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Abstract

This work presents a simplified method for the nonlinear analysis of the load-displacement response of piles
in multi-layered soils. A new interface model based on the disturbed state concept (DSC) is put forth to simulate the
interface shear stress-displacement relationship by considering the nonlinear hardening-softening behaviour. In the
new model, input parameters can be conveniently calibrated using conventional interface shear tests or on-site tests.
The good agreement between predictions and experimental data from interface direct shear tests validated the
performance of the proposed DSC model. The DSC model performed better in terms of predictions when compared
to the hyperbolic one. Next, the soil-structure interface model and bearing capacity theory are coupled to provide a
theoretical framework for the analysis of pile load-transfer in saturated and unsaturated multi-layered soils, where the
DSC model is employed to represent base resistance as well as skin friction. This work also discusses the profile of
steady-state in-situ matric suction, soil-water characteristic curve, and pore-water pressure of unsaturated soils. The
proposed method has the advantage of being used in practice as it is simple to obtain input parameters from laboratory
tests, as well as Standard Penetration or Cone Penetration Tests. The proposed framework is finally applied to the
analysis of four well-documented case studies. The proposed approach and the static load test results from the field
measurements are found to be in satisfactory agreement, indicating that the proposed method performs well. The
proposed method is suggested to be utilised for preliminary analysis, planning a suitable programme of loading tests,

as well as optimizing the pile design by back analysis of the load test results.

Keywords: Piles; settlement; soil-structure interaction; bearing capacity; softening model; analytical method;

disturbed state.
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1. Introduction

Pile foundations provide high bearing capacity and have been widely employed to support a variety of
applications such as building, deep excavations, slopes, tunnels, and embankments. The load-transfer mechanism of
a single pile element includes skin friction resistance along the soil-pile interface and ground reaction at the pile base.
There have been several attempts to develop techniques for determining the load-settlement behaviour of individual
piles and pile groups, ranging from simplified analytical methods to sophisticated numerical modelling and full-scale
in-situ experiments. As the behaviour of piles subjected to vertical force is a complex problem, the experimental
approach is regarded as one of the most effective methods for analysing the behaviour of piles. The in-situ tests,
however, are difficult, expensive, and time-consuming. In the majority of cases, design engineers prefer to use
analytical approaches, particularly in the preliminary design phase.

The load transfer mechanism of piles frequently exhibits a highly nonlinear behaviour due to the intricate
interactions between piles and the surrounding soils. The nonlinearity in the load-settlement response of the piles
requires simultaneous consideration of both shaft and base resistance (Castelli and Maugeri 2002; Paik and Salgado
2003; Park et al. 2012; Seo et al. 2009; Nadan and Patra 2014). The existing methods have typically used the
theoretical load-settlement relationship with the hyperbolic model to investigate the nonlinear behaviour of individual
piles (Hirayama 1990; Flemming 1992; Dithinde et al. 2011; Dias and Bezuijen 2018). The hyperbolic model,
however, might only be appropriate in the unique scenario of strain hardening that is, the skin friction increases with
the relative pile-soil displacement. In reality, skin resistance deterioration has been reported in full-scale field test
results where skin friction softening was observed (Reese and O'Neill 1988; Caputo et al. 1991; Briaud et al. 2000;
Zhu and Chang 2002; Fioravante 2002; Lee et al. 2003; Fellenius et al. 2004; Zhang et al. 2010; Lehane et al. 2012;
Park and Lee 2015; Bohn et al. 2017). The typical characteristic of skin friction softening is that the skin friction
increases with the pile-soil displacement before reaching its peak value and then decreases to a residual value (Figure
1). As a result, the skin friction resistance in this situation cannot be reasonably predicted by the hyperbolic models
(Zhang and Zhang 2012). Several models, including the dual exponential, the rational-function, and the three-phase
piecewise-hyperbolic models, have been recently developed to characterise the softening behaviour of geomaterials
and structures (Seol et al. 2009; Zhang and Zhang 2012; Zhu et al. 2021; Chen et al. 2022). These models were,
however, more frequently applied to the behaviour of the anchor-soil interface than to that of the pile. Moreover, they
are less ideal for application in pile load-transfer analysis as they are defined piecewise and contain many assumed
parameters. In the current theoretical load transfer modelling frameworks for piles, the interface stress-
displacement model and its parameters were typically chosen based on the epistemic experience of specific
researchers and/or back analysis of the in-situ test data, particularly of the pile load-displacement data (Tang and
Phoon 2018; Guo et al. 2022; Guo et al. 2023). For this procedure, the tested structural boundary conditions at the
pile head were substantially used. This parameter calibration method is indirect, semiempirical, and constrained by
the outcomes of the in-situ tests. Therefore, further studies are necessary for modelling the characteristics of pile-soil

interfaces, more accurately.



99
100
101
102
103
104
105
106
107
108

109
110

111
112
113
114
115
116
117

In this study, a simplified method for the nonlinear analysis of the load-settlement response of piles in
saturated and unsaturated multi-layered soils which takes into account shaft resistance deterioration and base
resistance hardening is presented. Firstly, an adhesion-friction-based model is developed using the disturbed state
concept (DSC) to describe the behaviour of the soil-pile interface. The experimental outcomes of interface direct
shear tests are then used to verify the proposed DSC model. Next, based on the established integrated interface model,
a comprehensive load-transfer modelling framework of piles is developed for analysing the nonlinear load-settlement
behaviour. This work also discusses the profile of steady-state in-situ matric suction, soil-water characteristic curve,
and pore-water pressure of unsaturated soils that allows to apply the proposed method to piles in unsaturated soils.
The effectiveness and accuracy of the proposed approach are evaluated using well-documented field test results

gathered from the literature.
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Figure 1. Mobilization of interface shear stress with pile-soil relative displacement
2. Disturbed state-based interface model
In current studies, the nonlinear behaviour involving the interface shear stress and relative displacement is
frequently explained by a hyperbolic relationship. The hyperbolic relationship, however, can be applied to special
situations, like strain hardening but it is unable to replicate how resistance deteriorates with increasing displacement.
In addition, the preceding methods neglected the impact of the soil disturbance on the mobilised shear stress at the
soil-structure interface. Finally, these techniques were mainly developed to study the interaction between

saturated granular soil and structures and limited research was performed on the unsaturated soil-structure interfaces.
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In order to address these shortcomings, a more generalised interface model for load-transfer analysis is still needed.
The following simplifications are employed in the development of the present method:
i) Adhesion and interface friction coexist and simultaneously contribute to the resistance of the soil-structure interface.
ii) The soil is thought to remain in a linear elastic state outside of the soil-structure interface.
iii) The nonlinear displacement mostly happens along the disturbed zones surrounding the structure interface.
iv) The structures undergo negligible horizontal deformation.
2.1. Adhesion-friction based interface theory

It is well acknowledged that the geomaterial-structure interface shear strength at a specific displacement is
typically made up of interface adhesion z.(s) involving the bonding and interface friction 7, (s) involving particle
sliding (Chu and Yin 2005; Mitchell and Soga 2005; Pham 2020b; Chen et al. 2022). According to Figure 2, the

interface shear strength can be expressed as the sum of the responses as follows:

T(s) = 7c(s) + 75 (s) 1)
where, T (s), 7.(5), T, (s) = total, adhesion, and friction components of the interface shear strength, respectively; s

= relative displacement of the interface.
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Figure 2. Mobilization mechanism of interface shear resistance: a) adhesion component; b) friction component; ¢)

total interface shear strength

In geotechnical engineering, the term adhesion is used to define the cohesive strength between the structure
surface and soils. Interface adhesion first becomes more mobilized with increasing displacement before approaching
a constant value as illustrated in Figure 2a. The total adhesion of the soil-structure interface is generally contributed
by intermolecular forces like electrostatic and VVan der Waals, soil suction from water's surface tension on soil particles,
and cementation from the chemical bonding of soil particles (Figure 3a). The general expression for the involvement
of several factors in the mobilization of interface adhesion is as follows:

1.(s) =t + 18 + 18 2
where 7% = interface adhesion induced by intermolecular force, ¢ = interface adhesion induced by cementation, , 73

