thinner than other layers, the dispar-
ity for this case reaches 20 %. It is noteworthy that the pre-
diction result of Layer H is not included in this comparison
because this layer has very small contact area with the pile
shaft (see Fig. 25), making the field measurement data
unavailable for validation. Fig. 26¢ represents the load dis-
tribution over the depth for different loading levels from
1,600 to 6,800kN. Apparently, the simulated results match
the experimental data quite well, especially for the
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Fig. 25. Soil profile of the test pile PFJ1 used for validation, data
extracted from field study by Liu et al. (2017).

h < 20 m. The deviation becomes larger when the load is
bigger, however, this is certainly acceptable when com-
pared to conventional methods such as using design codes
and empirical equations that are commonly used in prac-
tice (AASHTO Specifications 2010; Nguyen et al. 2024).
Overall, the proposed method to calculate R; has shown
significant success in enhancing the accuracy of FE simula-
tion for long and large piles installed in soft soil, demon-
strating great potential for advancing practical design.

On the other hand, based on Eq. (15), unit skin friction
of a soil-pile segment can be back calculated by Eq. (16)
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Table 4

Input parameters of soil layers using Hardening Soil (HS) model in validation pile

Layer Depth, / (m) 7 (kN/m?®) e ¢’ (deg) ¢’ (kPa) E5(kPa) m
A 0-8.5 18.6 0.86 29 2 10,500 0.55
B 8.5-16.5 16.1 1.34 25 15 15,500 0.9
C 16.5-21 17.1 1.3 28 26 22,600 0.75
D 21-30.6 18 1.03 29 2 25,800 0.55
E, 30.6-38.5 18.2 0.94 28.5 22 31,000 0.75
E, 38.5-44.8 18.2 0.94 28.5 22 35,560 0.75
F 44.8-51.2 17.9 1.01 28 18 38,300 0.75
G 51.2-56.8 18.2 0.94 30 10 49,000 0.55
H 56.8-70 18.6 0.78 31 1.5 55,400 0.55
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Fig. 26. Comparisons of the current simulated results and previous measured data (Liu et al. 2017): (a) Unit skin friction with increasing load for Layer A
to Layer D; (b) Unit skin friction with increasing load for Layer E; to Layer G; (c) Load distribution along the pile length with increasing load.
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Fig. 27. Comparisons of the calculated and measured data for unit skin
friction with increasing load.

with reference to the value of R; which is determined earlier
using Eq. (14). In other words, combining Eq. (14) and Eq.
(16) allows one to determine the unit skin friction of pile at
any particular soil layer. For example, Fig. 27 shows the
unit skin friction calculated by the combination of Eq.
(14) and Eq. (16) in comparison with the measured data.
The results indicate that the direct calculation method
can well estimate the evolution of skin friction over differ-
ent depths and loads with the deviation between the calcu-
lated and measured values well under 30 %. This direct
calculation method enables practical engineers to effec-
tively estimate skin friction and the corresponding bearing
capacity of pile foundation with an acceptable accuracy,
giving significant value to promote the efficiency of design
and construction in practice.

g, = 0.038R>" .6/ T (16)

7. Conclusion

The current study carried out extensive experimental
(field test) and numerical investigations into the load-
transfer process involving mobilised skin friction (shaft
resistance) and base resistance of super-long piles (70—
80 m) installed in multi-layer soft soil of Mekong Delta.
Four static pile load tests with detailed instrumentation
over the depth were analysed to obtain skin friction and
base resistance over different loading stages. Three-
dimensional finite element FE models incorporating inter-
face elements between soil and pile were developed with
the shear reduction factor R-inter (R;) that was calibrated
based on multiple-soil layer and-loading stage validation
process. The results do not only show excellent agreement
between the numerical and field data, but also significantly
advance our understanding of soil-pile interaction and FE
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modelling capabilities. Salient findings from this study can
be highlighted as follows.

e The developed FE models based on multiple stages of
calibration successfully simulated pile load tests with
high degree of accuracy. The deviation between numer-
ical and measured skin friction across different soil lay-
ers along the pile was less than 10 % throughout the 4
different test cases. The load-transfer process, including
the 3-stages progression of skin friction associated with
its downward propagation over depth, was fully repro-
duced in tandem with rising base resistance. This led
to a conclusion that using interface elements in FE mod-
elling should be implemented with proper selection of
the shear reduction factor to ensure accurate predic-
tions, especially for the plastic regime and ultimate fail-
ure of pile foundation.

e The length of pile was found to significantly affect the
ratio of active skin friction (i.e., the ratio between the
current to the maximum skin friction) under loading.
The shorter the pile, the faster the mobilisation of skin
friction, given the same pressure acting on the pile head.
Nevertheless, the entire active skin friction was found to
reach around 90 % the maximum (theoretical) level
before decreasing, despite different pile lengths.

e For long piles from 70 m to 80 m installed in soft soil,
two major stages in load-transfer progress were defined.
The first stage was marked by the displacement of pile
head s, <25 mm and the pressure p < 14,000 kPa, where
the skin friction took majority of bearing capacity (>
90 %). When s, exceeds 25 mm and p > 14,000 kPa,
the second stage begun with a sharp drop in skin friction
(to 63 %) and a rapid increase in base resistance (reached
37 %). In this stage, soil and pile slipped over each other
(debonding state) at most sections of the pile, resulting
in residual skin friction with excessive rise in pile
displacement.

e Through the extensive data of R; obtained from FE
modelling, the average value of R; in a soil layer was
found to decrease in a power law with increasing effec-
tive stress (o), shear strength (t,,,,) and SPT value
(N) of the soil. Combining soil properties and loading
pressure, two novel equations, i.e., Eqs. (14) and (195)
were proposed to calculate exact value of R; with an
acceptable prediction accuracy, R* = 0.81 and 0.87.
Comparison between the FE analysis using the values
of R; obtained from these equations and the field mea-
surement from independent studies showed a high accu-
racy of prediction over unit skin friction with the
average error < 10 %.

Although the current study has proved significant
advancement of using dynamic value of R; in numerical
FE simulation of long piles in multiple soil layers, it has
not addressed the complex behaviour of soil deformation.
How varying R; over different loading stages can affect
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ground deformation against depth and radius would
deserve considerable effort in future investigations.
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