= interface adhesion induced by suction
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Meanwhile, the interface friction is provided by surface-to-surface interaction through a combination of
sliding, dilatancy effects, particle crushing, and rearrangement of particles as shown in Figure 3b. However, the
relative contributions of each of these factors to the peak shear strength of sands and clays can vary, and not all
contributing factors need to appear at the same time for either sands or clays. It is evident that the effects of crushing,

dilatancy, and particle rearrangement all have a decreasing influence as value (rf; — 74 ) decreases. This tendency is

appropriate for both sands and clays. Clays, for instance, may have the small effects of crushing and dilatancy but the
impacts of these factors may increase depending on the over-consolidation ratio or the course-grain amount in clays.
It should be also noted that the friction component is influenced by several factors such as surface roughness, relative
density, normal pressure, over-consolidation ratio, and structure material type (Potyondy 1961; Uesugi et al. 1990;
Martinez and Frost 2017; Wang et al. 2019; Pham 2020c; Ravera et al. 2021; Hashemi et al 2022). Experimental
results from direct shear and torsional shear tests suggest that interfaces exhibit strain-hardening behaviour when
loose sand soils, normally consolidated or lightly over-consolidated clays are involved, whereas strain-softening
behaviour is observed when dense sand or heavily overconsolidated clays are tested (Kishida and Uesugi 1987; Hu
and Pu 2004; Toufigh et al. 2017). Interface friction is generally mobilized with increasing interface displacements
as shown in Figure 3b. The general description of how various components contribute to the mobilization of interface
friction is as follows:
To(s) = Th + 15 + 14 + 75 (3)

where ré, = interface friction induced by interlocking, 7 = interface friction induced by sliding, r(dp = interface

friction induced by dilatancy effect, 7, = interface friction induced by particle crushing.
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Figure 3. Contribution of components on the soil-structure interface resistance: a) Adhesion, b) Friction
The interface adhesion concurrently occurs with interface friction as soil-structure relative displacement
increases. However, the ultimate friction and ultimate adhesion are not mobilized at the same displacement. In most
cases, the adhesion component is mobilized first, even at relatively small displacements. Following that, the friction

component starts to be mobilized as the adhesion reaches the ultimate value. The transition between the adhesion and
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friction components is represented by the disturbance degree of the interface. If the friction mobilization decrement
is greater than the adhesion increment, the interface shear stress may then decline and approach the critical state value
(Figure 2c). An interface model, therefore, must be able to simulate the mutual evolution between adhesion and
friction components as well as the degree of interface disturbance in order to accurately capture the shear stress-
displacement relationship. Here, the DSC theory, which offers a suitable approach, is chosen to characterise the

nonlinear behaviours of the soil-structure interface and is presented in the next sections.

2.2. Disturbance function for interface

Desai (2001) presented the idea of the disturbed state, which proposed that the material interface response
can be specifically divided into two distinct mechanical states: the relatively intact (RI) state and the fully adjusted
(FA) state. Parts of a deforming material are said to be in the RI state if they are still in their original (continuum)
state, whereas parts are said to be in the FA state if they are still in their degraded state (discontinues). The elements
in the interface zone at the Rl and FA states will be randomly distributed and work jointly. With increasing disturbance,
the response of the two states changes dynamically, reflecting the deteriorations and discontinuities of the materials
from a micro perspective (Figure 4). The adhesion-friction mobilization theory, which was previously described, and
the variation between the two RI and FA states are clearly in a logical relationship. Specifically, as friction
components increase, the number of elements covered by the FA state must rise and disturbance becomes larger. As
a result, the degree of interface disturbance, which reflects the state of the elements in the interaction zone, has a
substantial influence on the interface shear strength.

‘ Complete disturbance D p=+
E——— e
A RI
FA

Disturbance
0<D; <1

Interface shear stress

No disturbance ¥

D,=0 - >
Relative displacement

Figure 4. Transition between RI and FA states with disturbance degree
The disturbance degree of an interface is often described by the disturbance function D; (0 < D; < 1) which

practically indicates the degree of interface damage from an external disturbance. The function D; will provide a
7
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higher value when the interface is subjected to more severe external disturbances. In particular, if D; = 0, the
disturbance will completely disappear, and all interface elements will be in the RI state. But, if D; = 1, the interface
will be completely disturbed, and all interface elements will be in the FA state. In the modelling framework presented

herein, D; is defined as the proportion of FA state interface elements (ng,4) to total interface elements (n;).

D, = "4 (4)

ng

Distribution function of RI
state interface elements

Distribution function of FA
state interface elements

Number of interface elements

AD,

| -~
Degree of disturbance, D,

Figure 5. Probability density function and interface elements
The quantity of FA state interface elements and that of RI state interface elements are dynamically changing
as soil-structure relative displacement increases, as shown in Figure 5. The Weibull distribution can be used to
mathematically describe the shear strength of all interface elements (Desai 2001; Baghini et al. 2018; Huang et al.
2020; Wu et al. 2022). The definition of the probability density function (PDF) is as follows:

PDFGe) = 1(3)" et (5)
where n and & = two probability parameters, x = the process variable and is defined as the relative displacement
between the soil and the structure surface in this work.
The number of interface elements in the FA state increases to ngp, when the soil-structure relative
displacement reaches value s which can be expressed as follows:
Npy = f; n;. PDF (x)dx (6)
Substituting (5) into (6) gives:
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Npg = fos ni.g(g)n_l e~ /D" dx = n,, (1- e_(s/f)n) (7)
Replacing Eq. (7) in (4) leads to the following expression:
D; = (1 - e~G/") (8)
The disturbance function is rewritten in the simplified form as follows:
Di=1—-e% ©)
2.3. Interface shear stress-displacement model
The disturbance can also be considered as the deviation of the current deforming state with respect to the

initial and final states of the material, which can be defined by using the interface shear stress. The disturbance
function for the hardening-softening response of the interface generally can be defined as follows:

DI = Ti (10)
p
s __ T
bi = = (11)

where D' = disturbance function for the hardening phase; D§ = disturbance function for the softening phase which is
similar to residual factor; 7, 7,,, T, = current, peak, and residual shear stress, respectively. It should be noted that the
critical state shear stress is defined as a constant stress value even when the interface displacement is continuously
increased. When there is no softening phase (only hardening behaviour), the peak and critical state shear stress are
identical and are frequently referred to as the ultimate value.

It is necessary to integrate functions D} and D§ into a unique disturbance function to achieve a smooth
transition between the hardening and softening phases on the shear stress-displacement curve. Eq. (11) is substituted
into Eq. (10) to produce:

_ DI.DS v s
DI +pf-1
where b = model parameter, At = shear stress variation in the softening region. No shear stress reduction occurs after

T = b.D; — At (12)
the post-peak zone in the case of hardening behaviour, so At = 0 and b = t,,. However, if the softening behaviour
occurs, At # 0. The method based on the shape of the curve is used to account for the softening behaviour component.
The softening curve part is therefore thought to be the result of any hypothetical hardening curve minus the post-peak
shear stress decrease zone (coloured area), as illustrated in Figure 6. In this work, the softening portion of the shear
stress-displacement curve is assumed to have a hyperbolic shape. The transition curve portion is represented as
follows:

At = ¢(s? — s2) (13)
where, ¢ = calibration parameter to represent the real form of the curve, S,, = ultimate displacement corresponding to

the peak shear stress.
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Substituting Egs. (9) and (13) into (12) give interface shear strength:

T=b(1—-e"%)—c(s*—s3) (14)
It should be observed that the interface shear stress, however, has a constant value and equals the critical state shear
stress when it approaches the critical state condition. This was confirmed by the measurements in reported direct shear
tests (Kishida and Uesugi 1987; Mortara et al. 2007; Farhadi and Lashkari 2017; Maghsoodi et al. 2020). Hence, the
full form of the proposed equation can be written as follows:

{ T=b(1l—e%)— C(S2 — SZZ,) .ifs < Sgs (15)
T = Tg if s> s

where s, = critical state displacement. It is noted that the proposed model comprises three parameters with clear
physical meanings, in which a controls the slope of the hardening curve part, b controls the peak part of the curve,
and ¢ controls the softening curve portions. However, all three of these parameters must be coupled in a specific way
for the convenience of applicability.

It should be noted that in some special cases, interface shear strength may only consist of interface friction
due to the absence of interface adhesion. This is true for structures embedded in coarse soils such as sand and gravel.
In almost all other cases, frictional resistance and adhesion, which are mobilized concurrently, combine to produce
an interface peak shear strength. However, it is difficult to infer from the results of soil tests how much of the shear
strength is provided by friction and adhesion. By using the proposed model, the friction and adhesion components

can be determined as follows:

7e(s) = Cpies (16a)
Ty(s) = 1(s) —7,(5) = b.(1 — &™) — cp. o — c(s? = 5) (16b)

where ¢, = peak adhesion of the interface.

2.4. Determination of model parameters
When calculating the values of the three model parameters (a, b, c), it is acceptable to use information from
characteristic points (also known as interface characteristic parameters) in the shear stress-displacement curve. The

initial point, ultimate elastic point, peak stress point, and residual stress points are some important locations of the
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curve that can be considered. These points yield the peak shear stress z,,, the displacement corresponding to the peak
shear stress s, the critical state shear stress 7., and the initial shear stiffness k;,;. Figure 7 illustrates the boundary

conditions to determine these model parameters.

The derivative of the interface shear stress-displacement relationship is written as follows:

dr _ 3[b.(1—e79)] | 9[(sp—s?)c] _ —as
e o + =a.b.e™® + 2c.s (17)
A S=85,T=T1,
T
(/ Peak \
(R OO A \
P 7N\ /
N
Py =
7 ‘ .
o _—
= Tes | orrarens R
@ T50 [ceereerene
Q
z
w
1))
Q
@
=
Q
IS
I<ini
S50 Se Sp >

Sliding displacement, s
Figure 7. Determination of model parameters based on the boundary conditions.

Boundary condition 1: At displacement s,,, corresponding to the peak shear stress, the disturbance function equals
the ultimate disturbance parameter D! .

Df =1—e % (18)

Experimental results show that Df’ varies in a range of 0.90 and 1. The parameter a is then determined:

-pP
a4 = _ln(l D;") (19)

Sp
Boundary condition 2: At sliding displacement, s = s,,, the shear stress equals to peak interface shear stress 7,,
Ts=s, = b(1—e%r)= 1, (20)
The parameter b can then be implied as follows:

h=—2_ (21)

- 1—e~3Sp

11



282
283

284

285

286

287
288

289

290

291

292

293
294

Boundary condition 3: At the origin of the stress-displacement curve, the derivative of interface shear stress over

sliding displacement equals to initial shear stiffness:

dt
E (s=0) =ab= kini

If k;y,; i1s known, the parameter b could be also determined by:

b=—k °p

it (1-pP)

(22)

(23)

Boundary condition 4: At sliding displacement s = s,,, the derivative of interface shear stress over displacement is

Zero:
% = a.b.e™®v —2c.s, =0 (24)
(s=sp)
—a.s
_ a.b.e p (25)
Zsp
2.5. Verification of the interface model
Table 1. Summary of experimental data characteristic parameters
Behaviour | Test data Soil state Test case [E’ 1:!:]’1 ;};’a ;;Sa m;‘l kza kPa,cfmm
type sets
Zhang and R=0.1 mm 0.999 20 {1381 | 138.1 | 035 | 138.2 0.001
Zhang Loose dry R=1.0mm 0.999 20 151.8 | 151.8 | 0.35 | 152.0 0.001
Hardening { (2006) gravel R=10mm 0.999 20 {2123 {2123 | 035 | 2125 0.002
behaviour | Evgin and Loose dry o =100 kPa 0996 { 293 | 2083 | 208.3 | 1.88 i 200.1 0.269
Fakharian sand o =300 kPa 0996 { 293 | 267.8 | 267.8 | 1.88 | 268.9 0.346
(1997) o =500 kPa 0996 | 2.93 | 3509 | 3509 | 1.88 | 352.3 0.453
Liu et al. Unsaturated o = 200 kPa 0.999 876 | 2735 | 2735 | 0.79 273.8 0.012
(2014) silty clay o =300 kPa 0999 { 876 | 345.2 | 345.2 | 0.79 | 345.5 0.016
o =400 kPa 0999 | 876 | 4686 | 468.6 | 0.79 | 460.1 0.021
Hu and Py Dense dry o =100 kPa 0992 { 0.96 | 1209 | 70.15 { 5.03 | 121.9 2.554
(2004) sand o= 200 kPa 0992 | 096 | 187.3 | 1338 | 5.03 | 188.8 3.957
o =400 kPa 0992 { 0.96 | 3686 | 2633 | 5.03 | 371.6 7.787
Maghsoodi | Over T=5C 0.94 1.26 | 825 |66.90 | 2.23 | 87.8 4.666
etal. (2020} | consolidated | T=22°C 0.94 1.26 | 847 | 7252 | 2.23 | 90.1 4,790
Hardening- saturated clay | T=60°C 094 i 126 | 932 |6838 | 223 | 99.1 5.271
softening o=50kPa, T=20° | 095 | 0.54 [ 329 | 287 | 555 | 34.6 8.895
behaviour o=50kPa, T=60° | 095 i 054 | 400 | 3612 | 555 i 421 | 10814
Di Donna et o=100kPa, T=20° | 0.95 054 | 56.1 | 49.48 | 555 | 59.1 15.167
al. (2016) Saturated clay | ¢ =100 kPa, T=60° | 0.95 0.54 80 | 67.05 | 555 | 84.2 21.628
Wangetal. | Dense dry Cu=1.85 0.98 1.20 | 83.2 | 444 | 3.26 | 849 2.306
Cu=2.81 0.98 1.20 | 696 | 588 | 326 | 71.0 1.929
(2019) sand
Cu=5.20 0.98 1.20 | 584 | 444 | 3.26 | 59.6 1.619

Note: Bold values are baseline cases that used to determine input parameters. The baseline is selected according to the
following rules: room temperature, smallest pressure and roughness, largest coefficient of uniformity.

The shear test results reported in the literature are used to validate the proposed interface model. The

performance of the proposed model is assessed separately based on its applicability to model two scenarios: only

12
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hardening behaviour and hardening-softening behaviour. Seven data sets therefore are used to evaluate the model
performance, in which three datasets are available for loose soils and four data sets are available for dense soils.
Characteristic reference values of the experimental data, which were taken from these selected studies, are provided
in Table 1. It should be noted that the values of peak and critical state shear stress are the same in the case of loose
soils with only a hardening response. However, the values of peak and critical state shear stress differ in dense soils

with a hardening-softening response. The proposed model was further strengthened by comparison with the
hyperbolic model in this study.
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Figure 8. Comparison between the predicted and measured outcomes for loose soils: a) test data after Zhang and
Zhang (2006); b) test date after Evgin and Fakharian (1997); c) test data after Liu et al. (2014)

Figure 8 compares the predicted outcomes from the proposed model with the hyperbolic model and measured
data for loose soils. It should be noted that each test data set uses the same input parameters for analytical models to
predict interface shear stress-displacement curves under different scenarios, except for peak shear stress. The results
predicted by the proposed model matched well with the experimental data, indicating that the model utilized in this
study is appropriate for describing the interface shear stress mobilized with displacement. It should be noted that the
proposed model and test results have a better agreement than the hyperbolic model. Moreover, the hyperbolic model

consistently demonstrates that shear stress rises with increasing displacement, even at high displacement values.
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Nonetheless, the test results demonstrate that as displacement is increased to a large value, shear stress approaches a

constant value, which leads to a better performance as compared to the hyperbolic model.

The predictions of the proposed model are compared with the hyperbolic model and measured data for dense
soils or over-consolidated soils in Figure 9. According to the measured data, the shear stress increases with increasing
sliding displacement to a peak value, then starts to decrease, and finally reaches a constant critical state value. As can
be seen, the proposed model accurately describes three crucial transition phases of the curve (hardening, softening,
and critical state zones), indicating that it is a good fit for describing the shear stress-displacement curve, particularly
for characterizing the softening behaviour. On the other hand, for the hyperbolic model, which only considers the
hardening behaviour, the predicted curves greatly deviate from the experimental values. The hyperbolic model,
therefore, fails to reflect the post-peak behaviour of the interface shear stress.
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Figure 9. Comparison between the predicted and measured outcomes for dense soils: a) test data after Hu and Pu (2004);
b) test data after Maghsoodi et al. (2020); c) test data after Di Donna et al. (2016); d) test data after Wang et al. (2019)

By using the test data from two cases, the proposed model illustrates how adhesion and friction components contribute
to the interface shear strength, as shown in Fig. 10a for loose soils and Fig. 10b for dense soils. As can be observed,
the adhesion rises quickly with increasing sliding displacement and approaches a peak value (in this case ¥ =

12 kPa, s, = 0.47mm) which indicates that the displacement range to mobilize ultimate adhesion is comparatively
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small. The friction component, however, mobilizes significantly and approaches a limiting value in the case of loose

soils or later displays softening behaviour in the case of dense soils. It is important to note that the contribution of

friction to interface shear stress is significantly higher than that of adhesion.
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Figure 10. Evolution contribution of adhesion and friction components to interface shear stress: a) Test data from
Evgin and Fakharian 1997 (o = 50 kPa); b) Test data from Di Donna et al. 2016 (¢ = 100 kPa, T = 60°C)
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3. Load-settlement response analysis of piles using DSC model

The DSC model demonstrated success in predicting the interface shear stress-displacement relationship as
well as accurately captured the hardening-softening behaviour in the previous section. As a result, the proposed
interface model is extended and combined with bearing capacity theory to create a more straightforward method for

analysing the load-settlement response of piles in multi-layered soils.
3.1. Load capacity of a single pile

The ultimate load capacity of a single pile, Q,,;;, is typically considered to consist of two components. The
first component, referred to as skin friction or shaft friction, is caused by interaction between the pile shaft and
surrounding soils, while the second part, referred to as end-bearing capacity, is caused by ground reaction at the pile
base. Depending on the strength and stiffness of the soil layers, a specific vertical displacement may be required to
mobilize the ultimate base and shaft resistance. However, in any conditions, the ultimate load capacity of a pile can
be written as follows:

Q=0s+Qy,—W, =745+ qp. Ap = Vp- Vp (26)
where W, = weight of the pile, 7, = unit skin friction, g, = unit base resistance, A = pile shaft area, A4, = pile cross-

sectional area, y,, = unit weight of the pile, V;, = volume of the pile.

Qs A lel aﬁ A
Q +
8 Dense sands or G d
c overconsolidated clays ] (':', 4 i
8 ] = .f/ Case II: Dense soils
% ; o and Q, < Qs
g 2 = | /AN
g a 5 f' Case |: Loose soils
L + £ = Z |/ me>Q
E Loose sands or lightly 5 ®© II
. o
£ consolidated clays 2 @ /
X T o |
7] oz o
{ €
[
@
m
Pile-soil relative displacement Pile base displacement Pile displacement
a) b) <)

Figure 11. Schematic of mobilized load-settlement curves for a single pile: (a) skin friction versus displacement; (b)

base resistance versus displacement; (c) total bearing capacity versus displacement

The skin friction, which is mobilized by the relative displacement of the pile and the soil, may exhibit only
hardening or hardening-softening behaviour depending on the stiffness of the surrounding soils. Figure 1la
demonstrates the relationship between skin friction and pile displacement. The soil below the base of the pile, on the
other hand, is severely constrained from moving in the lateral and vertical directions and is mainly subjected to
compressive pressures. Hence, end-bearing resistance at the pile base frequently increases with the increasing
settlement. Likely, the soil element at the pile base does not respond to applied loads with a peak stress-strain response

or strain softening because of the significant overburden pressure. Instead, until a critical condition is reached, it
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exhibits only hardening behaviour. Figure 11b depicts a model of the relationship between displacement and base

resistance.

In general, the load settlement curve of a single pile is frequently impacted by the soil type and density, thus
exhibiting the two following forms: If the soils are dense and the skin friction is greater than the base resistance, the
pile will behave in a hardening-softening way. The pile can display hardening behaviour if there are loose soils present
or if base resistance is larger than the skin friction resistance (Figure 11c).

3.2. Nonlinear model of skin friction resistance

The skin friction resistance over the embedded length of the pile is calculated by multiplying the unit interface
shear strength and surface area of the pile shaft, as indicated in the equation below:

[b 1—-—e%) - c(s2 - STZ))].AS if s <S5

. (27)
Tes Ag if s> S

Qs = 75.45 = {

Which, the interface model in the previous section is extended to include the estimation of controlling parameters

In (1-DP)

Sp

_ Tp
1—e~%5p

a.b.e”%5p

Cc =
2sp

The model parameters must be known in order to determine the skin friction resistance using Equation (27). The
proposed model has three parameters, which can be directly derived based on interface shear experiments or by

applying the effective stress principles.
Ultimate and residual skin friction (z,, and )

The peak and residual points of the interface shear stress-displacement test curve can be used to determine
the ultimate skin friction z,, and critical state skin friction z.,. In the absence of test results, 7, and 7., can be
estimated using a formula based on soil properties obtained from laboratory or in-situ studies. The drained condition
is predicted using the effective stress approach or so-called S-method (Pham 2022a). The following equations can be

used to determine the ultimate unit of skin friction based on Coulomb's friction law:

T, = ¢ +K.(0,);. tand, = c¢' + (1- sinq)p). (OCR)°S. tan(Ri.q)p). (05)i (28a)
Tes = €' + K. (0));. tand.s = ¢’ + (1 — sing.s). (OCR)*S. tan(R;. ¢cs). (04); (28Db)
Pp = Pes + 0.8¢ (29)

(02)sat = 0 —uy, (1 = D) (30a)
(0 unsat = (@ —uy) +.[6+S.(1—-0)] +u,.D (30b)
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where, ¢, and ¢ = peak and critical friction angle respectively, &, and 6., =friction angle of the pile-soil interface
at peak and residual state, respectively, 1 = dilatancy angle, R; = interfacial friction coefficient which ranges from
0.8 to 1.0 depending on the material and roughness, OCR = over-consolidated ratio, ¢ = yz = normal stress, y =
unit weight of soils, z = depth from the ground surface, (a,); = vertical effective stress that is calculated at the centre
of soil layer i, (6,) 4 = Vvertical effective stress of saturated soils, (a,),nsqr = Vertical effective stress of unsaturated
soils; u, = pore-air pressure, u,, = pore-water pressure, 8 = volumetric water content, S = degree of saturation, D
= particle contact area ratio, 1 = soil suction.

Pore-water pressure of unsaturated soils
ha
hs

Figure 12. Soil phases in idealized soil model: a) saturated soil and b) unsaturated soil

a) b)

Considering an idealized soil model with saturated and unsaturated conditions as shown in Figure 12, the pore-water

pressure in unsaturated soil (u,,) could be expressed as follows:

A V.6y.S
Uy = Vw-@ = Yw- Al = Yw- hyv-s (31)

where hl, = water column height; S = degree of saturation; y,, = unit weight of water; V,, = total water volume;

A,, = cross-section area filled by water.

The pore-water pressure under hydrostatic conditions of unsaturated soils in situ is estimated by replacing the water

column height (h}y) with the water depth, which is determined as depth calculated from the groundwater table (z,,).
Uy = Y- Zw-S (32)

Estimating soil suction with the Soil-Water Characteristic Curve
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The concept of soil suction, which refers to the free energy state of soil water, is frequently used to describe the
behaviour of unsaturated soils (Edlefsen and Anderson 1943; Pham and Sutman 2022a; Pham et al. 2023a). Total soil
suction is the result of the combined action of matric suction and osmotic suction. The thermodynamic relationship
between suction and partial pressure of the pore-water vapour can be expressed as follows:

Y= (g —wy) + = = T2 (22) = — TPy (Rpy) (33)

Wy Uyo

where 1 = soil suction or total suction; (u, — u,,) = matric suction that is associated with the capillary component;
7 = osmotic suction that is associated with the solute component (salt content of pore water); R = universal gas

constant [8.31432 J/(mol.K)]; T = absolute temperature [Tx = 273 + T ]; w, =molecular mass of water vapour

[18.016 kg/kmol]; p,, = water density; u,, =partial pressure of pore-water vapor (kPa); u,,, = saturation pressure of
water vapour over a flat surface of pure water at the same temperature. The relative vapour pressure in the air

immediately adjacent to the water, u,, /u,,, is called relative humidity (RH).

There is an ongoing discussion on the role of osmotic suction, despite the fact that the engineering behaviour of
unsaturated soils is described by the inclusion of soil suction as “effective” stress or suction stress, as seen in equation
(30b). Tests on compacted soils by Leong and Abuel-Naga (2018) revealed that osmotic suction has a negligible
impact on the shear strength of soils. As a result, in the following presentation, the soil suction will be compatible
with the term matric suction, which describes the engineering behaviour of unsaturated soils (Y =u, —u,,).
Equation (30b) therefore should be rewritten in the term of matric suction as follows:

(az/ ) =(0—uy)+ W, —uy)0+S.1-6)]+u,.D (34)
unsat

The measurement of the matric suction can be achieved either directly via the use of tensiometers, filter paper (contact
method), oedometer tests, null-type pressure plate (axis translation technique), or indirectly through the use of thermal
and electrical conductivity sensors (Pham and Sutman 2022b). These techniques quantify how the moisture content
varies in relation to the change in matric suction, which is also well-known as the Soil-Water Characteristic Curve
(SWCQ). It is important to note that, as Figure 13 illustrates, SWCC often exhibits hysteresis concerning the wetting
and drying regions of the curve, where two distinct matric suction pressures may exist for the same volumetric water
content. A number of researchers (Brooks and Corey 1964, Van Genuchten 1980, and Fredlund and Xing 1994)
proposed the fitting equations to plot SWCC based on simple regression of only some of the available test points
because it is time-consuming to measure matric suction at all different moisture levels. The equation by Fredlund and
Xing (1994) is used in this work to determine SWCC as follows:

_ c(@)
T {In[2.7183+(/a)"]}m (35)
_ 4 I+
Cy) =1 In(1+108 /4,) (36)
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where a = fitting parameter which is primarily a function of the air-entry value of soil; n = fitting parameter which
is primarily a function of water extraction rate from the soil once the air-entry value has been exceeded; m = fitting
parameter which is primarily a function of residual water content; C (1) = correction factor which is primarily a

function of residual suction (3,.) corresponding to residual water content.

A

SWCC

Scanning zone (hysteresis)

\Drylng
Wetﬁng\

Degree of saturation

Absorption curve

Matric suction

Figure 13. Hllustration of SWCC for unsaturated soils
It should be mentioned that soil density, which may be impacted by overburden pressure during pile installation, is
one of the factors that significantly affect matric suction and pore-water pressure in situ. It is therefore crucial to take
soil density into account while assessing the engineering behaviour of unsaturated soils (Pham 2022b; Pham and
Sutman 2023). In order to overcome the uncertainty of SWCC related to the overburden pressure, the density-
dependent SWCC model of Pham et al. (2023c¢) may be considered a promising option due to its simplicity, which is

expressed by:
1

Se; = Seo = In(2.7127+[Pey/a]™)"
_ ey (1+e; 1-6 (37)
Yo, = Pe, X Pt (Teo)

Where e; = void ratio corresponds to the current overburden pressure; e, = void ratio corresponds to the initial
overburden pressure (or confining pressure used in laboratory SWCC tests).

Vertical profile of steady-state matric suction
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Figure 14. Suction distribution profile with different boundary conditions
In horizontally stratified unsaturated soils, the vertical distribution of matric suction is typically highly dependent on
environmental variables such as boundary drainage conditions and infiltration due to precipitation or evaporation
rates (Pham et al. 2023d). As a result, the matric suction varies with the depth and permeability conditions, as shown
in Figure 14. The theoretical approach presented in this paper can be directly applied to extend the classical limit
analysis to unsaturated soil environments. The controlling flow equation can be solved with suitable initial and
boundary conditions to create the mathematical prediction of matric suction profiles. The vertical unsaturated soil

flow rate for steady-state profiles can be expressed as follows, using Darcy's law:

q =~k (S22 +1) = —ku (55 + 1) (38)

where z,, = unsaturated soil thickness or equals the distance from the groundwater table to the ground surface (Fig.
14); ¥, = initial matric suction; g = ¥,/z, = suction distribution rate; k,, = unsaturated hydraulic conductivity
dependent on suction. To describe the characteristic of unsaturated hydraulic conductivity, Gardner’s model (1958)
is used:

ky = kge V/AEV (39)
Where AEV =air-entry value; k, = saturated hydraulic conductivity
Substituting Eg. (39) in Eq. (38) leads to:

q = —kse V/AEV, (;%Z +1) (40)
¥ ¥
294, = —eamlay + 5. e(7E7)dz (41)
v
gz = £y _ s ofge ) (42)
%+ﬁ.e(_%) a ki+e(_AlEV)
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A steady-state flow rate q is negative (g < 0) for downward infiltration and is positive (g > 0) for upward
evaporation. An analytical solution for the suction profile could be obtained by integrating the above equation and

imposing the boundary conditions of zero suction at the water table (z = 0).

d{i+e (_%)}

Jy dz =22 [ = (43)
kis_,_e(‘AEV)
ﬁ i+e(_A1gV)
- z=In|F—o (44)
AEV k_s+1
Rearranging the above equation could produce the final solution for the suction profile:
__B Yo 2z
Y = |—AEV. In [(ki +1) e A’ — ki] = |—AEV. In [(ki +1) e A8V - ki] (45)

To obtain the soil-water characteristic curve equation integrated flow rate, Eq. (45) could be re-substituted into Eq.

(35) as follows:
)

e

It should be noted that the initial matric suction of soils at the ground surface is represented by 1. When the

c@)

(46)

=—AEV.In

q _Yo z q
a AEVZy_ 9
(ks+1)e s

measured data for Y, is unavailable, ¥, = y,,. z,, might be used as a simplified assumption for hydrostatic conditions
according to the suggestion of Lu and Griffiths (2004). Figure 15 displays the flow ratio and matric suction profiles
for clays where the matric suction profile is significantly influenced by the steady flow rate.

q=-8e-8m/sec q=0 q = 4e-8 m/sec
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Figure 15. An example of suction profile estimation using analytical equation (Eq. 45)
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Ultimate displacement ('s;)

In the proposed model, the slope of the shear stress-displacement curve is controlled by the parameter called ultimate
displacement, s,,. Reese (1978) reviewed the relationship between skin resistance and displacement in stiff clays and
concluded that the peak displacement, s,,, ranges from about 0.5% to 5% of the pile shaft diameter (d,,). It is noted
that the s,, range in sands is comparable to that in clays. Later data (Sharma et al. 1986; Hirayama 1990; Zhang et al.
2010; Pham and Dias 2021b) support the above-mentioned ranges. Judging from the previous studies, the ranges for

s, are as follows:

s, = (0.005 + 0.05).d, (47)

Ultimate disturbance function (Dip)

In the proposed interface model, the ultimate disturbance function has a significant impact on the shape of

the shear stress-displacement curve. The results of the laboratory tests or a numerical simulation can be used to
determine the value D . According to the results of the direct shear tests, the value DY ranges from about 0.8 to 1

depending on the soil density. In the absence of test results or numerical data, the initial value of the ultimate
disturbance function can initially be estimated as follows:

p _ Tcs
Dy =— (48)

Tp

3.3. Nonlinear model of end-bearing capacity

During installation, the portion of soil immediately below the pile base will be subjected to a compressive
axial force and will likely compress in addition to shearing. Shearing is caused by the differences in the vertical and
lateral stresses. However, unlike the soil element surrounding the pile shaft, the soil element directly below the base
is severely limited. Specifically, the pile weight and the friction force at the pile—soil interface limit any heaving or
dilatant response. Additionally, movement is further restricted at the base level by the overburden pressure (vertical
effective stress), particularly for long piles. As a result, the pile strain hardens until it reaches the critical state when
structural loads are applied. Besides, the field test results also reveal the hardening function of base load displacement
(Lee and Park 2008; Seo et al. 2013). This explains why the hardening-strain function (such as hyperbolic) is
commonly utilised in analytical approaches and design standards (FHWA-2006, BS8006-2010, Eurocode 7-2013) to
simulate the base load-settlement model. In this study, the base load-displacement relationship is modelled by using

the hardening function of the proposed interface model as follows:

b
_Kini ¢
Qpu | 1 — € u
b

where gy, = ultimate unit base resistance, k;;,; = initial compressive stiffness of the soil at the pile base

Qp = qp-Ap = Ay (49)

Ultimate unit base resistance (qp,)

23



525
526
527
528

529
530

531

532
533
534

535
536

537

538
539
540
541

542

543

544

545
546
547
548
549
550
551

552

553
554

There are several methods for calculating the ultimate unit base resistance, one of which makes use of
empirical correlation and data from in-situ tests (SPT or CPT). An alternative way is to compute using formulas based
on laboratory-tested soil parameters. In the analytical approach presented here, the g;,, is calculated by analogy with
the bearing capacity of shallow footings and is determined as follows:

1 ’ ’
qpu = 5VdpNy + 0zp. Ng + ¢". N (50)
N, = e™a"b tan?(45° + ¢, /2) (51)
N, = (Nq - 1). cotey (52)

where y = unit weight of soils, a,, = vertical effective stress at the pile base, ¢;, and ¢’ = internal friction angle and
cohesion of soils below the pile base, N,,, N, and N, = bearing capacity coefficients.

For deep foundations with L,/d,, greater than 5 (L,, being the embedded length of the pile), the first term in Eq. (50)
is small compared with the other two terms. It should be noted that the predicted outcome of end-bearing capacity is
significantly influenced by the precision of the value N,;. However, when compared to the field N, values, Eq. (51)
frequently overestimates the value N, according to several researchers (Coyle and Castello 1981; De Nicola and
Randolph 1993; Alawneh et al. 2001; Budhu 2010). This is primarily because the failure mechanism below the pile
base might not develop in the same way as that of a shallow foundation due to the considerable overburden pressure
acting at the pile base level. In light of the adjusted coefficient, this study suggests the following formula for the factor

N, of the soils at the pile base as follows:

(Nq)adj = faaj- €™ tan? (45" + ¢,/2) (53)

4 1
faaj = 1 (54)

oyptc’.cotep ™Mb tan2(45°+¢p/2)
where f,4; = adjusted coefficient, g3, = measured ultimate unit base resistance

The characteristics of 52 field test projects with measured ultimate unit base resistance are listed in
Supplementary Material | along with some brief descriptions. These data sets were collected, which cover a wide
variety of possible pile geometry, effective stress, friction angle, and soil types. The scatter in the field data is shown

in Figure 16. It is apparent that as the vertical effective stress is increased, the value of f,,; decreases. Lower values
of f,q; denote greater overestimation when applying the conventional theoretical formula (Eq. 51). Although the data
sets have not fully converged, the majority of the points appear to follow an exponential relationship. The following

formulation is provided for the f,,4; as an effective stress-dependent function using the regression analysis technique:
fadj — e—o.006><a; — aeﬁxa; (55)

where a and g = corrected coefficients. When the measured data are known, the corrected coefficients can be derived.

Otherwise, the collected data in this study yields the following general statement: @ =1 and g = —0.006.
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Figure 16. The correlation between the adjusted coefficient and vertical effective stress

Initial elastic soil stiffness (k2,;

The initial elastic soil stiffness at the pile base can be determined by relations to ultimate unit base resistance or shear
modulus as suggested by Randolph and Wroth (1978) and Pham et al. (2023e):

kb = bu _ _ 4G 56
ni sg Ty (1-vp) (56)

where sy = ultimate displacement, ,, = pile radius, G;, and v, = shear modulus and Poisson’s ratio of the soil below

the pile base, respectively.
3.4. Elastic shortening and distribution of axial force.

The elastic shortening of a pile shaft under load undoubtedly contributes to total settlement at the pile head,
particularly in the case of semi-columns. The elastic shortening of a pile depends on the relative development of load
transfer between the pile and soil along its length, as well as the load being transferred at the pile base. Because the
load transfer is nonlinear and decreases with the depth, the elastic compression of the pile is not uniform. The top of

the pile generally experiences greater compression than the bottom. To work out the elastic shortening accurately, an
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iterative method is required, whereby the pile is divided into elements, and the compatibility of strains is studied at

given levels. Figure 17 shows the schematic for force equilibrium analysis on a differential pile element.

A
Segment 1
P(x) \\
\
I
1(x) (x) | Segment i Lp
/
//
P(x)+dP(x) |/
Segment n
v

Yon

Figure 17. Schematic of typical force equilibrium analysis of pile

As a result of applying static equilibrium to the forces influencing the differential pile element, it provides:

dP(x) + Cpt(x)dx + Apqp(x)dx = 0
where P(x) = axial force in the pile at distance x; C,, = cross-section perimeter of a pile.

It is reasonable to suppose that when loads are applied, the pile is in elastic compression:

P(x)

ds = — dx
EpAp
where E;, = elastic modulus of the pile,
Therefore,
2
dP(x) = —EpA, =2

Substituting (59) back into (57) gives:

(57)

(58)

(59)
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a0 _ G _L _
T a T(x)dx , qp(x)dx =0 (60)
By separating the variables, the differential equation can be solved, as

£(x) dz(sx) _ d?s(x) (61)

dx?

By substituting Eq. (61) into Eq. (60) and integrating

b
2Cp.b ( e—aS) 2Cp.c [53 SS:I 24y e KiniS/abu
e(x) = As+ + —— =+ JAs+ +C 62
(x) \]EpAp a EpAp|3 3 Ep K2,/ abu (62)

The boundary condition at the base of the pile can be expressed as:

s(x=1L,) =sp
{s(x =L,)=0 (63)

Replacing Eq. (63) into Eg. (62) gives the axial strain over the pile length:

b

_kinis

2Cpb (s e—aS) 2Cpc [s3 ﬁ] 4 20bu L e dbu
. ==, 5
EpAp EpAp|3 3 Ep Kb

&= dbu (64)
b
2Cp.b (s +e‘“SP) 2apu (o +e_kinisp/qbu
\ EpAp "\'P a Ep "\'P kil Abu

3.5. Algorithm for pile load—settlement analysis

Based on the proposed models and the iterative method (Seed and Reese 1957; Lee et al. 2001; Zhang and
Zhang 2012), the pile load-settlement response can be obtained. The calculation details are presented with the
following procedure, and Figure 18 summarises the algorithm for load-settlement analysis of a single pile embedded

in multi-layered soils:

e Step 1. Assume a single pile divided into n segments with a length of L;= L,,/n. The value of n can be
specified according to the computational precision demand.

e Step 2. Estimate the ultimate end-bearing capacity by using Eq. (50)

e Step 3. Assume a small pile-base movement, s =s,,. Using Eq. (49), calculate the base end-bearing
resistance, @, (s), caused by the assumed base displacement.

e Step 4. From the proposed load-transfer function as given in Eq. (27), obtain the skin friction resistance at the
bottom segment n, Q., (s), based on the assumed value.

e Step 5. Calculate the total bearing capacity along the pile segment n corresponding to the assumed
displacement by: Qs = Qgp, + Qpn

e Step 6. Calculate the elastic deformation of the segment as follows, under the assumption that the load in the

segment varies linearly:
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A= (Qtn + an) Li
" 2 A,.E,

Step 7. Check the elastic deformation of pile segment n within a specified tolerance such as A,,< 107®m
Step 8. Calculate the updated midpoint (s.,,) and top (s, ) displacement of pile segment n given by:

Sen = Sbn"‘%Asn and sin = Spn+Asy

Step 9. Recalculate the skin friction resistance and ultimate bearing capacity of pile segment n based on the
updated midpoint displacement.

Step 10. Repeat steps (4) — (9) for the next segment, and so on, until the value of the load Q,,; and
displacement s, at the pile head are obtained.

Step 11. Calculate the total skin friction or the sum of the total skin friction capacity and mobilized base
capacity.

Qu = zn: Qsi + Qbn
i=1

Step 12. Calculate the axial strain of the pile corresponding to the assumed displacement by using Eqg. (64)

Step 13. Repeat the procedure from steps (3) through (12) using different assumptions for the settlement at
the pile base in order to get a series of load-displacement values. The proposed method might be used to
determine the load-settlement curve, skin friction distribution along the pile depth, and the distribution of

axial loads along the pile.
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Figure 18. Flow chart for load-settlement response analysis of piles

3.6. Discussion of the analytical method

Three factors are crucial for numerical simulations of a geostructure to perform well, which include the input
parameter quality, the soil model that was used, and the loading simulation process. First, it should be noted that
neither sophisticated nor basic models—such as Mohr-coulomb or elastoplastic—can replicate the deterioration of
skin friction at the soil-structure interface. In order to get beyond the limitations of the models that are currently

accessible, the DSC-based interface model that was described in this study could be taken into consideration as a
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choice to be implemented into numerical software. This work also discusses the profile of steady-state in-situ matric
suction, soil-water characteristic curve, and pore-water pressure of unsaturated soils that allows to application of the

proposed method to piles in unsaturated soils.

Additionally, it is noted that the proposed analysis method in this study only needs a few basic soil-pile interface
input parameters, similar to current design methods that include friction angle, cohesion, interaction coefficient, and
disturbance degree of soils corresponding to peak shear strength and displacements. Specifically, it is assumed that
the displacement parameter (s,,) are proportionate to pile size. Two shear strength parameters (z., 7,) are derived
from friction angles and cohesion in the same way as other models. And governing coefficients (a, b, c) are computed
directly from the aforementioned parameters. It appears that, in comparison to previous models, the current approach
does not introduce extra parameters while still being able to accurately characterize the hardening-softening behaviour

of the soil-structure interface.

Evidently, the quality of these input parameters has a significant impact on the performance of the method. Within
this framework, the experimental data may improve the input parameter's reliability and hence contribute to the
production of a better prediction. To obtain these parameters, there are a few potential approaches that might be used
such as i) carrying out tests on model-scale piles, ii) carrying out interface shear tests in a laboratory, iii) utilizing on-
site CPT/SPT data, and iv) performing field tests and back analysis approaches. In terms of economy, the interface
shear tests, and model-scale tests may theoretically be the most suitable option. Following that, an analytical method
will be employed to use the input parameters derived from the interface shear tests and model-scale tests to simulate
the outcomes of field tests. The main difficulty in performing model-scale tests or laboratory tests, nevertheless, is

making sure the model pile's condition is precisely the same as the in-situ pile (in terms of scaling effects).

On the other hand, the analytical solutions in this work could be applied as an independent analytical approach that
does not necessitate integration with numerical techniques. For design engineers, this offers an efficient and
straightforward option, particularly during the preliminary design stage. For example, the analytical solutions could
likewise be computed automatically by creating spreadsheets or MATLAB code. Compared to performing a
numerical simulation, this saves far too much effort and time. In particular, for rigid pile (elastic settlement), it is
simple to get the solution of the developed method and there is no need to use trial values to get the solution of

unknown parameters.

Finally, simulating the impact of pile installation and surrounding soil disturbance in current numerical models is a
significant issue. The DSC-based analytical solutions may offer an additional method to account for this effect. The
proposed approach might be used to anticipate any kind of soil rather than being limited to a specific soil type as an
empirical model. The proposed analytical approach may be helpful not only for forecasting the load-settlement of a

pile using input parameters but also for optimizing design and organizing a suitable loading-test programme.

4. Performance of the proposed method in comparison to field measurements
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The effectiveness of the proposed framework is assessed by comparing the predicted results with those
deduced from field experiments on a single pile. To demonstrate the implementation of the proposed approach in a
variety of ground conditions and pile types, the following five projects with well-documented sources have been
chosen from the database of static load tests on piles. As previously mentioned, there are different ways to obtain
model calibration parameters such as using interface shear tests, model tests or on-site CPT/SPT results. However, it
is hard to find a case that offers both results of full-scale field tests and interface shear tests. This could be the result
of the difficulty in preparing soil samples for interface shear experiments that have physical characteristics and
disturbances comparable to the actual soil conditions. A case study was recently reported by Feng et al. (2024) that
presents the results of interface shear and field tests, which are used to demonstrate how the model is calibrated using
interface shear testing. In the case of the remaining four examples, input data points were gathered directly from site
records (SPT or CPT) due to the interface shear test results not being presented in the original papers. The evaluation
of soil shear strength characteristics, including internal friction angle, cohesion and shear modulus, can be achieved
using laboratory test results or empirical correlations with SPT blow counts. A list of these relationships is given in
Appendix IlI. In this study, the shear strength properties were derived from SPT blow counts in the absence of
laboratory test data using the equation suggested by Hettiarachchi and Brown (2009). The model calibration
parameters for the Feng et al. (2024) example obtained via interface shear testing are shown in Table 2, while the
model calibration parameters for all other cases identified via on-site SPT/CPT are shown in Table 3.

It should be mentioned that in the first project (Feng et al. 2024), second project (Caputo et al. 1991) and third
project (Lee et al. 2003), the soil layers were presumed to be saturated as the groundwater table was located near the
ground surface. The last two examples (Fellenius et al. 2004; Lee and Park 2008), however, described that the
groundwater table emerged at a specific depth and the soil layers above became unsaturated. The fundamental steps

for determining the load-settlement curve of the pile using the proposed method could be summarized as follows:

Step 1. Employing the results of interface shear tests for model calibration, if available, or using the SPT or CPT

data to infer the shear strength parameters, such as friction angle, cohesion, undrained shear strength, and modulus.
Step 2. Estimation of peak and critical state skin friction of pile-soil interface (eq. 28) as well as ultimate bearing
capacity of soil at pile base (eq. 50)

Step 3. Determine parameter s,, by using eq. (47) or by interface shear test results if data is available.

Step 4. Calculate the peak disturbance function by using eq. (48) where Df’ = T.5/Tp OF by interface shear test results
if data is available.

Step 5. Calculate the calibration parameters a, b, ¢ by using egs. (19), (21), (25)

Step 6. Establish transfer functions for pile shaft (eq. 27) and pile base (eg. 49)

Step 7. Estimate the load-settlement curve.

Step 8. Estimate the axial strain and elastic shortening for semi-columns (eq. 64), or neglect for rigid piles.
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Table 2. Summary of model parameters obtained via on-site CPT/SPT for case of Feng et al. (2024).

Parameters Layer 1 — Layer 2 — Layer 3 — Layer 4 — Layer 5 — Layer 6 —
silty clay silty sand muddy clay Clay silty clay sandy silt
Soil layer thickness t; (m) 3.6 5.4 3.0 6.0 12.0 22.0
Unit weight y (kN /m?*) 18.9 19.9 18.8 17.4 17.3 19.3
Initial shear stiffness k;,; (kPa/m) 100 120 180 290 420 -
Ultimate disturbance DY (dimensionless) 0.99 0.96 0.99 0.99 0.94 -
Peak shear stress 1, (kPa) 32 61 108 170 300 -
Ultimate displacement s, (m) 0.003 0.003 0.003 0.003 0.003 -
Internal friction angle ¢’ () 28.5 274 26.3 23.1 30.1 32.0
Effective cohesion ¢’ (kPa) 4.0 4.6 0 12.0 4.7 2.0
Table 3. Summary of four field test datasets with model parameters obtained via on-site CPT/SPT
Field test projects  Pile geometry Soil layer 1 | Soil layer 2 i Soil layer at base
Saturated organic silt (32m) | Saturated silty sand (8m) | Saturated indurated pozzolana
y = 12 kN/m? Ly =16kN/m? Ly =175 kN/m?
dp, =15m ¢, =24 (preliminary) | ¢pp = 36 (preliminary) | p = 30.6 (preliminary)
Caputo et al. (1991) L, = 42m @, = 26.7 (back analysis) @, = 33.4 (back analysis) @, = 28.5 (back analysis)
E,=50GPa DY =0.995 ' DF =0.990 | kP . = 700 (preliminary)
S, =0.02m |5, =0.02m b =750 (back analysis)
S =100% (saturation degree) S =100% (saturationdegree) . .
Saturated loose sand (3m) | Saturated dense sand (5m) aturated gravelly sand
¥y = 17.5 kN /m? [y =175 kN/m? Ly =17.5kN/m?
d, = 0.356m ¢, = 33 (preliminary) | @, = 40 (preliminary) | @, =46.3 (preliminary)
Lee et al. (2003) L,=824m @, =33.0 (back analysis) | @, = 38.6 (back analysis) | @, =44.2 (back analysis)
E, =50GPa D! =0.991 ' DF =0.980 | kB, =300 (preliminary)
5, =0.06m S, =0.06m | kb, = 350 (back analysis)
_5=100% (saturation degree) | § =100% (saturationdegree)
Sandy silt (3m was unsaturated | Saturated soft clay (39m) | Saturated soft clay
soil and 6m was saturated soil) |
dp, = 0.406m  y =179 kN/m? Ly =174 kN/m? Ly =174 kN/m?
Fellenius et al. L, = 45m @y = 25.8 (preliminary) | @p = 15 (preliminary) p = 30.9 (preliminary)
(2004) E, =50 GPa @, = 28.2 (back analysis) | @, = 18.6 (back analysis) | @ =27.5 (back analysis)
D! =0.995 | DP =0.985 | kb = 30000 (preliminary)
5, =001m S, =0.01m | k2 = 50000 (back analysis)
5 = 60% (saturation degree) S =100% (saturation degree)
Silty clay (8m was unsaturated Saturated clayey silt (18.5m) | Saturated very stiff clay
and 10.5m was saturated soil) | i
d,=12m  y=17.5kN/m? |y =15kN/m? Ly =16 kN/m?
Lee and Park (2008) L,=374m | ¢@,=315 (preliminary) @, = 25 (preliminary) @, = 30 (preliminary)
E,=50GPa ¢,= 32 (back analysis) | @y = 29.2 (back analysis) | @p =31 (back analysis)
D! =0.99 ' DF =099 [k = 40000 (preliminary)
5, =0.05m S5, =0.05m b - = 100000 (back analysis)
§ = 72% (saturation degree) S = 100% (saturation degree)

It should be highlighted that the effectiveness of the analytical method depends significantly on the quality
of the input parameters. Laboratory tests, such as direct shear tests or triaxial tests, can be employed to determine the
model parameters. Many complex aspects, including construction techniques, pile types, soil types, and loading
techniques, have an impact on the interface behaviour of an actual pile at the site. It is generally known that, after pile
installation, the in-situ state of the soil around the pile shaft is significantly altered. It is very difficult to simulate the
state of the soil after pile installation. For a driven pile, the radial stress generated around the pile shaft is uncertain,
while the interface roughness between the pile shaft and surrounding soil is unknown for a bored pile. Therefore, the
magnitude of the resulting input parameters will be significantly impacted by these considerations. A back-analysis

methodology is an additional approach to determine these input parameters in order to take into account input
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parameter uncertainty and support optimization design. As a result, three cases are considered for comparison in this
study: (1) preliminary prediction without using adjusted N, factor (Eq. 51); (2) preliminary prediction using adjusted

N, factor (Eq. 53); (3) prediction using back analysis-based input parameters.

4.1. Field measurement of bored piles in Shanghai, China

A compelling example, recently described by Feng et al. (2024), was the application of both laboratory
interface shear experiments and full-scale field tests to piles. This enables us to illustrate predicting the load-settlement
response of piles based on the input parameters acquired from interface shear tests. The test bored pile was 30m long
with an outer diameter of 0.6m. The geological conditions of the test pile are typical of a soft soil area, filled with
silty clay and sandy silt, and clay from top to bottom, as shown in Figure 19a. It should be noted that the shear strength
characteristics of each soil layer were obtained from the interface shear tests. Figure 19b shows the relationship
between the shear stress and the relative displacement, which was obtained from the direct shear test results on the
interface between the concrete and the five typical soils at the pile depth. A similar pattern was observed in the changes
in the interface shear stresses for different soil samples during the shear tests. The proposed skin friction model takes
into account four important parameters: ultimate disturbance function (Dip ), displacement corresponding to peak shear
stress (sp), peak shear stress (7,), and initial shear stiffness (k;,,;). The initial shear stiffness might be determined by
calculating the slope of the tangential line on the curve during the first segment. The test results (marker) and the
predicted curve (solid line) created by the proposed model agree quite well. This means that the relationship between
interface shear stress and displacement has been accurately captured by the suggested method given in section 2.2.
These calibration model parameters are then used to predict the load-settlement curve of piles in situ. The load-
displacement curves of the test piles under variable mechanical loads are shown in Figure 19c. The success of the
proposed framework was confirmed when it was found that the load-transfer method suggested in this study more
correctly represented the overall trend of the measured values. Additionally, it was noted that the end-bearing
resistance has a nonlinear hardening tendency while the average skin friction resistance exhibits a nonlinear softening
behaviour. At small settlements, the skin friction component is observed to mobilise more quickly than the end-

bearing component, but it reduces after attaining the ultimate value.
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Figure 19. Comparison of predicted and measured results for test pile in Shanghai (test data after Feng
et al. 2024): a) pile test profile, b) interface shear test results, c) load-settlement curve

4.2. Field measurement of bored piles in Naples, Italy

Caputo et al. (1991) performed static load tests on two piles with different diameters. Both test piles were 42
m long, but one was 1.5 m, and the other was 2 m in diameter. This project is an interesting illustration of the
advantages of the back analysis procedure, due to having piles with different geometries. Figure 20a shows the profile
of the test pile and soil conditions. The piles penetrate through the relatively weak soil layers, which are buried in 32
m of organic silt and 8 m of pozzolana. The ultimate resistance is frequently promptly mobilized at a small settlement
due to the characteristic of soft soil, and the degradation then happens quickly after that. Figure 20b demonstrates the
mobilization of skin friction resistance with pile settlement for various soil layers, where the hardening-softening
behaviour was seen in the curves of three different soil layers. Each skin friction curve in this figure represents the
skin friction capacity of a single layer and the total skin friction capacity of all soil layers where the pile penetrated
through. The ultimate skin friction resistance often peaks at a settlement of 18 mm (= 0.012 dp). The comparison
of the end-bearing resistance and skin friction resistance curves is shown in Figure 20c. Although it seems that skin
friction is smaller than the end-bearing resistance, this difference is dependent on the mobilized settlement. For
instance, the skin friction resistance is less than the end-bearing resistance by around 13.6% at the peak state and
45.6% at the residual state.

The comparison of the load-settlement curves for ultimate bearing capacity for predicted and measured data

is shown in Figure 20d. It should be observed that as pile settlement increases, the ultimate bearing capacity rises and
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peaks at 35 mm (~ 0.023 d,) before decreasing. The comparative findings demonstrate that the black dot line, which
represents the curves predicted using the back-analysis approach has the best fit with the measured curve. Curves
predicted with input parameters based on SPT/CPT, on the other hand, have a greater error but still exhibit good
agreement with the measured one (red solid curves). It should be stressed that, as previously indicated, there are a
number of complex aspects that could affect the production of a prediction curve and it would be very difficult to
match perfectly with the measured curve while using input parameters obtained from laboratory tests or CPT.
Specifically, The average relative error is only 2.2% for the prediction case utilizing input parameters based on back
analysis, 7.9% for the prediction case using CPT-based model calibration as well as an adjusted factor, and 12.7% for
the prediction case using CPT-based model calibration without an adjusted factor. The ultimate bearing capacity of
the test pile with a 2 m diameter is then predicted using the input parameters derived from the back analysis technique
for the test pile with a 1.5 m diameter. It should be highlighted that for the test pile with a diameter of 2 m, an excellent
match between the analytical and experimental curves is seen with a relative error of approximately 5.3%,
demonstrating the robust estimation capabilities of the proposed model (Figure 20g).
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Figure 20. Comparison of predicted and measured results for test pile in Italy (data after Caputo et al. 1991): a) pile
test profile, b) skin friction capacity, ¢) end-bearing capacity, d) ultimate bearing capacity for pile with a diameter
of 1.5m, e) ultimate bearing capacity for pile with a diameter of 2m

4.3. Field measurement of pipe piles in LaGrange, Indiana
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Figure 21. Comparison of predicted and measured results for test pile in Indiana (data after Lee et al. 2003): a) pile
test profile, b) skin friction capacity, ¢) end-bearing capacity, d) ultimate bearing capacity

The load capacity of both closed- and open-ended piles are reported by Lee et al. (2003) through an
experimental programme utilizing calibration chamber model pile load tests and field pile load tests. The test site is
close to the Han River in Indiana. Due to the characteristics of test pipe piles penetrating sand layers of varying
densities, this project is chosen for performance analysis. Moreover, the measured skin friction and end-bearing
capacity of piles are separately provided, which is beneficial for comparison. The profile of the test pile and the soil
conditions are shown in Figure 21a. As can be observed, the soil site is primarily loose, gravelly sand deposit with a
D, = 30% up to a depth of 3 meters. Conditions are dense to very dense throughout the rest of the sand deposit, which
is down to a depth of 13-14 m (D, = 80%). Figures 21b and 21c, respectively, show the results of the resistance
analysis of the components that include skin friction and end-bearing. The measured data reveals that while the end-
bearing resistance only exhibits hardening behaviour, the skin friction resistance exhibits a softening behaviour after
reaching its maximum value at a settlement of 18 mm (~ 0.05 d,,). In this instance, the end-bearing component has
a significantly higher contribution to the ultimate bearing capacity compared to the skin friction. It is important to
note that a variety of complex factors, including the soil characteristics, loading procedure, and construction technique,

can affect how a real pile behaves at the interface, which accounts for the difference between the expected and actual
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curves (Fig. 21b). The pile length in this example was only 8 m, with 3 m in loose sand and 5m in dense sand. Because
of pile construction, soil recovery, and contact damage between the soil and structure for shallow layers, the
mobilisation of shaft friction would be greatly impacted. Consequently, fitting the skin friction-settlement curve
appropriately would be challenging in this scenario. More importantly, though, is that the softening tendency of the
friction shaft components is found to be appropriately predicted by the analytical model. As a result, it could be
concluded that the proposed model still provides a potential choice for the load-settlement analysis of piles.
Concerning modelling the load-settlement response of both resistance components, the predicted curves and the
measured one agree well. The comparison of the predicted and measured curves for the ultimate bearing capacity of
piles is shown in Figure 21d. It is noted that there is good agreement between curves derived using the analytical
model and field measurements. Using the back analysis-based input parameters enhanced the performance of the
proposed model. The average relative error for the prediction case that used input parameters based on back analysis
was 3.4%, for the prediction case with CPT-based model calibration that used an adjusted factor was 8.7%, and for

the prediction case with CPT-based model calibration that did not use an adjusted factor was 15.1%.
4.4. Field measurement of the driven pile in Sandpoint, Idaho

Fellenius et al. (2004) provide the results of a static load test on a driven pile with a diameter of 0.406 m which was
driven to a depth of 45 m on soft, compressible soil. The profile consists of a layer of sandy and silty soil roughly 6
m thick and a layer of clay measuring roughly 40 meters. Unlike other projects, the pile base in this case is supported
by soft clay. Thus, it is anticipated that the skin friction resistance will significantly contribute to the ultimate bearing
capacity of the pile. In addition, the groundwater table was discovered at a depth of 3 m below the ground surface.
Therefore, the sandy silt layer could be separated into 3m of unsaturated soil with a 60% saturation degree, and the
remaining 6m were accepted to be saturated. Since the measured soil-water characteristic curve was not provided, the
suction profile is predicted using Equation (45) with a flow rate of 1.15e-9 m/s as demonstrated in Figure 22a. Figures
22b and 22c show the mobilization of skin friction resistance and end-bearing resistance of the considered pile,
respectively. It should be noted that because the pile has a long length and its base rests on soft soils, skin friction
accounts for around 80% of the total bearing capacity and is more than four times the end-bearing resistance. As a
result, the test pile is classified as a friction pile. The comparison of the predicted and measured load-settlement curves
is shown in Figure 22d. It is noted that the analytical model predicts the load-settlement response with good agreement
to measurements. The average relative error is 5.6% in the prediction case using input parameters based on back
analysis, 14.5% in the prediction case with CPT-based model calibration using an adjusted factor, and 16.1% in the
scenario without an adjusted factor. Moreover, the data from static load tests show that as settlement increases, the
ultimate bearing capacity increases as well, and then exhibits softening behaviour after reaching the ultimate value.
A reason for the softening response in this situation can be attributed to the interface between soft clay and the pile,

which is frequently destroyed at a small displacement, resulting in a reduction in skin friction resistance.
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Figure 22. Comparison of predicted and measured results for test pile in Idaho (data after Fellenius et al. 2004):
a) pile test profile, b) skin friction capacity, c) End-bearing capacity, d) ultimate bearing capacity
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4.5. Field measurement of the bored pile in Singapore

The field measurement results on a bored pile with a diameter of 1.2 metres and a length of 37.4 metres were
reported by Lee and Park (2008). Having results from both the O-cell test and the static load test, the project is an
important one for comparison purposes. It should be emphasised that because the pile is regarded as a wholly rigid
entity in the theory of the O-cell test, the elastic settlement of piles is negligible. However, the pile practically suffers
elastic shortening with an applied load, and its strain decreases with depth. Due to this advantage, the results of static
load testing are used as a benchmark for comparison, while the results of O-cell tests are only used to examine the
behaviour of the load-settlement curves of the resistance components. The test piles and soil profile are shown in
Figure 23a. It was found that the test pile penetrated through layers of silty clay and had toe bearing from the very
stiff/stiff silty clay. Because the groundwater table was discovered at a depth of 8m below the ground surface, the
silty clay layer could be separated into 8m of unsaturated soil with a 72% saturation degree, and the remaining 10.5m
were taken to be saturated. It would be ideal to obtain SWCC data at various depths because the flow rate varies with
depth. Unfortunately, the original article did not include the SWCC data. As a result, the authors cite the SWCC data
of silty clay with similar physical properties that were reported by Uchaipichat and Khalili (2009). The SWCC utilised
to determine the AEV, matric suction, and corresponding degree of saturation is shown in Figure 22b. An example
for estimating the confining pressure of unsaturated soils at the ground surface is illustrated here. In this case, the
effective pressure of unsaturated soil at the ground surface would be (0,)ynsac = (Uqg — Uw)-Se = 80x0.72 =
57.6 kPa. The earth pressure coefficient Kz (1 — sing,). (0CR)°>.tan(R;. ¢.s) =~ 0.26. The confining pressure
at the ground surface will be (67,)ynsat = (Uqg — Uy)-Se. K = 80x0.12x0.26 = 15 kPa

Figures 23c and 23d show the prediction outcomes for the skin friction capacity and end-bearing capacity,
respectively. It is discovered that, while the end-bearing capacity constantly increases nonlinearly with settlement,
the skin friction capacity increasingly mobilises with pile settlement and approaches a limiting value at 15.5mm (=
0.013 d,,). Moreover, the skin friction component contributes significantly more to the overall bearing capacity of
the pile than its end-bearing capacity does. Figure 23e compares the results of predictions and measurements for
ultimate bearing capacity. It is evident that the shapes of the predicted and measured curves are quite comparable.
With a relative error of roughly 7.2%, the load-settlement response derived from the analytical model consistently
agrees with that of static load tests. Also, it was discovered that the predicted curve with input parameters based on
back analysis had a greater agreement with the measured curve, indicating that the proposed model's performance
may be enhanced by increasing the accuracy of the input parameters. In comparison to static load tests, the results of
the O-cell test were likewise shown to be overestimated. This is considered to be due to the elastic shortening of the
pile not taken into account by the O-cells, which only assessed the relative displacement between the soils and the

pile.
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Figure 23. Comparison of predicted and measured results for test pile in Singapore (data after Lee and Park 2008):
a) pile test profile, b) SWCC data; c) skin friction capacity, d) End-bearing capacity, €) ultimate bearing capacity

5. Conclusions

To represent the hardening-softening behaviour, an interface shear stress-displacement model was developed
using the adhesion-friction integration and disturbed state concept. The only additional parameter in the proposed
model was the "ultimate disturbance function™ which can be easily determined using either conventional direct shear
tests or soil shear strength parameters. The new model captured the hardening-softening behaviour, which is not
possible through the use of hyperbolic models.

The experimental results from direct shear tests were used to validate the DSC interface model. The
comparison results demonstrated that the shear stress-displacement curve can be successfully simulated and that the
proposed model had a better performance compared to the hyperbolic model for both loose and dense soils.

The proposed interface model was extended to integrate with bearing capacity theory to develop the load
transfer framework for pile foundations. In this study, a simplified approach was presented, which takes into account
the hardening relationship of the base reaction and the nonlinear softening relationship of skin friction. This work
also developed prediction methods for the profile of steady-state matric suction in situ, soil-water characteristic curve,
and pore-water pressure of unsaturated soils The present method was validated with five well-documented field
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measurement projects. The comparison results showed that the proposed approach and the behaviour observed in the
field were in good agreement.

The proposed analytical approach and developed algorithm provided a cost-effective and reliable solution that
was appropriate for the analysis of piles embedded in saturated and unsaturated multi-layered soils.
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